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Abstract 
 

Thermal energy storage (TES) has been receiving an increasing worldwide attention, especially 

with the growing concerns about environmental problems caused by an inefficient utilization 

of energy. A major part of the energy consumption is considered as low temperature thermal 

energy. Thus, a better management of this energy by using thermal energy storage could provide 

a significant contribution to improve the overall efficiency of energy utilization in industrial 

processes and economies.  

The thermal energy can be stored in different forms e.g. sensible heat, latent heat or thermo-

chemical, allowing variety of choices depending on the application. While the sensible and 

latent heat storage technologies are standard products, the thermo-chemical energy storage is 

still under development. Based on the method used, thermo-chemical energy storage can be 

divided into absorptive and adsorptive thermal energy storage systems. The adsorptive thermal 

energy storage systems have a great potential in both daily (short term) and seasonal (long term) 

applications. However, their implementation is still limited due to their low degree of 

applicability caused by lack of scientific knowledge on the thermal analysis level, as well as 

the absence of knowledge on the level of system integration, which has prevented the heat 

storage systems from reaching their maximum potential and from being fully commercialized. 

Consequently, there is still a big necessity for research and development in this field [Salvatore 

Vasta, 2018]. 

The principle of the adsorption storage system is based on a gaseous working fluid (e.g. water 

resp. vapor) which gets adsorbed by a highly porous material (e.g. zeolite). This adsorption 

process is an exothermal one, thus heat is being released and can be transferred and used. In 

order to recharge the heat storage system, desorption of the working fluid is done by heating 

the porous material. The heat storage system consists mainly of a reactor (where the porous 

material is located), a condenser/evaporator and other auxiliary components (e.g. water tank, 

pumps, sensors…). 

Efforts of development of the adsorptive TES were concentrated mainly on developing the 

adsorptive material, as the performance of the storage material has been the priority so far 

[Salvatore Vasta, 2018]. Little focus was put on heat power analysis and temperature behavior 

in the different system components, which have an impact on the overall system efficiency. 

Thus, system approach is still needed in order to combine and integrate this technology into 

industrial applications and products [Hauer, Andreas 2020] [Michelangelo Di Palo 2020].  

With the aim of improving the heat storage efficiency (recovered heat to stored heat ratio), both 

numerical (simulations) and experimental (technical modifications) approaches were applied, 

which have enabled the system to achieve an optimal operational status in terms of energy 

utilization and efficiency. These approaches were later on used to define a fully automated 

control system assisting the adsorption TES to instantly react with the continuously varying 

parameters in such a way to assure an optimal performance. 

Hence, in the first stage of this investigation, process-modeling and simulation of the whole 

heat storage system were carried out, so that the total performance of the heat storage system 
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can be predicted and evaluated for any future applications, including the possibility of 

combining different reactors or heat storage units. In the second stage, different experiments 

and technical modifications of the system were conducted. This includes testing various 

possibilities of TES setups (e.g. storage cascades), where the different pressure and temperature 

behavior in the reactor were evaluated. With the help of experiments, a detailed numerical 3D-

model of the packed bed was created, giving an insight into the heat and mass transfer in the 

reactor during both adsorption and desorption. As a result, a new heat exchanger design was 

developed, which has improved the temperature distribution and the heating/cooling power. 

Additionally, the simulation’s results suggested the separation between the evaporator and the 

condenser to achieve an enhanced water vapor transfer between the reactor and condenser.  

On a parallel stage of this investigation, comprehensive heat power analysis during both 

adsorption and desorption processes was carried out, which has showed that the sensible heat 

left in the reactor, contributes to ca. 50% of the total stored heat. Consequently, multiple reactor 

concept was introduced, in order to enable the sensible heat recovery. 

As a conclusion, process simulation enabled tests with different parameters to be performed 

within much shorter time than the real experimental time. Thus, it was possible to cover 

numerous application-scenarios and help improving the system overall efficiency. The 

experimental results have shown that the developed heat exchanger design has increased the 

maximum power of the heat exchanger about 74%. Moreover, by improving the fluid dynamics 

between the reactor and condenser, the efficiency of desorption ηd and overall efficiency ηo 

were increased by 32% and 9% respectively. Furthermore, about 36% of the sensible heat left 

in the reactor after desorption was recovered by using multiple reactors with sequential 

configuration, which has led to a reduction in the total invested heat by ca. 9%. 

For future work it’s recommended to investigate the possibility of controlling the amount of 

discharged heat from the system by regulating the water uptake during adsorption. In addition, 

trying a different approach to the reactor’s design (e.g. moving bed reactor) could bring 

significant improvements to the system. 
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Kurzfassung 
 

Die Thermische Energie-Speicherung (TES) erfährt weltweit zunehmende Aufmerksamkeit, 

insbesondere angesichts der wachsenden Besorgnis über Umweltprobleme, die auch durch eine 

ineffiziente Energienutzung verursacht werden. Ein großer Teil des thermischen 

Energiebedarfs wird als thermische Energie bei niedrigen Temperaturen benötigt. Ein besseres 

Management dieser Energie durch den Einsatz von thermischen Energiespeichern könnte daher 

einen wesentlichen Beitrag zur Verbesserung der Gesamteffizienz der Energienutzung in 

industriellen Prozessen leisten.  

Die thermische Energie kann in verschiedenen Formen gespeichert werden, z.B. in Form von 

fühlbarer Wärme, latenter Wärme oder thermochemischer Energie, so dass je nach Anwendung 

eine Vielzahl von Speichermöglichkeiten zur Verfügung steht. Während die Technologien zur 

Speicherung von fühlbarer und latenter Wärme Standardtechnologien sind, befindet sich die 

thermochemische Energiespeicherung noch weitgehend im Entwicklungsstadium. Je nach der 

verwendeten Methode kann die thermochemische Energiespeicherung in absorptive oder 

adsorptive thermische Energiespeichersysteme unterteilt werden. Die adsorptiven thermischen 

Energiespeichersysteme haben ein großes Potenzial sowohl für kurzfristige (tägliche) als auch 

für langfristige (saisonale) Anwendungen. Ihre Umsetzung ist jedoch immer noch begrenzt, da 

ihre Anwendbarkeit aufgrund nicht ausreichender wissenschaftlicher Kenntnisse auf der Ebene 

der thermischen Analyse sowie der Systemintegration gering ist, was verhindert, dass die 

Wärmespeichersysteme ihr maximales Potenzial erreichen. Folglich besteht in diesem Bereich 

noch ein großer Bedarf an Forschung und Entwicklung [Salvatore Vasta, 2018], welcher mit 

dieser Arbeit adressiert wurde. 

Das Prinzip des Adsorptionsspeichers basiert auf einem gasförmigen Arbeitsmittel (z.B. 

Wasserdampf), das an einem hochporösen Material (z.B. Zeolith) adsorbiert wird. Dieser 

Adsorptionsprozess ist ein exothermer Prozess, d.h. Wärme wird freigesetzt und kann 

übertragen und genutzt werden. Um das Wärmespeichersystem wieder aufzuladen, erfolgt die 

Desorption des Arbeitsmittels durch Erwärmung des porösen Materials. Das 

Wärmespeichersystem besteht im Wesentlichen aus einem Reaktor (in dem sich das poröse 

Material befindet), einem Kondensator/Verdampfer und anderen Hilfskomponenten wie 

Wassertank, Pumpen und Sensoren. 

Die Untersuchungen zur adsorptiven TES konzentrierten sich hauptsächlich auf die 

Entwicklung des adsorptiven Materials, da die Leistung des Speichermaterials bisher im 

Vordergrund stand [Salvatore Vasta, 2018]. Wenig Aufmerksamkeit wurde bisher auf die 

Analyse der Wärmeleistung und des Temperaturverhaltens in den verschiedenen 

Systemkomponenten gelegt, die sich auf die Effizienz des Gesamtsystems auswirken. Daher ist 

nach wie vor ein Systemansatz erforderlich, um diese Technologie in industrielle 

Anwendungen und Produkte einsetzen zu können [Hauer, Andreas 2020] [Michelangelo Di 

Palo 2020]. 

Mit dem Ziel, die Effizienz der Wärmespeicherung (Verhältnis von zurückgewonnener zu 

gespeicherter Wärme) zu verbessern, wurden sowohl numerische (Simulationen) als auch 
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experimentelle (technische Modifikationen) Ansätze verwendet, welche die Optimierung des 

Betriebszustands in Bezug auf Energienutzung und Wirkungsgrad ermöglichten. Diese Ansätze 

wurden im weiteren Verlauf der Arbeit verwendet, um ein vollautomatisches Steuersystem 

aufzusetzen, das das adsorptive thermische Energiespeichersystem dabei unterstützt, 

unmittelbar auf die sich ständig ändernden Parameter zu reagieren, um eine optimale Leistung 

zu gewährleisten. 

Daher wurde in der ersten Phase dieser Untersuchung eine Prozessmodellierung und Simulation 

des gesamten Wärmespeichersystems durchgeführt, so dass die Gesamtleistung des 

Wärmespeichersystems vorhergesagt und für künftige Anwendungen bewertet werden kann, 

einschließlich der Möglichkeit, verschiedene Reaktoren oder Wärmespeichereinheiten zu 

kombinieren.  

In der zweiten Phase wurden Experimente und technische Modifikationen des Systems 

untersucht und bewertet. Dazu gehörte das Testen verschiedener Möglichkeiten von TES-

Setups (z.B. Speicherkaskaden), bei denen das unterschiedliche Druck- und 

Temperaturverhalten im Reaktor bewertet wurde. Aufbauend auf den Experimenten wurde ein 

detailliertes numerisches 3D-Modell des Schüttbettes erstellt, das einen Einblick in den Wärme- 

und Stoffübergang im Reaktor sowohl während der Adsorption als auch der Desorption gibt. 

Infolgedessen wurde ein neues Wärmetauscher-Design entwickelt, mit einer besseren 

Temperaturverteilung und Heizleistung. Darüber hinaus empfehlen die Simulationsergebnisse 

eine Trennung zwischen Verdampfer und Kondensator, um eine verbesserte 

Wasserdampfübertragung zwischen Reaktor und Kondensator zu erreichen. 

Parallel zu dieser Untersuchung wurde eine umfassende Wärmeleistungsanalyse sowohl 

während der Adsorptions- als auch der Desorptionsprozesse durchgeführt, die gezeigt hat, dass 

die im Reaktor verbleibende fühlbare Wärme ca. 50 % der gesamten gespeicherten Wärme 

ausmacht. Folglich wurde ein Mehrfachreaktorkonzept eingeführt, um die Rückgewinnung 

eines höheren Anteils der fühlbaren Wärme zu ermöglichen. 

Zusammenfassend lässt sich sagen, dass die Prozesssimulation es ermöglichte, 

Parameterstudien im Vergleich zu realen Experimenten in viel kürzerer Zeit durchzuführen. 

Dadurch war es innerhalb des zur Verfügung stehenden Zeitraums möglich, zahlreiche 

Anwendungsszenarien abzudecken und die Gesamteffizienz des Systems zu verbessern. Die 

experimentellen Ergebnisse haben gezeigt, dass das entwickelte Wärmetauscher-Konzept die 

maximale Leistung des Wärmetauschers um 74% erhöht. Darüber hinaus konnten durch die 

Verbesserung der Fluiddynamik zwischen Reaktor und Kondensator der Wirkungsgrad der 

Desorption ηd und der Gesamtwirkungsgrad ηo um 32% bzw. 9% gesteigert werden. Außerdem 

wurden etwa 36% der gebliebenen fühlbaren Wärmemenge (ca. 9% der investierten 

Gesamtwärme) durch den Einsatz mehrerer Reaktoren mit sequenzieller Konfiguration 

zurückgewonnen. 

Für zukünftige Arbeiten wird empfohlen, die mögliche Steuerung der abgeführten 

Wärmemenge durch Regulierung der Wasseraufnahme während der Adsorption zu 

untersuchen. Zusätzlich könnte die Erprobung eines anderen Reaktordesigns (z.B. eines 

Wanderbett-Reaktors) erhebliche Verbesserungen für das System bringen. 
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1. Introduction 

One of the most important issues facing mankind is responding to the increasing demand on 

energy, and at the same time providing the future generations with sufficient sustainable sources 

of energy. This can be achieved by depending more on renewable sources of energy, and 

maximizing the utilization of each source, which includes reducing the energy losses to the 

minimum level.  

A major part of the energy consumption is considered as low temperature thermal energy. Thus, 

a better management of this energy by thermal energy storage could provide a significant 

contribution to improve the overall efficiency in industrial economies. 

The concept of Thermal Energy Storage TES is not new, it has been used for a long time. The 

energy storage works on reducing the disparity between the production and demand, this is 

done by storing the excess energy during the low demand and providing it back when the 

demand peaks. Thus, it improves the energy utilization. [O. ErcanAtaer, 2006] 

Different technologies in the field of thermal energy storage exist or are being developed, as 

sensible heat, latent heat or thermo-chemical energy storage, where the thermal energy (heat or 

cold) can be stored in a relatively wide range of temperatures from -40 to 400 °C. [IEA-ETSAP 

and IRENA, 2012]. Based on the method used, thermo-chemical energy storage can be divided 

into absorptive and adsorptive thermal energy storage systems (see Figure 2.2). 

While the sensible and latent heat storage technologies are standard products, the thermo-

chemical energy storage is still in the early stages of development. Despite their great potential 

in both daily (short term) and seasonal (long term) applications, the adsorptive thermal energy 

storage systems are not yet fully commercialized. However, some particular applications using 

adsorption TES principle have been introduced to the market. This limitation can be related to 

multiple obstacles on different system levels. Therefore, it is necessary to deepen the scientific 

knowledge as well as the technical understanding to be able to make these technologies usable 

for mankind in the future. 

The main challenge facing the adsorptive TES technology is the low storage efficiency (ratio 

of the recovered energy to the total invested energy), which is standing in the way of introducing 

adsorptive thermal energy storage systems to the market. Among several aspects, poor heat and 

mass transfer in the reactor represents a major factor, which reduces the theoretically achievable 

heat storage density and efficiency. Therefore, numerous investigations have been performed 

in the past focusing on improving the thermal conductivity of the adsorbent materials by the 

help of highly conductive materials. However, there is still a lack in the system approach of the 

adsorptive TES with the focus on the whole heat storage system and not just the adsorbent 

materials. 
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Objectives of the work 

This work focuses on filling some of the current scientific and technical gaps in system 

approach of the adsorptive TES, by concentrating on the following points: 

• Conducting experiments and CFD simulations, in order to give an insight into the heat 

and mass transfer in the reactor during both adsorption and desorption. Thus, increasing 

the heat storage efficiency and improving the heat and mass transfer by developing 

better designs/arrangements of the key components of the storage system (e.g. Reactor, 

heat exchanger, condenser…) 

• Analyzing thermal energy during both adsorption and desorption processes, for better 

understanding of the distribution of the heat shares and identifying the potential aspects 

of optimization. 

• Creating a validated numerical 0D-model of the whole heat storage system, with the 

possibility to adjust all the operation parameters and predict the optimal system settings. 

• Exploring different control strategies to increase the utilization of the stored heat. 

In order to achieve this goal, the overall system was structured in 4 levels with regard to the 

components as shown in Figure 1.1. Depending on the system level different methods 

(numerical or experimental) were conducted. 

 
Figure 1.1 Overall adsorption TES system levels 

These levels can be defined as the following: 

o Materials level 

On this level, the materials used to store the heat are being investigated, in order to 

improve their storage heat capacity and thermal conductivity. Various types of materials 
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can be used in an adsorptive heat storage system. The most common working types of 

adsorbate / adsorbent pairs are: Ammonia, methanol and water as adsorbate, and 

activated carbon, silica-gel and zeolite as adsorbents. Investigations on this level were 

not the focus of this work. 

 

o Reactor level 

The core of the heat storage is the reactor containing the storage material. On this level 

investigation regarding the optimization of e.g. heat and mass transfer as well as 

performance was done. Consequently, studying the influence of connecting reactors 

using different operational set-ups. 

 

o Storage-unit level 

The heat storage unit represents the single storage system, which consists of the storage 

reactor containing the storage material (optional separated in multiple vessels), the 

evaporator/ condenser as well as various auxiliary components like vacuum pump, 

piping, instrumentation, etc. On this level control algorithms using simple sensors and 

controls were developed to improve the system and make it technically controllable for 

an optimal performance. The monitoring of the charging level and the status of the heat 

storage should be possible at any time. 

 

o Integrated system level - Overall heating and heat management system 

This represents the real-life system application. Where on this level all connected units 

like heat sources, heat consumers, heat sinks as well as other optional units for heat 

storage (e.g. sensible storage) or heat pumps are included. The interfaces to the 

adsorption TES are needed to be defined and described. On this system level, simulation 

is used to investigate different system setups and find suitable configurations capable to 

increase the energy efficiency of the overall system. In this regard the parallel usage of 

heat pumps as well as the hybrid usage/storage of cold and heat was taken into account. 
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2. Theoretical Background 

For a better understanding of the thermal energy storage systems, the state of the art and the 

theoretical background of the different types of heat storage are presented in this chapter. 

Furthermore, the heat and mass transfer in porous media is explained as it’s essential for 

creating a numerical module of the system. 

 

2.1. Thermal energy storage TES 

Since the energy forms vary a lot (chemical, potential...) there are different technologies to store 

the energy (electrical, thermal...), however this thesis concentrates only on the thermal energy 

storage. 

Thermal Energy Storage (TES) can be categorized in different ways depending on the criteria 

used in this classification. Taking the temperature level of the stored thermal energy as a 

criterion, the TES can be divided into “Heat Storage” and “Cold Storage”, while if the looking 

perspective is the storage period then it can be divided into two different categories “Short Term 

Storage” and “Long Term Storage”. Finally, by taking the type of the energy storing method as 

a criterion then the TES is being classified as “Sensible Heat Storage”, “Latent Heat Storage” 

and “Thermo-chemical Heat Storage”. Figure 2.1 shows the different categories by different 

criteria. 

 

Figure 2.1 Categories of Thermal Energy Storage 
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The exact field which this thesis is concerned about is the thermo-chemical heat storage, which 

in its turn can be divided into “Sorption Storage” and “Chemical Storage”. From the sorption 

storage two basic technologies can be distinguished, adsorption and absorption storage. The 

process is called adsorption when the substance is accumulated at the surface of a solid or a 

liquid. Whereas, the process is called absorption when the substance is assimilated within the 

bulk of a solid or liquid. For this thesis the specific topic of investigation is the adsorption 

storage, as explained in Figure 2.2 

 

Figure 2.2 Categories of Thermal Energy Storage according to the type of the storage method 

2.1.1. Sensible heat storage 

The main principle of sensible heat storage method SHS is that the storing material undergoes 

temperature changes while it maintains the same physical state, where no phase changes should 

take place. Therefore, the temperature is being increased during the heat storage phase, and 

decreased again when the heat is being recovered. 

The amount of stored heat is related to the temperature differences through the following 

formula. 

𝑄 = ∫ 𝑚 𝐶𝑝 𝑑𝑇
𝑇2

𝑇1
        Equation 2.1 

Where: 

Q: the amount of heat in [J] 

T1 and T2 are the initial and final temperature of the storing material in [K] 

m: the mass of the storing material in [g] 
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Cp: specific heat capacity in [J/(g*K)], which is a function of the temperature 

Considering that the temperature difference between T1 and T2 is small, the equation 2.1 can be 

written as: 

𝑄 = 𝑚 𝐶𝑝,𝑎𝑣𝑔(𝑇1 − 𝑇2) = 𝑚 𝑐𝑝,𝑎𝑣𝑔∆𝑇      Equation 2.2 

Where Cp,avg is the average specific heat capacity in the range between T1 and T2. 

As it was represented in Figure 2.2 the sensible heat storage medium could be solid, liquid or 

gaseous, nevertheless it is recommended that the medium used has all or some of the following 

properties: 

▪ high value of the specific heat capacity 

▪ low cost 

▪ stabile under thermal cycling for a long term 

▪ shows a good compatibility with its containment 

The storage materials which are commonly used are cheap ones like rocks, water, sand, pebbles 

etc. 

Disadvantages of this method can be the large volume needed to store the energy (low storage 

capacity) and the short-term heat storage due to the relatively big heat losses. Some of the 

sensible heat storage media however may have a relatively high capacity, but it is limited to a 

certain extent, especially if the temperature range is small. 

2.1.2. Latent heat storage 

A second possibility of thermal energy storage is latent heat storage LHS. This method can be 

used instead of the sensible one, where on the contrary of sensible heat storage, latent heat 

storage experiences a phase change during the heat storing or recovering process. In the case of 

heat storage, this phase change can in principle be from solid to liquid, from liquid to gas or 

from solid to solid (no physical phase change takes place but by changing the crystalline 

formation), while in the case of heat release, a reverse phase change will take place. (Practically 

liquid/gas phase changes are not relevant due to the very high storage volume required for the 

gas). 

The amount of stored heat is related to both the temperature differences before and after the 

phase change, and the amount of heat need for the phase transformation. The following formula 

represents the heat storage capacity in case of solid-liquid transformation (most common case) 

𝑄 = ∫ 𝑚 ∙ 𝐶𝑝  ∙ 𝑑𝑇
𝑇𝑚

𝑇𝑖
+  𝑚 ∙ 𝑎𝑚 ∙ ∆ℎ𝑚  +  ∫ 𝑚 ∙ 𝐶𝑝  ∙ 𝑑𝑇

𝑇𝑓

𝑇𝑚
  Equation 2.3 

Where Ti, Tm and Tf are the initial, melting and final temperatures respectively, m is the mass 

of the heat storage material, Cp is the specific heat capacity, am is the fraction melted and ∆hm 

is the heat of fusion per mass unit (J/kg). [J. Carrasco Portaspana, 2011] 
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Considering the temperature differences between (Ti, Tm) and also (Tm, Tf) are small, an average 

specific heat capacity can be used, and the following formula can be concluded 

𝑄 = 𝑚 [ 𝐶𝑠𝑝 (𝑇𝑚 − 𝑇𝑖) + 𝑎𝑚 ∙  ∆ℎ𝑚 + 𝐶𝑙𝑝 (𝑇𝑓 − 𝑇𝑚)]   Equation 2.4 

Where Csp and Clp are the average specific heat capacities for the solid and liquid phases 

respectively. 

As shown in equation 2.4, the stored heat can be divided into two types, sensible heat which is 

acting on rising the temperature from the initial to the melting temperature, and from the melting 

to the final temperature. The second type is the latent heat which is responsible for transforming 

the material from the solid to the liquid phase. 

Since the heat of evaporation or fusion is much higher than the specific heat, the energy storage 

capacity per unit of volume for the latent storage materials can be much higher than the capacity 

for the sensible storage materials. High storage capacities compared to sensible storage systems 

are especially achieved if the temperature span between Ti and Tf are relatively small. In case 

of a wide range sensible heat storage systems may still have a higher capacity due to their 

usually larger specific heat storage capacity. 

Hence smaller storage volume is often required for the latent heat storage compared to the 

sensible one, when storing the same amount of heat. Another advantage of the latent heat 

storage is that both of the heat storage and recovery take place at a constant temperature. 

Therefore, it is much easier to choose the storage material for each specific application. 

However, in the case of a system which has a fluctuating temperature level (e.g. solar heating 

system), then this advantage could have a negative effect on the heat storage process. A 

disadvantage of this method is the poor heat conduction of PCMs, especially in the solid state. 

This usually results in a low volume specific heat power.  

The phase change materials which are used in the latent heat storage can be categorized as 

shown in Figure 2.3 into three groups: organic, inorganic and eutectic materials. 

 

 
Figure 2.3 Classifications of PCMs [Atul Sharma, 2007] 
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In order to use the PCMs materials in the design of the heat storage systems, they should possess 

some specific thermophysical, kinetic and chemical properties as listed in Table 2-1 [Atul 

Sharma, 2007] 

Table 2-1 Desired PCMs properties 

Thermal Properties 

▪ Suitable phase change temperature 

▪ High melting enthalpy, in order to have the minimum 

possible storage volume 

▪ Good thermal conductivity 

Physical Properties 

▪ High density, and thus less volume is needed 

▪ Small volume change during the phase changing process 

▪ Low vapor pressure 

Chemical Properties 

▪ Long term chemical stability 

▪ Compatibility with its containment 

▪ Nontoxic 

▪ No fire risks 

Kinetic Properties 
▪ Sufficient crystallization rate 

▪ No or limited supercooling which hinder the heat recovery 

Economics 
▪ Abundant 

▪ Cost effective 

 

2.1.3. Thermo-chemical heat storage 

The main principle for the thermo-chemical heat storage is using reversible chemical reactions. 

The following equations represent the basic mechanism of this method [Cao Sunliang, 2010] 

 

Endothermic reaction:  𝐴𝐵 + �̇�  → 𝐴 + 𝐵 

Exothermic reaction:  𝐴 + 𝐵 → 𝐴𝐵 + �̇� 

 

The endothermic reaction is when the heat storage takes place, where a compound reactant AB 

uses the heat, in order to decompose into two resultants A and B. This certain amount of thermal 

energy is being absorbed under a relatively high temperature condition. In reverse the 

exothermic reaction is responsible for the heat recovery, where A and B react with each other 

forming again the compound AB, and on the same time releasing a certain amount of thermal 

energy. 

In order to assure that these two reactions will not occur simultaneously, a separation between 

the resultants A and B is needed. In case of A and B have different phase forms (e.g. gas and 

solid), the separation process will be easier, and thus the application of such materials is more 

advisable. 



2. Theoretical background 

 

9 

 

As long as these two reactants are separated, then in theory there should be no heat losses. This 

feature makes the thermo-chemical method attractive for a medium to long-term heat storage. 

Since the heat is not stored as a sensible heat, heat losses do not occur and therefore the storage 

efficiency can be very high. In addition, no or just few thermal insulations are required, which 

is another plus for the cost efficiency. 

Another advantage for this method is that the enthalpy of the reaction is significantly larger 

than the specific heat (in SHS) or the heat of fusion (in LHS). This means that the heat storage 

density can be much higher than in the other two methods. 

There are different chemical compounds and material pairs which can be used in the thermo-

chemical heat storage method. However, in order to achieve desirable performance, these 

compounds should possess some properties. [J. Carrasco Portaspana, 2011] 

• Reversibility: The reaction must go to completion; no side reactions or changes in 

reaction rate with time should occur. 

• Reaction rates: Both forward and reverse reactions must be rapid enough to absorb 

all the available energy or release it promptly. The reaction rates must not decrease 

with cycling. Such a decrease can be observed, if structural changes of the storage 

medium occur (e.g., crushing of particles into powder). 

• Controllability: The reactions must be controllable because they have to be turned 

on and off when required. Controllability is achieved by product separation, by 

controlling the temperature and pressure, or by catalysts. 

• Ease of storage: The reaction products have to be easily separable prior to storage. 

Reactions must not occur at ambient temperature. 

• Safety: Toxicity, inflammability, and corrosiveness of the reaction products may pose 

unacceptable safety hazards. 

• Cost: Their cost should be low; this requires materials which are readily available. 

 

Adsorption heat storage 

In this heat storage method, a material in the gas or liquid phase is attached to another material’s 

surface (solid or liquid). This mechanism is called “adsorption”, where the molecules which are 

bond to the surface are called adsorbate, and the material holding these molecules is known as 

adsorbent. The adsorption process has a reverse process called desorption, where the adsorbed 

molecules are being released back from the surface into their original fluid phase. 

Depending on the type of the acting forces, the adsorption can be divided into two types 

chemical or physical. In the chemical adsorption, the adsorbate molecules form bonds with the 

surface atoms of the adsorbent, by sharing electrons. This type of adsorption can also be referred 

to as “chemisorption”. Due to the type of the bonds in the chemisorption, very high 

temperatures are needed in order to make the adsorbate be desorbed. This has limited the 

applications of the chemisorption. 

The other type of adsorption is known as physical adsorption or “physisorption”. In this type 

the adsorbate molecules are attached to the adsorbent surface by electrostatic and van der Waals 

forces, where no electrons sharing takes place. 

When the adsorbate is being adsorbed, an adsorption heat will be released, this heat equals to 

the adsorbate-adsorbent binding energy. However, in the case of gaseous adsorbate phase, then 
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the adsorption heat will be equal to the sum of the binding energy and the condensation one 

[schawe, 2001] 

∆ℎ𝑎𝑑 = ∆ℎ𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛 + ∆ℎ𝑏𝑖𝑛𝑑𝑖𝑛𝑔    Equation 2.5 

This sum is represented by the total area under the differential heat of adsorption curve as shown 

in Figure 2.4 

 
Figure 2.4 Binding and condensation enthalpy for adsorption of water on yeolite NaX [Hauer, 2002] 

The materials which are used as adsorbents should provide large surface area in order to 

increase the adsorption capacity. On the other hand, it is always preferable to have small 

volumes (for better heat storage density). Therefore, to have this high surface/volume ratio, the 

material should have pores. Table 2-2 represents the classification of pores by the International 

Union of Pure and Applied Chemistry (IUPAC). 

Table 2-2 IUPAC classification of pore sizes [Douglas Levan, Carta et al. 2008] 

Type 
Pore Width 

[nm] 
Characteristic Example 

Micropore < 2 
Superimposed adsorption 

potential 

Zeolites, silica gels, 

activated carbon 

Mesopore 2 – 50 Capillary Condensation 

Silica gels, M41S-

materials, carbon nano 

tubes 

Macropore > 50 

Effectively flat walled up to 

saturation pressure of the gas 

phase 

Porous glasses, activated 

carbon 

 

The adsorbents used in heat storage unit of this investigation are pellets and granular zeolite. 

The zeolites are crystalline hydrated aluminosilicates which have pore diameter range of 0.3 to 

2 nm. They are naturally occurring minerals; however, the artificially produced zeolites can be 

reliable for heat storage, due to their defined pore diameter unlike the natural ones, in addition 
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to their ability of hydrate and dehydrate without changing their original structure. However, the 

zeolite can also be manufactured to suit the different industrial applications such as catalyst, 

ion exchanger, adsorbent and molecular sieve. Usually the zeolite powder is shaped by the help 

of binders, which include in general alumina, silica and natural clays [Storch, Reichenauer 

2008]. 

 

Adsorption and desorption processes 

Figure 2.5 shows the heat storage cycle for a closed adsorption system, which represents the 

case of the heat storage unit used in Fraunhofer IGB. 

 
Figure 2.5 Adsorptive heat storage cycle [Source: S.Biehler (Fraunhofer IGB)] 

The cycle can be divided into 4 phases: 

Phase 1 (Discharged): the system is in a discharged state, where the adsorbent is fully loaded 

with the adsorbate. In this investigation case, the zeolite will have a maximum loading of water. 

Phase 2 (Charging): heat is being given to the adsorbent packed bed, causing the adsorbate 

(e.g. water) to be desorbed from the pores. 

Phase 3 (Storage): in this phase, the adsorbent has a minimum loading of the adsorbate, and 

as long as they are kept separated, then the heat should stay in theory stored. 

Phase 4 (Discharging): the adsorbate is being introduced to the adsorbent packed bed, where 

it binds with the adsorbent’s surface, causing the adsorption heat to be released. 

Phase 3 (storage) 

adsorbents 

Phase 4 (discharging) 

Heat 

Phase 1 (discharged) 

adsorbents with adsorptive 
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2.2. State of the art 

Adsorption thermal energy storage technology has a great potential in both daily (short term) 

and seasonal (long term) applications. However, the commercial applications are still limited 

due to the relatively higher costs and the absence of sufficient technical knowledge on the 

system level. In order to fill this gap between theory and technical application more research 

and system development are required. 

The current state of research and know-how in this area can be divided into three levels: 

Materials, components and systems. 

 

2.2.1. Adsorbent materials 

The most common working pairs (adsorbate / adsorbent) are: Ammonia, methanol and water as 

adsorbate, and activated carbon, silica-gel and zeolite as adsorbents. Table 2-3 shows the 

adsorption parameters for some pair’s combinations, in comparison to a sensible heat storage 

using water. 

Table 2-3 Adsorption parameters for some adsorbent/adsorbate pairs [Wang, 2014] 

Adsorption 

pair 

Maximum 

theoretical 

stored heat 

[MJ/kg] 

Maximum 

theoretical 

heat 

storage 

capacity 

[kWh/kg] 

Min. 

TDes 

[C°] 

Max. 

TDes 

[C°] 

Advantages Disadvantages 

Heat 

storage 

capacity 

to water 

Storage 

volume 

for 100 

kWh 

[m3] 

materials 

density 

[kg/l] 

water 

uptake 

% 

Silica gel / 

Water 
2.5 0.694 >50 120 Low TDes Only for T>0 8.50 0.51 0.7 40 

Synthetic 

zeolite / 

Water 

4.2 1.167 120 >200 
Adsorption 

Heat 
Only for T>0 14.29 0.43 0.66 30 

Natural 

zeolite / 

Water 

3.3 0.917 120 >200 
Adsorption 

Heat 
Only for T>0 11.22 0.55 0.66 30 

Activated 

carbon / 

Methanol 

1.8 0.500 
80-

100 
120 Low TDes 

Vacuum, T>150 

→ Methanol → 

Dimethyl 

6.12 1.11 0.45 40 

Activated 

carbon / 

Ammonia 

0.942 0.262 >150 >200 

High pressure 

(Tcond. 40°C at 

16 bars) 

Odor, toxicity, 

incompatibility 

with copper 

3.20 2.12 0.45 40 

Activated 

carbon / 

Ethanol 

0.944 0.262 
90-

100 
150 Low TDes 

Low adsorption 

at high 

temperatures 

3.21 2.12 0.45 40 

Activated 

alumina / 

Water 

3 0.833 160 >200 
Adsorption 

Heat 
Only for T>0 10.20 0.25 0.8 60 

Water 

Δt=70°C 
0.294 0.082 - - 

Low cost and 

simplicity 

Only for T>0 

and heat losses 
1.00 1.22 1 - 
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The theoretical heat storage density of an adsorbent is directly dependent on the temperatures 

of adsorption (discharging) and desorption (charging). Figure 2.6 shows the theoretically 

calculated heat storage density at different charging/discharging temperatures for multiple 

materials compared to water heat storage system as a reference. As silica gel and zeolite use the 

adsorption TES technology, the sodium acetate trihydrate uses the latent heat storage method 

(with a melting temperature of 58°C). The heat storage capacities were calculated in Fraunhofer 

IGB using characteristic curves of adsorption provided by Zeosys GmbH. 

 

Figure 2.6 Theoretical heat storage capacity for different materials [source: M.Elfadil (Fraunhofer IGB)] 

 

2.2.1.1. Silica gels 

Silica gels have been one of the most used adsorbent materials for water vapor. Due to their 

low costs, they are widely used as a dehumidifier. In addition, they are considered a less 

expensive option for adsorption TES for applications with heat sources at temperatures lower 

than 100°C. In spite of their competitive cost and abundance, silica gels have low heat storage 

capacity, this has given water TES systems an advantage over them and left silica gels as a 

possible option for long-term heat storage only. It’s worth mentioning, that the porous structure 

of silica gels differs between open adsorption TES and closed systems. Furthermore, the partial 

pressure for a closed adsorption/desorption process is limited to a range between 0.1 and 0.3 

p/p0. Therefore, the employed silica gels should have a highly microporous structures. 

 

2.2.1.2. Zeolites 

Zeolites (aluminosilicates) have a high specific surface to volume ratio (abou 800 m2/g), this 

structure has made zeolites highly hydrophilic and perfectly suitable for adsorption of water 

vapor. Due to its high affinity for water, the bond between zeolite’s surface and water is strong, 
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and thus, it requires a higher temperature to broken compared to silica gels (i.e. higher than 

120°C). The common synthetic types of zeolites used in adsorption TES are: Type A, 13X, 

NaX, and Y. 

Thanks to zeolite’s structure, they can generate a higher hydrothermal stability compared to 

silica gels, which gives zeolites an advantage when several adsorption and desorption cycles 

are required. As a result of their high regeneration temperatures, they are more suitable for 

industrial waste heat recovery and storage [Yu, N.;Wang, 2013]. 

The binderless zeolite (Köstrolith NaMSX) material in the form of spheres (2.5mm-3.5mm) as 

shown in Figure 2.7 and water are used as an adsorbent-adsorptive pair during this work. 

Molecular sieve NaMSX is a synthetic crystalline aluminosilicate with a regular micro-pore 

structure.  

 
Figure 2.7 Köstrolith NaMSX spheres [Source: Fraunhofer IGB] 

 

The chemical formula of NaMSX zeolite is  

𝑵𝒂𝟐𝑶 ∙ 𝑨𝒍𝟐𝑶𝟑 ∙ 𝒎𝑺𝒊𝑶𝟐 ∙ 𝒏𝑯𝟐𝑶 

Where, m ≤ 2.35 and n is the number of water molecules adsorbed. 

All the relevant physical properties of NaMSX are listed in Table 2-4. 

Table 2-4 Physical properties of Köstrolith NAMSX [ZeoSys GmbH] 

Property Value 

Beads size Range [nominal, mm] 2.5-3.5 

Pore size [nm] 0.9 

Specific heat capacity [kJ/kg K] 0.88 

Thermal conductivity [packed bed ,W/m K] 0.07 

Bulk Density [compacted, g/l] 655-700 

Attrition [%wt] max. 0.2 

Crush Strength min.25 
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2.2.1.3. Activated carbons 

Activated carbons are obtained from various precursors (e.g. wood, coal, coconut shells…). 

They possess a high specific surface volume ratio (ca. 1200 m2/g) and represent potential to be 

used for adsorption TES as adsorbents of alcohols or ammonia. Nonetheless, there are still no 

examples in the literature of TES applications using these materials. 

 

2.2.2. Storage-unit level 

So far, all the development of closed adsorption TES units was generally concentrated on the 

reactor (materials and heat exchanger) [Salvatore Vasta, 2018]. Due to the low thermal 

conductivity of adsorbent materials, it’s not possible to fully achieve the theoretical specific 

storage density. Hence, research activities have been focusing on improving the heat and mass 

transfer inside the reactor, mainly by exploring new heat exchanger designs or by adding to the 

adsorbent packed bed other materials with high thermal conductivity (e.g. copper wires, metal 

coating for the granulates) [Demir, H. 2008].  

Other investigations aimed to improve the thermal conductivity by using the in-situ 

crystallization technique, which allows adsorbents (e.g. zeolites or zeo-like materials) to be 

synthesized over the metallic substrate of the heat exchanger directly [Bauer J. 2009]. 

 

2.2.3. System level 

As mentioned before, the current state of research has not covered yet the development of 

adsorption TES on system level, leaving a great potential for optimizations on this level. 

Hence, intensive investigations are required to overcome the barriers, which are preventing the 

adsorption TES technology to be present in the market as a dedicated heat storage system. 

In spite of some commercially introduced applications, which are using the adsorption TES 

principle (e.g. a dishwasher from Bosch, a “self-cooling” beer barrel…). The main purpose of 

these applications was not to store the heat, but rather to utilize the adsorption TES as a 

secondary function or to improve the efficiency of these products. 
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2.3. Heat and mass transfer 

Due to the important influence of the heat and mass transfer on a thermal energy storage system, 

a theoretical background about these two phenomena is included in this section. 

 

2.3.1. Mass transfer through porous media 

The flow resistance of a fluid through porous media is dependent on the number of particles 

which exist, or the volume concentration, however the bed porosity terms are usually used. On 

the extreme of which the bed is full of solids (zero porosity) the resistance in this case will be 

infinite. While on the other hand if the bed does not contain any solids and the porosity is 100%, 

then the superficial and interstitial velocities will be the same. Figure 2.8 gives an illustration 

of the fluid flow through a porous medium with consideration to the existing volume fraction. 

 

 

Figure 2.8 Fluid flow through a porous medium [Richard G. Holdich, 2002] 

 

This fluid flow resistance causes the pressure drop in the fluid ∆p to increase. This pressure 

drop is related to the distance L, where the pressure-drop increases in the direction of the fluid 

velocity, and thus the pressure gradient should be (-∆p/L). Nonetheless, the term pressure 

difference will be adopted and therefore no negative symbol will be used in the following. 

Depending on the nature of the material’s particles and the packing way of the materials in the 

packed bed, the porosity will change accordingly. For example, the porosity can range from 

about 45% for an uncompressed glass beads, to a value of 90% or higher for biological material 

such as yeast cells. [Richard G. Holdich, 2002] 
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The porosity can be calculated from the following formula 

𝜌𝑏 = (1 − 𝜀)𝜌𝑠 + 𝜀 𝜌       Equation 2.6 

Where ρb, ρs and ρ are the bulk, solid and fluid densities respectively in [kg/m3], and since the 

fluid is gas, then its density can be neglected in comparison to the bulk density, and thus: 

𝜀 = 1 −
𝜌𝑏

𝜌𝑠
         Equation 2.7 

In the case of this investigation, the gas flow through the packed bed is assumed to be laminar 

flow, since just natural convection is the driving force. In fluid flow, high fluid viscosity (µ) 

and low bed permeability provide high flow resistance. The following formula represents 

Darcy’s law which describes the relation between the pressure drop and the other flow 

parameters. 

∆𝑝

𝐿
=

𝜇

𝑘

𝑑𝑉

𝑑𝑡

1

𝐴
          Equation 2.8 

Where k is the permeability and V is the volume of the fluid flowing in time t.  

The permeability can be calculated from the following equation [Richard G. Holdich, 2002]: 

𝑘 =
3

𝐾(1− )2𝑆𝑣
2       Equation 2.9 

Where Sv is the specific surface area per unit volume [m2/m3], and K is the Kozeny constant 

which is often 5, however much experimental evidence suggests that K = f(ε) 

In the case of fixed bed length, the pressure drop rises linearly in relation to the volume flow 

rate, or the fluid velocity which can be calculated by the following formula. [Richard G. 

Holdich, 2002] 

𝑈0 =
�̇�

𝐴
=

𝑑𝑉

𝑑𝑡

1

𝐴
        Equation 2.10 

Figure 2.9 represent Darcy’s law graphically, where the permeability can be measured by using 

the gradient from the plot. In this case the particles in the packed bed are assumed to be 

uniformed and therefore the permeability is constant as well. 

 

Figure 2.9 Graphical representation of Darcy's law for bed with a fixed overall length 
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Vapor pressure drop due to surface adsorption 

Gas pressure in a container with a volume V is calculated by applying the real gas law 

𝑃′ = 𝑍𝑅𝑇 ∙
𝑛

𝑉
         Equation 2.11 

Where Z is a factor for real gas compressibility which expresses the deviation from the behavior 

of an ideal gas when compressed, this factor is a variable dependent on the gas and the pressure. 

The previous formula however neglects the interaction between the gas molecules and the solid 

molecules. Still this interaction can be included in the formula in order to calculate the exact 

pressure, as the following [Chih-Hang Hsieh, 1980] 

𝑃 = 𝑍𝑅𝑇𝑑1 = 𝑃′ −
�̃�.𝛿𝑠

𝑉
(𝑑2 − 𝑑1) ∙ 𝑍𝑅𝑇     Equation 2.12 

Where:  

P is the pressure in the container in [Pa] 

  P’ is the pressure calculated by applying real gas law 

  Ã is the total surface area inside the container in [m2] 

  δs is the range of surface forces in [m] 

  d1 [mol/m3] is the density of gas molecules not affected by surface forces  

d2 [mol/m3] is the average density of gas molecules which are affected by surface 

forces 

Equation 2.12 shows that the exact pressure P is smaller than the one from the real gas law P’. 

However, in most cases this difference between P and P’ can be neglected in comparison to the 

value of P. This is due to the relatively very small value of δs (in angstrom) when it is compared 

to the value of V/Ã (in centimeters). 

Nevertheless, in the case of porous media, where the surface area is large and the volume of the 

pore is small, then the difference between P and P’ cannot be neglected anymore, since the term 
�̃� .𝛿𝑠

𝑉
 is relatively big now. Hence the vapor pressure in porous medium is considerably lower 

than the one calculated by the real gas law [Chih-Hang Hsieh, 1980]. This is the case in 

adsorption heat storage systems, where this pressure difference is the driving force for the 

adsorption process. 

From what has been mentioned before, it appears that the surface adsorption plays an important 

role in the vapor pressure drop through porous medium.  
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2.3.2. Mass transfer in small pores 

 

The mass transfer has an influence on the sorption rate of porous sorbents; hence a theoretical 

background of mass transfer is presented. 

In the case of pure water vapor, the mass transfer in a zeolite crystal can be divided into three 

phases. 

• At the beginning the vapor is transported to the zeolite layer or particles e.g. by a flow 

through the bulk (chapter 2.2.1).  

• Then it passes through the intercrystalline macropores and the system of micropores. 

• Finally, it reaches the sodalite cages, where the adsorption takes place. 

For example, in the sorption heat storage the driving force in the first part of mass transfer is 

the pressure difference between the adsorber and the evaporator, while in the other two parts 

the structure of the zeolite layer has the influence on this mass transfer. [R. Lang, 1995] 

 

Thermal motion and subsequent collision of the molecules cause diffusion, this diffusion can 

be divided into two types: transport diffusion caused by concentration gradient, and self-

diffusion which occurs in system at equilibrium. [Danny Schuring, 2002] 

Fick’s first law of diffusion describes the flux due to transport diffusion 

𝐽 = −𝐷 ∙ ∇𝑐         Equation 2.13 

 

Where D is the diffusion constant and c is the concentration.  

In the case of self-diffusion, it is usually expressed with self-diffusion constant Dc. these 

coefficients for transport and self-diffusion are different, in spite of that these two types of 

diffusion occur generally by the same microscopic principle. 

Diffusion in zeolite is not the same as ordinary diffusion, because the molecules have to move 

through channels of molecular dimensions, therefore the zeolite framework interact constantly 

with the diffusing molecules, and thus the molecular motion is strongly dependent on the exact 

size and shape of these channels instead of only the concentration and temperature. [Danny 

Schuring, 2002] 
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Intercrystalline diffusion 

• Diffusion from gas to micropores 

As mentioned before the diffusion through the zeolite pores are significantly different 

from the one in the gas. Whereas the diffusion in gas is driven by the collision between 

the molecules due to their thermal motion, the diffusion in pores on the other hand is 

dependent on the pore size and can therefore be divided into different regimes as shown 

in Figure 2.10. 

 

 

Figure 2.10 Pore size effect on the diffusivity and activation energy of diffusion [M.F.M. Post, 1991] 

 

In case of large pore diameters (or macropores), the dominant mechanism will be the 

molecular diffusion, because the probability of the molecules to collide with each other 

is higher than the one of the collisions between the molecules and the pore walls. The 

smaller the pore diameter is the higher the number of collisions between the molecules 

and the wall gets. At the point when the pore diameter has a lower value of the mean 

free path of the gas molecules, then Knudsen diffusion takes place, which means the 

mobility of the molecules is depending on the size of the pore. Nevertheless, when the 

size of the pore is very small with the same range of the size of the molecules, then the 

interaction between the molecules and the wall will be continuous, and this is usually 

the case of the diffusion in the zeolite micropores, this regime is called configurational 

diffusion. 

 

• Diffusion in zeolite 

Since the pore size of the zeolite is very small, it makes the molecules very close to the 

pore’s wall. This causes the molecules to be more or less physically bonded to the wall. 

Hence the configurational regime can be in this case comparable to the surface diffusion. 

Many different parameters can influence the diffusivity in this regime, such as: pore 

diameter, interaction between the diffusing molecules and the surface atoms, the 
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structure of the pore wall, the shape of the diffusing molecules and the way the channels 

are connected. Therefore, it is very difficult to derive generalized equations in order to 

relate the mentioned properties to the diffusion coefficient. 

The diffusivity of the molecules in the zeolite channels in comparison with the one in 

the gas phase is significantly reduced, and it is often observed to be strongly temperature 

dependent. 

 

2.3.3. Heat transfer 

There are many different mechanisms with which the heat can transfer, however the main 

mechanisms are considered to be conduction, convection and radiation. Other mechanisms 

which are related to one or combination of these mechanisms are condensation and boiling. 

In comparison with the other different heat transfer mechanisms, the radiation mechanism is 

taken into consideration only at high temperatures (above 500-700 °C) [Dr. K. J. Bell, Dr. A. 

C. Mueller, 2001].  

Therefore, it can be neglected in the temperature range of the sorption heat storage system, 

which is the content of this thesis. This section will focus on the mechanisms of the transfer 

processes and will introduce few basic equations.  

 

• Conduction 

Heat conduction occurs due to the collision of the molecules in liquids and gases during 

their random movement, or the vibration of the molecules and electrons in solids. The 

electrons or molecules in the hotter part have a higher kinetic energy level than the ones in 

the colder part. This difference in the energy levels will drive them to give some of their 

kinetic energy to the other electrons or molecules in the cold part, the energy transmit is 

caused by collision. 

Which distinguish the conduction from other transport mechanisms is that no motion of the 

medium is taking place. 

 

The amount of heat transferred by conduction in the case of a steady heat flow across a 

plane wall as shown in Figure 2.11, can be given by Fourier’s equation  

�̇�

𝐴
= 𝑞 = 𝜆 (

𝑇1−𝑇2

𝑋1−𝑋2
) = 𝜆

∆𝑇

∆𝑋
        Equation 2.14 

Where q is the heat flux or the heat flow �̇� over the surface area A, T1 and T2 are the 

temperatures of the surfaces (T1 > T2), ∆X is the thickness of the wall and 𝜆 is the thermal 

conductivity coefficient, which its value is experimentally measured for each material. 
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Figure 2.11 Heat conduction through a plane wall [Dr. K. J. Bell, Dr. A. C. Mueller, 2001] 

 

• Convection 

Convection occurs in a single phase (liquid or gas), where the heat transfer takes place 

because of the microscopic or macroscopic motion of the fluid, where the heat is being 

carried as an internal energy, and thus when a hot material flows into a cold material, it 

will heat up the region and vice versa. 

The flow can be driven by the density of pressure differences between the two points, or 

by an external driving source (e.g. pumps, fans…etc.). In this case, the transport 

mechanism will be called a forced convection. 

If the flow of the liquid or gas is laminar, the heat is being transferred between the layers 

of the flow by conduction. Nevertheless, when the flow is turbulent, eddy transport 

becomes more dominant. 

It was found for many convection heat transfer processes, that the heat flux is proportional 

to the temperature differences of the two points where the convection is taking place in 

between. Thus, the flowing formula can be concluded 

 

𝑄

𝐴
= ℎ (𝑇2 − 𝑇1)        Equation 2.15 

Where h is the convection heat transfer coefficient [w/(m2*K)] and T1, T2 are the 

temperatures of the two points. 

 

In the case of two phases of material (solid-gas) then the heat transfer will be a combination 

between convection and conduction. 
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• Radiation 

Energy is being emitted by radiation form all matter in the form of electromagnetic waves, 

this amount of emitted energy is mainly dependent on the temperature of the matter, 

however it could be also related to the nature of the surface of the matter. 

The basic law of radiation was derived by Stefan and Boltzmann, which can be written as 

the following: 

𝑄

𝐴
= 𝜎 𝑒 𝑇𝑎𝑏𝑠

4         Equation 2.16 

Where: 

σ   is Stefan-Boltzmann constant (5.67×10-8 W/m2*K4) 

Tabs  is the absolute temperature [K] 

e  is the emissivity of the matter, it has a value between 0 and 1, whereas 0 means 

a perfectly reflecting body, 1 means a perfect emitter (so called “black body”) 

 

Compared to the other heat transfer mechanisms, heat transfer by radiation is relatively 

unimportant at low temperatures, and it becomes important to be taken into consideration 

at temperatures higher than 500°C. 

 

• Condensation 

Condensation is the mechanism by which the vapor is changed into liquid. This process 

occurs by removing the latent heat of condensation form the vapor. Four different 

mechanisms of condensation are recognized in general: dropwise, filmwise, direct contact 

and homogeneous condensation. 

 

a. Dropwise condensation 

In this condensation mechanism, the vapor starts to form liquid drops on the solid surface 

at specific favored locations, these locations are called “nucleation sites”. These sites 

could be scratches, pits or any surface irregularity and in few square centimeters there 

may be many thousands of them. The drops then start to grow because of the continuous 

condensation of the vapor on one hand, and the agglomeration of adjacent drops whenever 

they come in contact with each other on the other hand. The dropwise condensation takes 

place when the solid surface on which the condensation is occurring is not strongly wetted 

by the liquid, so that the formed drops do not spread out over the whole surface, but they 

grow in their place until they are large enough that they run off. 

 

b. Filmwise condensation 

In the filmwise condensation mechanism, the formation of the drops occurs relatively fast 

causing them to merge with each other, and thus a continuous liquid film is being 

produced on the solid surface, where the heat should also be transferred through this film. 

The heat transfer mechanism in this case will be quite complex since it is subjected into 

two-phase flow (gas-liquid), involving the quantities, properties and fluid mechanics of 

both phases. 
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The other two condensation mechanisms do not apply for this investigation; therefore, their 

mechanisms are not included in detail. 

 

• Vaporization 

There are different cases and mechanisms by which vaporization may take place (e.g. pool 

boiling, vaporization during flow…), nevertheless in this thesis only the pool boiling 

mechanism is in concern. 

When the heated surface is submerged in a container filled with liquid where there is no 

motion except for that induced by the boiling process. This process is called pool boiling. 

Conversely, if the liquid boils because it is forced over the heated surface, then it is called 

forced convection boiling. [ME 4331, 2010] 

Pool boiling can occur in many different mechanisms depending in the first place on the 

temperature difference between the wall and the liquid. Figure 2.12 represents the relation 

between the heat flux and the temperature difference between walls temperature and liquid 

saturation temperature. 

 

 

Figure 2.12 Saturated pool boiling curve [ME 4331, 2010] 

From Figure 2.12 it is clear that the behavior of the heat flux can be divided into many different 

regimes, however it can be simplified as the following: 

 

Natural convection regime (ac) 

The liquid in contact with the hot surface is heated and then it rises up. The heat is being 

transferred mainly by single-phase convection. In this regime no vapor bubbles are being 

formed. 
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Nucleate boiling regime (cf) 

In this regime vapor bubbles start to be formed from the favored nucleation sites, in the first 

part (ce) the bubbles are formed separated from each other, while in the other part (ef) and due 

to the increase of the bubbles formation, the bubbles start to interfere with each other forming 

vapor columns. The point f represents the maximum achievable heat flux. 

 

Transition boiling (fg) 

An unstable vapor film is formed near the hot surface during this regime, the film keeps 

collapsing and reforming again. The film decreases the heat flux again due to the smaller heat 

transfer properties of the gas. 

 

Film boiling (gh) 

In this region the vapor film between the hot surface and the liquid becomes stable, this case 

usually occurs when the temperature difference between the hot surface and the liquid exceeds 

600 °C. 

 

Conclusion 

While the sensible and latent heat storage technologies are standard products, the thermo-

chemical energy storage is still under development. The adsorption heat storage system has not 

been introduced as a commercial product yet. Therefore, it is necessary to intensify the scientific 

knowledge as well as the technical understanding to be able to make these technologies usable 

for mankind in the future [Salvatore Vasta, 2018]. 
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3. Methodology 

In this chapter all different aspects, which were used in the investigation, are going to be 

described in detail. This includes: simulations, technical modifications, experiments and 

thermal energy analysis. 

 

3.1. Simulations 

In order to achieve the goal of this research and improve the efficiency of a heat storage system, 

multiple simulations were planned ahead, so that the required technical modifications could be 

defined. 

The simulations performed during this work can be divided into two main categories, heat and 

mass transfer simulations and process simulations. 
 

3.1.1. Reactor design improvement 

The heat and mass transfer 3D simulations were conducted with the help of a FEM-tool 

(COMSOL Multiphysics). The purpose of these simulations was to identify the zones with poor 

heat transfer or mass transfer blockage, which were preventing the heat storage system from 

reaching a higher storage efficiency. With the help of the simulations’ results, suitable technical 

modifications were planned, with the aim of realizing a better heat and mass transfer in the 

reactor. 
 

3.1.2. Process improvement 

As for the 0D process simulations, they were performed with a self-developed program using 

LabVIEW software. A numerical model of the whole heat storage system was created and 

validated, allowing various parameters to be investigated, such as temperatures, pressures, 

number of reactors and mass of adsorbent. Thus, it was possible to simulate and compare 

different application scenarios without the need of conducting high number of experiments. The 

process simulation revealed the potential of using multiple reactors-setup and assisted the 

technical modifications to attain this potential. A detailed explanation of the simulations used 

in this research is found in Chapter 4. 
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•Reactor design 
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3.2. Technical modifications and experiments 

As an important part of this investigation, technical modifications were applied on the heat 

storage unit, in order to test multiple operation parameters, as well as to validate the digital 

model, which was developed for the simulations. 

Different laboratory-scale experimental units were built, allowing a range of various 

experiments to be run, with the possibility to adjust the parameters, test different materials and 

continuously record the results in order to analyze them later. Defining these modifications was 

based on the results and recommendations from the simulations. 

The technical modifications can be divided into the following points: 

 

3.2.1. Fans and evacuations 

In order to improve the kinetics in the reactor, fans were installed in the reactor and frequent 

evacuations were carried out. 

 

3.2.2. Separation between condenser and evaporator 

Considering convection and water vapor flow inside the reactor, it was advisable to use an 

overhead condenser instead of having a combined condenser/evaporator under the reactor. 

 

3.2.3. New heat exchanger 

With the help of the heat and mass transfer simulation a new heat exchanger design was 

developed and implemented in the heat storage unit. The aim of this new heat exchanger is to 

improve the heat transfer between the zeolite packed bed and the oil cycle during both 

desorption and adsorption. 

 

3.2.4. Multiple reactor unit 

Following the results from process simulations, a multiple reactor unit consisting of two 

identical single reactor units was build, the two reactors are connected with each other in such 

a way, that allows the heat to be restored from both reactors either simultaneously (parallel 

configuration) or subsequently (serial configuration). 

A detailed description of the technical modifications is found in chapter 5. 
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3.3. Thermal energy analysis 

The performance of the adsorption heat packed bed system with different working parameters 

and the effect of various technical modifications is evaluated using energy analysis. 

A complete reversible cycle of the closed thermochemical process is divided into three phases 

as desorption (charging), storing and adsorption (discharging). Both desorption and adsorption 

processes are assumed to be isobaric. Also, the kinetic and potential energy, vacuum pump 

work and fan work are neglected and the calculations are done with respect to the assumed 

reference temperature of 30 °C. 

 

3.3.1. Heat shares 

Before starting with the heat power analysis, the input and the output heat shares during both 

desorption and adsorption process must be defined. 

 

Desorption process 

The heat provided by the oil cycle during the desorption process “total input heat” can be 

divided into the following points: 

• Stored heat: consist of 

o Binding enthalpy: which is being used to force the water molecules 

adsorbed in the zeolite pores to be desorbed. 

o Evaporation enthalpy: this heat is being consumed along with the binding 

enthalpy to evaporate the water in the zeolite packed bed. It is needed to 

transfer the water molecules from the adsorbed phase where the molecules 

are very close to each other into a gaseous state.  However, this heat share 

could be partially recovered later in the condenser. 

• Sensible heat: 

o Heat used to heat up the zeolite packed bed to approach the oil pre-set 

temperature (in this investigation 235 °C). This part is lost from the packed 

bed to the ambient air after the experiment is done. 

o Sensible heat because the water vapor was desorbed at super-heated 

temperature. This part could be partially recovered in the condenser. 

• Heat losses: from both of the reactor and the condenser to the ambient air, this can 

be reduced but not totally prevented. Especially in this relatively small system and 

at the high temperatures the heat losses during charging (desorption) are very high. 

 

Recovered heat: in principle a part of the total input heat could be recovered from the water 

cycle in the condenser. This part of heat represents the evaporation enthalpy, in addition to the 

sensible heat of the superheated water vapor, but not to forget that part of this heat is still lost 

by condensing at the condenser’s vessel walls and being lost to the environment. However, in 

the case of this investigation the water cycle temperature in the condenser was 20°C, which 

makes it so difficult to find an application for such a low temperature. 
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Adsorption process 

During the adsorption process the heat which was produced by the adsorption in the packed bed 

“adsorption enthalpy” can be divided into the following shares 

• Binding enthalpy: this is being released when the water molecules are being attached 

to the micropores surface, and it is theoretically the same amount of energy of the one 

which was invested during desorption. 

• Condensation enthalpy: this heat is released when the adsorbed water molecules start 

to form a quasi-liquid phase in the micropores. This is theoretically equal to the 

evaporation enthalpy during desorption. 

Part of this adsorption enthalpy was delivered to the oil cycle as “restored heat”, while the rest 

is considered as heat losses, which in its turn can be divided into: 

• Sensible heat: in order to heat up the packed bed from the room temperature to the oil 

cycle temperature (in this investigation 30 °C). 

• Heat losses from the walls of the reactor to the ambient air. 

 

Figure 3.1 demonstrates the heat shares in both the adsorption and desorption process as well 

as the heat losses during adsorption (which are share of the adsorption enthalpy). 

 

 

Figure 3.1 Demonstration of the heat shares during desorption and adsorption 
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The restored heat (condensation + binding adsorption enthalpies) should be in theory equal to 

the evaporation and binding desorption enthalpies (in case of the same reached temperature and 

loading after the complete cycle).  

 

3.3.2. Heat power analysis 

A full heat power analysis was performed during both desorption and adsorption phases, in 

order to calculate the overall heat storage efficiency.  

• Desorption phase 

During desorption, energy is stored in the zeolite as a result of the thermochemical dissociation 

between adsorbent and adsorbate.  Heat from an external heat source (oil cycle of oil thermostat 

in this case) is supplied to the packed bed via reactor heat exchanger. A part of this heat is 

invested as the energy required to desorb the water from zeolite and is ultimately stored in form 

of chemical energy. Due to the temperature gradient between packed bed (which includes 

zeolite, heat exchanger and water adsorbed on zeolite) and ambient (environment and other 

system components), heat is lost via conduction, convection as waste heat. Some part of 

supplied heat is used in raising the temperature of packed bed till desorption temperature and 

is stored as sensible heat. The sensible heat of heat transfer fluid (HTF) and superheating of 

vapors is ignored. An energy balance for desorption phase is written as: 

Energy invested (Qi) = Enthalpy change during dissociation reaction + Energy lost + Sensible 

heat stored in the packed bed after desorption  

The above balance can be expressed as: 

 

∫ �̇�  𝐶𝑝,𝐻𝑇𝐹 (𝑇𝑑,𝑖𝑛 − 𝑇𝑑,𝑜𝑢𝑡)𝑑𝑡
𝑡

0
= ∆Hd + Qd,lost +   𝑚 𝐶𝑝,𝑧(𝑇𝑑 − 𝑇0)  Equation 3.1 

 

where �̇� [kg/h] is the mass flow rate of heat transfer fluid, Cp,HTF [kJ/kg*K]is specific heat 

capacity of heat transfer fluid, Cp,z [kJ/kg*K]is specific heat capacity of packed bed, 𝑇𝑑,𝑖𝑛 −

𝑇𝑑,𝑜𝑢𝑡 [𝐾] is the temperature difference between inlet and outlet of the heat transfer fluid during 

desorption, t is the total time of desorption phase, Qd,lost [kJ] are the heat losses during desorption 

phase and the enthalpy change ∆Hd = ∆Hbind + ∆Hevap which is same as ∆Had. 

The first term on left side in equation 3.1 is the total heat invested Qi during desorption process 

including all losses (waste and sensible heat). The term 𝑚 𝐶𝑝,𝑧(𝑇𝑑 − 𝑇0)   stands for the 

summation of sensible heat stored in packed bed, where m is the mass of packed bed, Td is the 

final temperature of the packed bed at the end of desorption process and T0 is the reference 

temperature.  
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The energy balance and the desorption efficiency can be written as: 

 

ηd =  
∆Hd

∫ �̇� 𝐶𝑝,𝐻𝑇𝐹 (𝑇𝑑,𝑖𝑛−𝑇𝑑,𝑜𝑢𝑡)
𝑡

0

       Equation 3.2 

 

However, if the desorption of the system is done immediately after adsorption the system or the 

sensible heat stored inside the packed bed during adsorption process is kept stored and 

recovered during the following desorption process, the energy balance shown in equation 3.1 

can be written as: 

 

∫ �̇� 𝐶𝑝,𝐻𝑇𝐹 (𝑇𝑑,𝑖𝑛  − 𝑇𝑑,𝑜𝑢𝑡)dt
𝑡

0
− ∑ 𝑚 𝐶𝑝,𝑧(𝑇𝑎𝑑,𝑓  − 𝑇0)  =  ∆𝐻𝑑  +  𝑄𝑑,𝑙𝑜𝑠𝑡  +

 ∑ 𝑚 𝐶𝑝,𝑧(𝑇𝑑  − 𝑇0)          Equation 3.3 

 

 

The term ∑ 𝑚 𝐶𝑝,𝑧(𝑇𝑎𝑑,𝑓  − 𝑇0) stands for the summation of sensible heat stored in the packed 

bed at the end of adsorption process, where m is the mass of packed bed, Cp,z [kJ/kg*K] is 

specific heat capacity of packed bed, Tad,f is the final temperature of the packed bed at the end 

of adsorption process and T0 is the reference temperature. In this case the left side 

(∫ �̇� 𝐶𝑝,𝐻𝑇𝐹 (𝑇𝑑,𝑖𝑛  − 𝑇𝑑,𝑜𝑢𝑡)dt
𝑡

0
− ∑ 𝑚 𝐶𝑝,𝑧(𝑇𝑎𝑑,𝑓  − 𝑇0)) of equation 3.3 is the total energy 

invested during desorption Qi,Total when the sensible heat from the previous adsorption process 

is recovered. Consequently, the efficiency of desorption process ηd shown in equation 3.2 can 

be written as ηd,SH when the sensible heat from the previous adsorption process is recovered as 

shown in equation 3.4: 

 

𝜂𝑑,𝑆𝐻  =   
Δ𝐻𝑑

∫ �̇� 𝐶𝑝,𝐻𝑇𝐹 (𝑇𝑑,𝑖𝑛 −𝑇𝑑,𝑜𝑢𝑡)𝑑𝑡 – ∑ 𝑚 𝐶𝑝,𝑧(𝑇𝑎𝑑,𝑓 −𝑇0) 
𝑡

0  
      Equation 3.4 

 

• Storage Phase 

The efficiency of the storage phase was taken as 1 assuming that no adsorption of vapor took 

place on zeolite and thus no heat was discharged out of the system, ignoring the sensible heat. 

 

• Adsorption phase 

Heat energy is produced from the charged storage system during adsorption phase. The released 

energy was extracted by the same oil cycle as in desorption phase via the reactor heat exchanger. 

A part of the released heat energy was restored as useful heat. Another part was lost as waste 

heat due the temperature gradient to the environment as mentioned in the desorption phase. 
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The part of released heat which was not restored in the given duration of time (3 hrs.) was left 

stored inside the packed bed as sensible heat. An energy balance for the adsorption phase can 

be written as: 

Energy restored (QR) + Energy lost + Sensible heat stored at the end of adsorption = Energy 

released during thermochemical reaction + Sensible heat stored at the end of desorption (if 

adsorption is carried out immediately after desorption)  

 

The above balance can be expressed as: 

 

∫ �̇� 𝐶𝑝,𝐻𝑇𝐹 (𝑇𝑎𝑑,𝑜𝑢𝑡 − 𝑇𝑎𝑑,𝑖𝑛)
𝑡

0

+ Qlost,ad + ∑  𝑚 𝐶𝑝,𝑧(𝑇𝑎𝑑 − 𝑇0)  = 

∆Had +  ∑  𝑚 𝐶𝑝,𝑧(𝑇𝑑 − 𝑇0)        Equation 3.5 

 

where �̇� [kg/h] is the mass flow rate of heat transfer fluid, Cp,HTF [kJ/kg*K] is specific heat 

capacity of heat transfer fluid, Cp,z [kJ/kg*K] is specific heat capacity of packed bed, 

(𝑇𝑎𝑑,𝑜𝑢𝑡 − 𝑇𝑎𝑑,𝑖𝑛) [K] is the temperature difference between outlet and inlet of the heat transfer 

fluid during adsorption, t is the total time of adsorption phase, Qlost,ad [kJ] are the heat losses 

during adsorption phase and the enthalpy change ∆Had = ∆Hbind + ∆Hcond which is same as ∆Hd. 

 

The first term on left side in equation 3.5 is the heat restored QR after all losses (waste- and 

sensible heat) from total heat produced (discharged) ∆Had  during adsorption process. The term 

∑  𝑚 𝐶𝑝,𝑧(𝑇𝑑 − 𝑇0)   stands for the summation of sensible heat stored in packed bed after 

desorption process and ∑  𝑚 𝐶𝑝,𝑧(𝑇𝑎𝑑 − 𝑇0) is the summation of sensible heat stored in packed 

bed at the end of adsorption process, where m is the mass of packed bed, Cp,z  is the specific 

heat capacity of packed bed, Td is the final temperature of the packed bed at the end of 

desorption process, Tad is the final temperature of the packed bed at the end of adsorption 

process and T0 is the reference temperature.  

However, in real applications the adsorption is not carried out immediately after desorption 

process. Therefore, neglecting the sensible heat stored at the end of desorption process, the 

energy balance and the efficiency of adsorption process can be written as: 

∫ �̇� 𝐶𝑝,𝐻𝑇𝐹 (𝑇𝑎𝑑,𝑜𝑢𝑡 − 𝑇𝑎𝑑,𝑖𝑛)
𝑡

0
+ Qlost,ad + ∑  𝑚 𝐶𝑝,𝑧(𝑇𝑎𝑑 − 𝑇0)  = ∆Had  Equation 3.6 

 

ηad =  
∫ �̇� 𝐶𝑝,𝐻𝑇𝐹 (𝑇𝑎𝑑,𝑜𝑢𝑡−𝑇𝑎𝑑,𝑖𝑛)

𝑡
0

∆Had
       Equation 3.7 
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• Overall efficiency 

Neglecting the sensible heat stored, the overall efficiency of the complete cycle is written as 

the product of desorption and adsorption phase efficiencies: 

 

ηo = ηd ∗ ηad          Equation 3.8 

 

ηo =  
∫ �̇� 𝐶𝑝,𝐻𝑇𝐹 (𝑇𝑎𝑑,𝑜𝑢𝑡−𝑇𝑎𝑑,𝑖𝑛)

𝑡

0

∫ �̇� 𝐶𝑝,𝐻𝑇𝐹 (𝑇𝑑,𝑖𝑛−𝑇𝑑,𝑜𝑢𝑡)
𝑡

0

       Equation 3.9 

 

• Energy storage density (ESD) 

The energy storage density ESD (Wh/kg) of the system is written as the ratio of amount of 

usable heat restored to the mass of zeolite used during the storage.  

 

𝐸𝑆𝐷 =
∫ �̇� 𝐶𝑝,𝐻𝑇𝐹 (𝑇𝑎𝑑,𝑜𝑢𝑡−𝑇𝑎𝑑,𝑖𝑛)𝑑𝑡

𝑡
0

𝑀𝑧𝑒𝑜𝑙𝑖𝑡𝑒
       Equation 3.10 

 

Sensible heat recovered from heat exchanger during the process is small in comparison to total 

heat restored. Therefore, only mass of zeolite is considered as it the primary source of heat 

packed bed. 

ESD (Wh/m3) is also given in terms of packed bed volume as shown below: 

 

𝐸𝑆𝐷 =
∫ �̇� 𝐶𝑝,𝐻𝑇𝐹 (𝑇𝑎𝑑,𝑜𝑢𝑡−𝑇𝑎𝑑,𝑖𝑛)𝑑𝑡

𝑡
0

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑝𝑎𝑐𝑘𝑒𝑑 𝑏𝑒𝑑
       Equation 3.11 

 

 



4. Simulations 

 

34 

 

4. Simulations 

Simulation is an important step during the process development, which can save both time and 

costs. Moreover, it provides better understanding of the system/process. However, the current 

numerical approach of the TES development is still inadequate [Hauer, Andreas 2020], which 

brings up the necessity of modeling and simulation on the whole system level as well as heat 

and mass transfer simulations on the reactor level. 

The heat and mass transfer simulations were conducted with the help of a FEM-tool (COMSOL 

Multiphysics), while the process simulations were performed with a self-developed program 

using LabVIEW software 

 

4.1. Reactor design improvement 

For the reactor design improvement, a 3D model of the reactor was created using SolidWORKS. 

The 3D model consists of a reactor (with different inlets and outlets), heat exchanger and a 

packed bed of zeolite (as shown in Figure 4.1). 

 

 

Figure 4.1 CAD model of the reactor with heat exchanger 

 

The CAD file was imported to COMSOL Multiphysics and modified before the simulations 

were performed. The main goal of the modifications on the geometry was to reduce the number 

of sharp edges and thin surfaces and thus reducing the number of elements needed for the 

meshing. Another simplification was made by assuming that the zeolite packed bed is one 

Heat exchanger 

Reactor 

Packed bed 
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porous block, which has the same density, heat transfer coefficient, specific heat capacity and 

porosity as the packed bed made of zeolite pellets. This assumption improved the simulation 

speed significantly. The packed bed was then meshed using a tetrahedral mesh, taking into 

consideration the proper size of cells for each part of the geometry (as shown in Figure 4.2). 

 

Figure 4.2 Simplified zeolite packed bed 

 

A combined heat transfer model (conductive and convective) was used in solids (heat exchanger 

and packed bed) and fluids (water vapor). Reynolds-averaged Navier-Stokes (RANS) equations 

were used in the fluid domain to calculate the fluid flow. Whereas a K-epsilon model was used 

for calculating the turbulence in the reactor at the beginning when the reactor valve is opened. 

 

Initial and boundary conditions 

The geometry was divided into three regions: Heat exchanger, zeolite (packed bed) and reactor. 

During the desorption process, the heat exchanger was defined as a heat source, while the zeolite 

and the reactor’s walls were defined as heat sink. On the other hand, during the adsorption the 

zeolite was defined as the heat source and both of the heat exchanger and reactor’s walls acted 

as the heat sink. 
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Table 4-1shows the initial and boundary conditions values used during the simulation for the 

different regions. 

Table 4-1 Initial and boundary conditions used the heat and mass transfer simulations 

Geometry Size   [mm] Initial conditions Boundary conditions 

Heat exchanger 

(tubes) 
270x200x125 

Desorption 

T=25°C 

  

Adsorption 

T=25°C 

Desorption 

T=235°C 

  

Adsorption 

T=30°C 

Zeolite 

Pellets (sphere 

diameter) 

D= 5 

  

Packed bed 

300x214x130 

Desorption 

T=25°C 

  

Adsorption 

T=25°C 

Desorption 

T=235°C 

  

Adsorption 

T=120°C 

Reactor 
D= 275 

L= 410 

Desorption 

T=25°C   P=30mbar 

  

Adsorption 

T=25°C   P=5mbar 

Desorption 

T=70°C 

  

Adsorption 

T=50°C 

 

Materials’ properties 

Table 4-2 shows the materials’ properties, which were used during the simulation 

Table 4-2 Materials’ properties used in heat and mass transfer simulations 

  Density[g/l] Thermal conductivity 

[W/m*K] 
Specific heat 

capacity [J/kg*K] 
Copper 8940 401 385 
Zeolite 989 0.1 880 

Zeolite packed bed 585 0.07 880 
 

Both stationary and time dependent simulations were carried out for the heat and mass transfer 

inside the reactor by adsorption as well as desorption. By the time dependent simulation, a time 

step of 1 minute was chosen. 
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4.2. Process improvement  

In order to have a wider range of results and to predict the temperature behavior for different 

process parameters, process simulation was carried out. By the help of LabVIEW programing 

language, a program was developed based on theoretical equations, which can simulate both 

adsorption and desorption processes. The program is able to perform transient 0Dprocess 

simulation with a time step of 2 seconds for unlimited process duration. Some simplifications 

and assumptions were applied to system model such as: 

• only the mass flow of water vapor from the evaporator and into the condenser were 

taken into consideration without any heat transfer 

• the heat transfer with the heat exchanger was assumed to be uniform on the whole 

exchange surface 

• the water vapor was assumed to reach/leave the zeolite immediately (no 

adsorption/desorption kinetics were involved) 

As shown in Figure 4.3, the program makes it possible to change many parameters including 

temperatures, pressures, time and number of reactors (with heat recovery option). 

 

  

Figure 4.3: Graphical user interface (GUI) of the process-simulation program (set-up) 
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Figure 4.4 shows the graphical user interface (GUI) of the process-simulation program, where 

the results can be also saved as an excel sheet. The program calculates the temperature behavior 

and different heat shares, as well as the amount of adsorbed/desorbed water. 

 

  

Figure 4.4: Graphical user interface (GUI) of the process-simulation program (results) 

The simulation was based on the simplified Dubinin and Astakhov gauss distribution equation, 

which is suitable for any kind of adsorbent with a uniform pore diameter. (Wang, R. 2014) 

𝑋 = 𝑋0. 𝑒
−𝑘(

𝑇

𝑇𝑠
 −1)

𝑛

           Equation 4.1 

X: adsorption rate 

X0: maximum adsorption rate 

k: coefficient related to the zeolite structure 

n: reflects the distribution of the pore diameter of the adsorbent (2 for Zeolite) 

Ts: saturation temperature 
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The adsorption and desorption heat of a cycle is (Wang, R. 2014): 

𝐻𝑎 =  ∫ 𝑚𝑎ℎ𝑎𝑑𝑥 =  ∫ 𝑚𝑎ℎ𝑎
𝜕𝑥(𝑇,𝑇𝑒)

𝜕𝑇

𝑇𝑎2

𝑇𝑎1

𝑥1

𝑥2
 𝑑𝑇     Equation 4.2 

 

𝐻𝑑 =  ∫ 𝑚𝑎ℎ𝑑𝑑𝑥 =  ∫ 𝑚𝑎ℎ𝑑
𝜕𝑥(𝑇,𝑇𝑐)

𝜕𝑇

𝑇𝑑2

𝑇𝑑1

𝑥2

𝑥1
 𝑑𝑇     Equation 4.3 

Where: 

Ha and Hd represent the heat of an adsorption and a desorption cycles respectively [kJ/kg] 

x1 and x2 represent the adsorption rate at the beginning and the end of the cycle [kgw/kgz] 

ha and hd are the adsorption heat and desorption heat respectively [kJ/kg] (can be taken from 

the characteristic curve of the Zeolite) 

Ta1 and Ta2 are the zeolite temperatures of adsorption at the beginning and the end of the cycle 

Td1 and Td2 are the zeolite temperatures of desorption at the beginning and the end of the cycle 

Te and Tc are the evaporation and condensation temperatures 

ma mass of adsorbent [kg] 

For Zeolite type Y the adsorption and desorption enthalpies can be calculated from the 

following empirical equations based on the characteristic curve of Zeolite NaX (Mugele) 

 

ℎ𝑎 = 33817,2 𝑋𝑎
5 − 67645,25 𝑋𝑎

4 + 38335 𝑋𝑎
3 − 11058  𝑋𝑎

2 + 4973,9 𝑋𝑎    Equation 4.4 

ℎ𝑑 = 33817,2 𝑋𝑑
5 − 67645,25 𝑋𝑑

4 + 38335 𝑋𝑑
3 − 11058  𝑋𝑑

2 + 4973,9 𝑋𝑑    Equation 4.5 

 

Where  Xa is the water loading after adsorption [kgw/kgz] 

Xd is the water loading after desorption [kgw/kgz] 

 

Thus, the stored heat can be calculated as the following 

 

∆ℎ = ℎ𝑎 − ℎ𝑑  [
𝐽

𝑔
]                       Equation 4.6 
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Desorption 

During desorption process the energy balance can be expressed as the following. 

Energy invested (Qi) = Enthalpy change during desorption + Energy lost + Sensible heat of 

zeolite and adsorbed water in the packed bed  

 

∫ �̇�  𝐶𝑝,𝐻𝑇𝐹 (𝑇𝑑,𝑖𝑛 − 𝑇𝑑,𝑜𝑢𝑡)𝑑𝑡
𝑡

0
= ∆Hd + Qd,lost +   (𝑚𝑧 𝐶𝑝,𝑧 + 𝑚𝑤𝑐𝑝,𝑤). (𝑇𝑑 − 𝑇0) 

           Equation 4.7 

 

where �̇� [kg/h] is the mass flow rate of heat transfer fluid, Cp,HTF [kJ/kg*K]is specific heat 

capacity of heat transfer fluid, Cp,z [kJ/kg*K]is specific heat capacity of zeolite, 𝑇𝑑,𝑖𝑛 −

𝑇𝑑,𝑜𝑢𝑡 [𝐾]is the temperature difference between inlet and outlet of the heat transfer fluid during 

desorption, t is the total time of desorption phase, Qd,lost [kJ] are the heat losses during desorption 

phase and the enthalpy change ∆Hd = ∆Hbind + ∆Hevap which is same as ∆Had. 

The first term on left side in equation 4.7 is the total heat invested Qi during desorption process 

including all losses (waste- and sensible heat). The term  (𝑚𝑧 𝐶𝑝,𝑧 + 𝑚𝑤𝐶𝑝,𝑤). (𝑇𝑑 − 𝑇0)  

stands for the sensible heat stored in zeolite and adsorbed water, where mz and mw are the 

masses of zeolite and adsorbed water respectively, Td is the final temperature of the packed bed 

at the end of desorption process and T0 is the temperature at the beginning of the desorption. 

 

Adsorption 

Similar to the desorption, the mass balance by adsorption can be expressed as 

Energy restored (QR) + Energy lost + Sensible heat stored at the end of adsorption = Energy 

released during thermochemical reaction  

 

∫ �̇� 𝐶𝑝,𝐻𝑇𝐹 (𝑇𝑎𝑑,𝑜𝑢𝑡 − 𝑇𝑎𝑑,𝑖𝑛)𝑑𝑡
𝑡

0
+ Qlost,ad + 𝑚𝑧 𝐶𝑝,𝑧(𝑇𝑎𝑑 − 𝑇0)  = ∆Had Equation 4.8 

 

where �̇� [kg/h] is the mass flow rate of heat transfer fluid, Cp,HTF [kJ/kg.K] is specific heat 

capacity of heat transfer fluid, Cp,z [kJ/kg.K] is specific heat capacity of zeolite, 

(𝑇𝑎𝑑,𝑜𝑢𝑡 − 𝑇𝑎𝑑,𝑖𝑛) [K] is the temperature difference between outlet and inlet of the heat transfer 

fluid during adsorption, t is the total time of adsorption phase, Qlost,ad [kJ] are the heat losses 

during adsorption phase and the enthalpy change ∆Had = ∆Hbind + ∆Hcond which is same as ∆Hd. 
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The first term on left side in equation 4.8 is the heat restored QR after all losses (waste- and 

sensible heat) from total heat produced (discharged) ∆Had  during adsorption process. The term 

𝑚𝑧 𝐶𝑝,𝑧(𝑇𝑎𝑑 − 𝑇0)   is the summation of sensible heat stored in packed bed at the end of 

adsorption process, where Tad is the final temperature of the packed bed at the end of adsorption 

process and T0 is the temperature at the beginning of the adsorption.  

 

The heat during the adsorption/desorption is restored/invested by means of a heat exchanger. 

As a simplification for the process simulation, the heat transfer ratio was calculated using 

Fourier's law for heat conduction 

𝑞 = −𝑘𝐴.
∆𝑇

𝑆
   [𝑊]            Equation 4.9 

Where  

k: thermal conductivity [W/m*K] 

A: heat exchanger surface [m2] 

S: thickness [m] 

During adsorption:  ∆𝑇 = 𝑇𝑧𝑒𝑜 − 𝑇𝑤𝑡 

During desorption:  ∆𝑇 = 𝑇𝑤𝑡 − 𝑇𝑧𝑒𝑜 

Where Tzeo is the temperature of zeolite in the fixed bed and Twt is the temperature of the heat 

exchanger 

 

The same formula can be used to calculate the heat losses through the conduction between the 

fixed bed and the surrounding water vapor in the reactor. The temperature difference in this 

case will be 

∆𝑇 = 𝑇𝑧𝑒𝑜 − 𝑇𝑅         Equation 4.10 

Where TR is the temperature in the reactor 

 

The equations were implemented in the program as shown in the block diagram in Figure 4.5 

(which is part of the whole program). Where different possibilities were taken into 

consideration, from using multiple reactors to the ability to recover sensible heat from previous 

reactors. 
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Figure 4.5 Part of the project interface of the simulation program 
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5. Technical Modifications 

In this chapter the heat storage units and the performed technical modifications are going to be 

described in details. 

 

The aim of these modifications was to improve the performance and efficiency of the heat 

storage system as well as testing multiple operation parameters. In addition, preliminary 

experiments were carried out to validate the numerical models, which were developed for both 

0D-system simulations and 3D heat and mass transfer simulations. 

 

Further modifications were later on defined and tested based on the results and 

recommendations from the simulations. 

 

5.1. Single reactor unit with a combined condenser/evaporator 

As a first step before starting with the technical modifications, it’s important to understand the 

components and functions of the original pilot plant, which was used in the beginning for heat 

storage and was later on modified multiple times within the course of this work. 

 

This part will describe this heat storage unit including all the auxiliary equipment. In addition, 

the adsorption/desorption process and the operating steps will be explained. 

 

The unit consists mainly of a reactor, condenser/evaporator and water storage tank. Besides 

that, auxiliary equipment is used such as valves, sensors and pumps. 

 

A schematic representation of the whole storage system is shown in Figure 5.1, where the 

following is the detailed description of each part of the system. 



5. Technical Modifications 

 

44 

 

V/K

R

V-Ru

P-Vac

V-Um

PI-R

PI-V

TI-WR

TI-WV

V-PVac

TI-ÖV

FI-Ö TI-ÖR

P-V

Öl

W

TI-V

TI-R

V-S

M

V-Ab

R Reactor

V/K Evaporator/condenser

M Water storage container

W Water recirculation heater/cooler

Öl Oil recirculation heater/cooler

P-V Water pump

P-Vac Vacuum pump

V-Pvac Back pressure valve

V-Um Evaporator/condenser valve

V-Ru Reactor-evaporator/condenser separation valve

V-Ab Evaporator/condenser discharge valve

V-S Float valve

FM
Fl-W

PI-R Reactor pressure indicator

PI-V Evaporator/condenser pressure indicator

FI-Ö Oil flow meter

FI-W Water flow meter

TI-ÖV Inlet oil temperature

TI-ÖR Outlet oil temperature

TI-R Temperatures inside the reactor

TI-V Evaporator/condenser temperature

TI-WV Inlet water temperature

TI-WR Outlet water temperature

FM Water level indicator

 

Figure 5.1 Schematic representation of the sorption storage unit 
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➢ The reactor 

The reactor (R) is where the sorption material is placed, and both of the adsorption and 

desorption processes are taking place. It is made from stainless steel in a cylindrical shape with 

a volume of about 15 l. 

Inside the reactor the sorption material (in this investigation the zeolite) is located in a cage 

made of stainless-steel wires, in order to keep the material in contact with the heat exchanger 

and at the same time allowing the water vapor to pass through the pores between the material’s 

particles. 

 

As shown in Figure 5.2 the reactor is insulated in order to minimize the heat losses. The cover 

is supplied with sealed connectors for the vacuum pump, temperature sensors (TI-R) and the 

oil cycle which is connected to the heat exchanger inside the reactor. 

 

 

Figure 5.2 The reactor 
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For this investigation a heat exchanger made of copper with 7 fins (Figure 5.3) was used as a 

reference heat exchanger to be later on compared with other heat exchanger designs. 

 

Figure 5.3 Heat exchanger in the wired cage 

 

The heat exchanger was completely immersed within the zeolite (Figure 5.4), different 

temperature sensors (thermocouples) were placed on the heat exchanger and inside the zeolite 

packed bed. 

 

 

Figure 5.4 Packed bed of zeolite in between the fins of heat exchanger 
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➢ Condenser/Evaporator (V/K) 

The condenser/evaporator is the part of the system where the heat exchanger for the water cycle 

is located; it is connected from the upper part to the reactor through a pneumatic valve and from 

the lower part to the water storage tank through another pneumatic valve. The 

condenser/evaporator is also provided with sealed connectors for the vacuum pump, 

temperature sensor and the water cycle which is connected to the heat exchanger inside. 

The heat exchanger is made of aluminum and located in the lower half of the 

condenser/evaporator. In order to assure that the heat exchanger is totally immersed in the water 

during the adsorption process (which increases the contact surface leading to a better 

efficiency), a water level valve (V-S) was fixed inside the condenser/evaporator and connected 

to the water inlet coming from the water storage tank Figure 5.5. 

 

 

Figure 5.5 Water level valve 

The condenser/evaporator has a dual function. Firstly, it works as condenser during the 

desorption phase (when the heat is being stored in the reactor), in this case the condenser is 

connected to the heat sink forcing the water vapor coming from the reactor to condensate on 

the heat exchanger and thus collecting the water and lead it to the storage tank. As a second 

function it works as an evaporator during the adsorption phase (when the heat is being restored 

from the reactor). In this phase the evaporator provides the water inside with heat through the 

heat exchanger, and when the water temperature is higher than the evaporation temperature it 

starts to boil and water vapor is being produced. 

 

➢ Water storage tank (M) 

The function of the water storage tank is to store the water which is either going to be pumped 

to the evaporator or collected from the condenser. The pump (P-V) (see Figure 5.1) which is 

used for pumping the water back to the evaporator/condenser is located at the bottom of the 

tank. 
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The water storage tank is made from acrylic glass with a volume of about 7 liters. The cover of 

the tank is provided with two sealed connectors, one is for allowing the water tank to be 

connected to the condenser/evaporator through a pneumatic valve; and the other connector is 

to connect the water pump power cable. A water level sensor (FM) is also located on the cover, 

where its probe is going into the water tank through a suitable sealed hole. 

 

➢ Oil and water cycles 

Two heating/cooling cycles are needed for running the system: a water cycle and an oil one. 

 

• Water cycle (W) 

The main function of this cycle is to heat up the water in the evaporator during the adsorption 

phase, or to cool down and condense the water vapor in the condenser during the desorption 

process. In the real application, the ambient air temperature could be used for the purpose of 

evaporating the water during the adsorption process. 

The cycle consists of a water thermostat, tubes and heat exchanger located inside the 

condenser/evaporator. 

The thermostat used is manufactured by the company Julabo with the model no. FP51-SL, 

within the temperature working range (20-25 oC) it has a heating power of 1.3 KW and a cooling 

power of 2 KW. The bath fluid used in this investigation was 5 liters of water with a composition 

of 3 liters tap water and 2 liters de-ionized water, in order to reduce the concentration of lime 

in the tap water, and thus reducing the calcification in the thermostat. 

 

• Oil cycle (Öl) 

This cycle is responsible for introducing the heat which is required to be stored to the reactor 

during the desorption process, and recovering the stored heat from it during the adsorption 

process. 

The cycle consists of an oil thermostat, isolated tubes and a copper heat exchanger. A Julabo 

LH50 oil thermostat has been used with a cooling capacity of about 7 KW and heating capacity 

of 6 KW within the range of the working temperature (30 oC for cooling, 20-235 oC for heating). 

 

➢ Sensors and valves 

For controlling the unit and monitoring the results, different valves and sensors were used. 

 

• Sensors 

Many types of sensors were employed in the system, with different functions, in Table 5-1 a 

list of the sensors, their symbols, locations and functions is shown. 
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Table 5-1 List of the sensors used in the sorption storage system 

Symbol Sensor type Location Function 

TI-R 

(1-8) 
Thermocouple 

Heat exchanger in the 

reactor 

Measure different 

temperatures in different 

locations in the sorption 

material 

TI-WV 

TI-WR 
Thermocouple Water cycle 

Measure the temperatures 

of the water in the inlet 

and outlet to the 

condenser/evaporator 

TI-V Thermocouple Condenser/ Evaporator 

Measure the temperatures 

of the water in the 

condenser/evaporator 

TI-ÖV 

TI-ÖR 
Thermocouple Oil cycle 

Measure the temperatures 

of the oil in the inlet and 

outlet to the reactor 

FI-W Flow meter Water cycle 

Measure the water flow 

for the water 

cooling/heating cycle 

FI-Ö Flow meter Oil cycle 
Measure the oil flow in 

the oil cycle 

FM 
Capacitive level 

sensor 
Water storage tank 

Measure the water level 

in the storage tank 

PI-R Pressure sensor Reactor cover 
Measure the pressure 

inside the reactor 

PI-V Pressure sensor Condenser/ Evaporator 

Measure the pressure 

inside the Condenser/ 

Evaporator 

 

For the water flow a Proline Promag 50p flow meter (electromagnetic) was used with a 

measuring range of 0.01-10 m/s and a maximum measurement error of 0,5%, while for the oil 

flow a Proline Promass 83F (Coriolis) was used, with a measuring temperature range of -

50…+350 oC and a maximum measurement error of 0,1%, which are suitable for the operating 

conditions. The used thermocouples were type T with an operating range of -185 to 300 °C and 

a tolerance of ± (0.5 +0.004×t) °C 
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• Valves 

The valves used in the system are listed in Table 5-2 below 

 

Table 5-2 List of valves used in the sorption storage system 

Symbol Valve Type Location Function 

V-Ru 

Electro-

Pneumatic 

3/2 NC 

Between the reactor and 

the condenser/evaporator 

Open during operation and 

closed the rest of the time to 

keep the water content in the 

zeolite constant 

V-PVac 

Electro-

Pneumatic 

3/2 NC 

Between the vacuum 

pump and the reactor 

Open only during evacuating 

the reactor and closed the rest 

of the time keeping the 

reactor vacuum tight 

V-Um 

Electro-

Pneumatic 

3/2 NC 

Between the vacuum 

pump and the condenser 

/evaporator 

Open only during evacuating 

the condenser/evaporator and 

closed the rest of the time 

keeping the condenser 

/evaporator vacuum tight 

V-Ab 

Electro-

Pneumatic 

3/2 NC 

Between the condenser 

/evaporator and water 

storage tank 

Discharge the water from the 

condenser/evaporator back to 

the water tank 

V-S level condenser/evaporator 

Stop pumping water to the 

evaporator when the heat 

exchanger is fully submerged 
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5.1.1. Process description 

A complete sorption cycle is divided into two phases, desorption/condensation and 

evaporation/adsorption. The way to achieve each of these two phases can be related directly to 

the applied operation parameters (pressure and temperature). Hence, by controlling the oil and 

water thermostats as well as the pressures inside both of the reactor and the 

condenser/evaporator, either a desorption process or an adsorption one can be obtained. 

In the following both of the two processes are going to be explained in more details. 

 

➢ Desorption process 

The desorption process is when the heat should be stored, in this investigation the heat is 

introduced to the system by means of an oil thermostat, where a temperature of 235 oC is set to 

the thermostat (the value was chosen based on the maximum operating temperature of some 

sealing elements). As an initial condition the reactor is evacuated and kept under vacuum 

pressure (around 1 mbar absolute pressure). Then the oil thermostat starts to pump the heated 

oil into the reactor through the heat exchanger, which in its turn heats up the adsorbent packed 

bed (zeolite). When the adsorbent material reaches a certain temperature, water vapor starts to 

be desorbed from the adsorbent. As this process continues, the vapor formation will cause an 

increase of the pressure in the reactor. When the pressure in the reactor exceeds the one in the 

condenser, the V-Ru valve is opened allowing the water vapor to pass from the reactor to the 

condenser, where it gets in contact with the heat exchanger of the water cycle and cools down. 

As soon as the water vapor temperature gets lower than the dew point of the corresponding 

pressure, at this point the water vapor will start to condensate and water droplets will be formed 

on the walls of the condenser and the heat exchanger. After a while the water droplets will start 

gathering and flow from the bottom of the condenser through the discharge valve V-Ab into the 

water storage tank. 

A discontinuous measurement was taken to the water level in the storage tank during the process 

using different time intervals, in order to estimate the relation between the desorbed water 

volume and time. 

 

➢ Adsorption process 

In order to recover the stored heat in the adsorbent material, an adsorption process must take 

place. As an initial condition both the reactor and the evaporator are evacuated, where the 

pressure in the evaporator reaches the corresponding saturation pressure to the water 

temperature in the storage container. The water is then pumped from the storage tank to the 

evaporator, where it is heated up by means of the heat exchanger and the water thermostat. 

Since the water temperature is getting higher than the corresponding saturation temperature, 

water vapor is being formed, which causes by its turn the pressure inside the evaporator to 

increase. As long as the V-Ru valve is closed (see Figure 5.1), the pressure inside the evaporator 

will keep increasing until it reaches the corresponding saturation pressure to the preset 

temperature in the water thermostat. At this point no further water vapor is being formed, and 

the pressure therefore stays constant. 
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The adsorption process can now be started by opening the V-Ru valve, thus the water vapor can 

flow from the evaporator to the reactor, where the adsorbent material starts adsorbing the water 

vapor and releasing heat. Due to water vapor flow from the evaporator to the reactor, pressure 

inside the evaporator starts to drop causing more water vapor to be formed, and the process 

continues as long as the adsorbent material is adsorbing the water vapor in the reactor. 

In the meanwhile, the heat which is being released from the adsorbent, can be collected by 

means of the heat exchanger and transferred into the oil cycle and thus to the oil thermostat. 

The adsorption process is considered to be finished when the water vapor adsorption stops. This 

can be estimated when water temperature in the evaporator reaches the preset temperature of 

the water thermostat and the pressure inside the evaporator reaches the corresponding saturation 

pressure, which means the process of forming water vapor has stopped. In this case the V-Ru 

valve is closed and the water is discharged from the evaporator to the storage container. The 

water level is then measured to calculate the adsorbed water volume. 

 

5.1.2. Experimental procedure 

Both preparation and operational procedures were performed for the sake of the experiments. 

 

➢ Preparation procedure 

Before starting with the experiments some preparation procedures were made, in order to make 

sure that the system will run correctly. Except of the oil degassing, these preparation procedures 

were repeated each time the adsorbent material was changed and before start running the next 

set of experiments. 

 

Oil degassing 

Whenever oil is changed or new oil is added to the oil thermostat, an oil degassing process 

should be performed. In the LH-50 oil thermostat the degassing process is integrated into the 

system, which means whenever a degassing process is needed it will be performed 

automatically. The aim for the degassing is to remove air bubbles, water or any other liquids 

trapped in the oil. 

 

Water degassing 

Dissolved gasses may exist in the water in the storage container, which could have an influence 

on the water adsorption process. Therefore, a water degassing process should take place prior 

to the operation of the system, in order to get these gasses out. This degassing should be repeated 

whenever the water gets in contact with the ambient air. 

In this investigation the following steps were applied to degas the water: 

• The condenser/evaporator is evacuated to the minimum achievable pressure. 

• Temperature of the water thermostat is pre-set to 50 oC. 

• While the water cycle is being heated up, an evacuation of the condenser/evaporator to the 

minimum achievable pressure is preformed several times, at the following input water 

temperatures (TI-WV) 40 oC, 45 oC and 50 oC. 
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• Evacuation of the condenser/evaporator when the water temperature inside it (TI-V) reaches 

44 oC. 

• Temperature of the water thermostat is set to 30 oC. 

• Evacuation of the condenser/evaporator at the following TI-WV temperatures 45 oC, 40 oC, 

35 oC, 30 oC. 

 

Activation 

When the adsorbent material (zeolite) is being changed, the new material should be activated 

before the experiments are carried out. The activation process is to guarantee that no water or 

gases are being trapped in the zeolite granules, which usually could be adsorbed by zeolite 

during production process, storing or when it gets in contact with the ambient air. 

The activation process is carried out by setting the oil thermostat to a temperature of 235 oC 

and turning it on, the reactor is then evacuated as the zeolite is being heated, thus the trapped 

water and gasses will go out of the system. The activation was carried out for duration of 4 

hours. 

 

➢ Operation procedure 

After applying the above-mentioned preparation procedures, the system (as shown in Figure 

5.1) is now ready to operate. In this investigation the sorption cycle was started with an 

adsorption process and then followed by a desorption one. In the following, the steps of the 

experimental procedure are explained in detail. 

 

Adsorption 

• The control box power is switched on, and then the “Heat Saver Control” software is started. 

The signals from sensors are checked to make sure everything is connected. The mode in 

the configuration tab is set to “adsorption”. To start recording the data, the data logging is 

then initiated. 

• The V-Ab valve is opened to make sure that there is no water left inside the 

condenser/evaporator and all the water is in the water storage tank. 

• Water level in the storage container is noted, and the V-Ab valve is closed. 

• The water is pumped from the storage container to the evaporator, till the V-S valve is 

closed which means the heat exchanger is completely submerged in water. 

• After warming up the vacuum pump for about 30 minutes before operating, the reactor is 

then evacuated to the minimum achievable pressure. The evaporator is evacuated as well 

until the evaporation pressure of the water inside is reached. The vacuum pump is then kept 

running for another 30 minutes to remove the water vapor trapped in the pump oil to avoid 

damages by corrosion. 

• Both oil and water thermostats are set to the desired temperatures (for this investigation 25 
oC for water thermostat and 30 oC for oil thermostat), the temperatures’ values are chosen 

to make sure that the restored heat is not influenced by the heat transfer from the water 

vapor to the zeolite. The thermostats are then turned on. 

• When the preset temperatures for both of the thermostats are reached and the temperature 

of water inside the evaporator is roughly the same of the water cycle, the V-Ru valve is then 
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opened allowing the water vapor to flow from the evaporator to the reactor. At this point 

the adsorption process is considered to be started. 

• The adsorption process is carried on for the desired time, during this time the V-Ru valve 

is kept open. 

• When the desired adsorption time is achieved (3 hours for this investigation), the adsorption 

process is stopped by closing the V-Ru valve, and the V-Ab valve is opened so the water 

left in the evaporator flows back to the storage container, the water level in the container is 

then noted and adsorbed water volume is calculated from the difference between the initial 

and final water level. 

 

Desorption 

• The control box power is switched on, and then the “Heat Saver Control” software is started, 

the signals from sensors are checked to make sure everything is connected, the mode in the 

configuration tab is set to “desorption”. To start recording the data, the data logging is then 

initiated. 

• The V-Ab valve is opened to make sure that there is no water left inside the 

condenser/evaporator and all the water is in the water storage tank. 

• Water level in the storage container is noted, while the V-Ab valve is left open. 

• After warming up the vacuum pump for about 30 minutes before operating, the reactor is 

then evacuated to the minimum achievable pressure. The evaporator is evacuated as well 

until the evaporation pressure of the water inside the water storage container is reached. The 

vacuum pump is then kept running for another 30 minutes to remove the water vapor 

trapped in the pump. 

• Both oil and water thermostats are set to the desired temperatures (for this investigation 20 
oC for water thermostat and 235 oC for oil thermostat), the thermostats are then turned on. 

• When the preset temperatures for both of the thermostats are reached and the pressure inside 

the reactor is higher than the one in the condenser, the V-Ru valve is then opened allowing 

the water vapor to flow from the reactor to the condenser, at this point the desorption process 

is considered to be started. 

• The desorption process is carried on for the desired time, during this time both of the V-Ru 

and V-Ab valves are kept open, discontinuous measurement for water level in the water 

storage container is taken place, using different time intervals. 

• When the desired desorption time is achieved (4 hours for this investigation), the desorption 

process is ended by closing the V-Ru valve. The water level in the container is then noted 

and desorbed water volume is calculated depending on the level measurements by the 

different time intervals. 

 

In order to assure the same operating conditions for all the experiments, the water content in 

the zeolite has to be the same before each adsorption process. Hence an extra desorption process 

was applied after the regular desorption whenever it was needed, so that the water content in 

the zeolite will go back to its initial value before the adsorption. 

This extra desorption processes “desorption+” were carried out in the same way of the regular 

desorption, however for shorter time (ranges between 0.5 to 2 hours) depending on the water 

level in the water storage tank.  
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5.2. Single reactor unit with separated condenser and evaporator 

The unit consists mainly of a reactor, condenser, evaporator, condensate tank and water storage 

tank. Besides that, auxiliary equipment is used such as valves, sensors and pumps. 

A schematic representation of the whole storage system is shown in Figure 5.6 
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Figure 5.6: Line diagram of single reactor separated condenser/evaporator set-up 

 

 

The following tables represent the different equipment, sensors and valves used in this set-up. 
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Table 5-3: List of equipment, sensors and valves of the single reactor separated condenser/evaporator set-up 

Equipment  

Symbol Description 

R Reactor 

E Evaporator 

C Condenser (Overhead) 

CT Condensate tank 

HE, R Heat exchanger (Fin and tube) inside reactor  

HE, E Heat exchanger (Fin and tube) inside evaporator  

VP Vacuum pump 

WP Water pump 

WT Water tank 

WTh Water thermostat 

OTh Oil thermostat 

SC Steel cage 

F,RB  Fan  

F,RT Fan 

  

Sensors    

Symbol Description 

F,W Water flow meter 

F,O Oil flow meter 

L,CT Condensate tank level sensor 

P,E Evaporator pressure sensor 

P,C Condenser pressure sensor 

P,R Reactor pressure sensor 

T,R Temperature sensor for vapor inside reactor 

T,C Temperature sensor for vapor inside condenser 

T,E Temperature sensor for vapor inside evaporator 

T,EW Temperature sensor for water inside evaporator 

T,Oin Oil cycle inlet temperature sensor 

T,Oout Oil cycle outlet temperature sensor 

T,B Temperature sensors (total number 8) inside packed bed 

T,EW in Evaporator water cycle inlet temperature sensor 

T,EW out Evaporator water cycle outlet temperature sensor 

T,CW in Condenser water cycle inlet temperature sensor 

T,CE out Condenser water cycle outlet temperature sensor 
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Valves  

Symbol Description 

V,E-VP Evaporator evacuation valve 

V,R-VP Reactor evacuation valve 

V,C-VP Condenser evacuation valve 

V,CT-VP Condensate tank evacuation valve 

V,C-R Valve between condenser and reactor 

V,R-E Valve between reactor and evaporator 

V,C-CT Valve between condenser and condensate tank 

V,CT-E Valve between condensate tank and evaporator 

V,E-WT Valve between evaporator and water tank 

V,WT-WP Valve between water tank and water pump 

V,CT-WT,manual Valve between condensate tank and water tank 

V,E-CT,manual Valve between evaporator and condensate tank 

V,E-WT,manual Valve between evaporator and water tank 

V,WT-CT,manual Valve between water tank and condensate tank 

V,F Float valve 

 

5.2.1. Technical modifications 

Several technical modifications were applied during this work, in order to achieve better 

operation, monitoring and understanding of the various processes. Which helps developing the 

adsorption heat storage technology. 

 

Figure 5.7: Single reactor separated condenser/evaporator set-up 
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The following modifications were applied 

➢ Installation of new equipment 

 

• Overhead condenser (C) 

The water vapors desorbed from the zeolite move upwards the reactor due to natural 

convection. In previous combined condenser/evaporator test set-up the vapors were 

condensed in the evaporator/condenser connected below the reactor. Therefore, an 

overhead condenser is installed horizontally at the top of the reactor which uses the 

natural convection of the vapors to draw them out of the reactor. 

The overhead condenser is a 1-2 pass stainless steel tube ‘Shell and Tube’ type heat 

exchanger. 

 

• Condensate tank (CT) 

The condensate tank is connected at the bottom end of the condenser through a valve. 

The purpose of this tank is to draw out and hold the water vapors condensed during 

desorption. In addition, the rate of desorption can be measured by measuring the rate of 

level increase inside the condensate tank. The level inside the tank is measured by a 

capacitive float type level sensor. 

During adsorption, a constant water level inside the evaporator is maintained which is 

controlled by a float valve V,F. The evaporation of water lowers the level and thus more 

water flows down from condensate tank to the evaporator by gravity. This helps in 

calculating the rate of evaporation by measuring the rate of level decrease inside the 

condensate tank. Assuming that all the water evaporated is adsorbed immediately on 

zeolite, rate of evaporation is equal to the rate of adsorption. 

• Fans (F,RB and F,RT) 

Two fans one at the bottom F,RB and another one at the top F,RT of reactor are installed. 

The fan at the bottom is used during adsorption in order to force the vapors through the 

packed bed of zeolite. Whereas, the other at the top operates during desorption to induce 

the forced convection of vapors from reactor to condenser. 

 

 

Figure 5.8: Fan used inside the reactor 
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➢ Installation of new sensors 

 

• Temperature sensors 

Multiple temperature sensors were installed inside the reactor, evaporator and condenser 

to measure the vapor temperature during various processes. In addition, sensors inside 

the ingoing and outgoing streams of the cooling water cycle of condenser were installed 

to calculate the heat of condensation. 

 

• Pressure sensor 

New pressure sensor was installed at the condenser to measure the behavior of pressure 

during desorption. 

 

5.2.2. Adsorption procedure 

The procedure of adsorption is as follows: 

 

1. The power supply is turned on to all the electrical equipment and then the ‘Lab-View’ 

program is started to operate the process. 

2. All sensors installed at the set-up are verified by checking the signals received by the 

program. 

3. The data logging in the configuration tab is turned on, which starts the logging of data 

from all the sensors during the operation. 

4. Both thermostats are turned on and set to the required temperatures of oil and water 

cycles. 

5. The reactor is first evacuated till the minimum achievable pressure and then the 

evaporator till the corresponding saturation pressure at the prevailing temperature. 

6. When the water temperature inside the evaporator is equivalent to the set temperature 

of water cycle, the valve V,CT-E is opened. 

7. When the temperature inside the packed bed is equivalent to the set temperature of oil 

cycle, the fan F,RB is turned on and the valve V,E-R is opened to start the adsorption 

process.  

8. After running this process for desired duration (3hours during this thesis work), the fan 

F,RB is turned off and the valve V,R-E is closed which ends the adsorption process. 

9. The program is stopped and both heating and oil cycles are turned off. 

10. The difference between the final and initial value of the water level inside the 

condensate tank, detected by the level sensor is the amount of water adsorbed during 

the entire process.  
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Note: The evacuation of the reactor is done three times at an interval of 30 min, 45 min, and 60 

min starting from the time at the start of adsorption process. The reactor is evacuated each time 

for 10 second and during the evacuations the valve between evaporator and reactor is kept 

closed in order to avoid the entrainment of water vapors from evaporator to the vacuum pump. 

 

5.2.3. Desorption procedure 

The procedure of desorption is as follows: 

 

1. The power supply is turned on to all the electrical equipment and the ‘Lab-View’ 

program is started to operate the process. 

2. All sensors installed at the set-up are verified by checking the signals received by the 

program. 

3. The data logging in the configuration tab is turned on, which starts the logging of data 

from all the sensors during the operation. 

4. The reactor is first evacuated till the minimum achievable pressure and then the 

condenser along with the condensate tank till the corresponding saturation pressure at 

the prevailing temperature. 

5. Both thermostats are turned on and set to the required temperatures of oil and water 

cycles. 

6. When the pressure inside the reactor is higher than the saturation pressure of water, the 

fan F,RT, is turned on and then valve V,R-C and V,C-CT are opened. 

7. After running this process for desired duration (4hours during this thesis work), the fan 

F,RT is turned off and the valves V,R-C and V, C-CT are closed which ends the 

desorption process. 

8. The program is stopped and both heating and oil cycles are turned off. 

9. The difference between the final and initial value of the water level inside the 

condensate tank, detected by the level sensor is the amount of water desorbed during 

the entire process. 
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5.3. New heat exchanger design 

Based on the simulations’ results (see 6.1.1.3), a new design of heat exchanger was selected. 

This design allows the oil coming from the inlet to flow inside the heat exchanger in both 

downwards and upwards directions, before it gets collected at the outlet. For technical reasons 

regarding the manufacturing (welding process), the heat exchanger was made of stainless steel 

instead of copper as the old heat exchanger was. 

 

The following pictures show the new design and how it was placed in the reactor. 

  

Figure 5.9: New heat exchanger design used in the multiple reactor set-up 

 

The new heat exchanger design was installed inside both reactors of multiple reactor unit, and 

was tested in both single and multiple reactor configurations. 

  



5. Technical Modifications 

 

62 

 

5.4. Multiple reactor unit with separated condenser and evaporator 

The multiple reactor unit consists in principle of two identical single reactor units (with 

separated condenser/evaporator) connected with each other in such a way, which allows the 

heat to be restored from both reactors either simultaneously (parallel configuration) or 

subsequently (serial configuration). These configurations will be explained later in details. 

Figure 5.10 represents a line diagram of the multiple reactor unit, and Figure 5.11 shows the 

laboratory set-up. 

 

Figure 5.10: Line diagram of multiple reactor separated condenser/evaporator set-up 
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Table 5-4 lists the valves used in this set-up. 

 

Table 5-4: List of valves of the multiple reactor separated condenser/evaporator set-up 

Valves  

Symbol Description 

V,R1-in Valve between oil thermostat and reactor1 

V,R2-in 3-way valve between (oil thermostat/reactor1) and reactor2 

V,R1-out 3-way valve between reactor1 and (V,R1-R2/back flow to oil 

thermostat) 

V,R2-out Valve between reactor2 and back flow to oil thermostat 

V,R1-R2 3-way valve between reactor1 and (reactor2/evaporator2) 

V,C1-R1 Valve between condenser1 and reactor1 

V,C2-R2 Valve between condenser2 and reactor2 

V,R1-E1 Valve between reactor1 and evaporator1 

V,R2-E2 Valve between reactor2 and evaporator2 

V,C1-CT1 Valve between condenser1 and condensate tank1 

V,C2-CT2 Valve between condenser2 and condensate tank2 

V,CT1-E1 Valve between condensate tank1 and evaporator1 

V,CT2-E2 Valve between condensate tank2 and evaporator2 

V,E1-WT Valve between evaporator1 and water tank 

V,E2-WT Valve between evaporator2 and water tank 

V,CT1-

WT,manual Valve between condensate tank1 and water tank 

V,CT2-

WT,manual Valve between condensate tank2 and water tank 

V,WT-WP Valve between water tank and water pump 

 

The sensors used in this multiple reactor setup are identical to the ones from the single reactor 

unit shown in Table 5-3, with the difference that two sets of sensors were required, one for each 

storage unit.  
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Figure 5.11: experimental set-up of multiple reactor separated condenser/evaporator unit 

 

5.4.1. Parallel configuration 

This configuration is used when a high heat recovery rate is required or a high amount of heat 

is available to be stored. In this case the oil cycles for the two reactors are connected in parallel 

configuration, which means that the inlets of the two oil cycles are connected with each other 

and so are the outlets. 

 

Adsorption procedure 

During adsorption water vapors are allowed to enter both reactors simultaneously, the heat 

produced from the adsorption process in both reactors is collected directly with the oil cycle. 

The procedure steps of adsorption can be described as follows: 

1. The power supply is turned on to all the electrical equipment and then the ‘Lab-View’ 

program is started to operate the process. 

2. All sensors installed at the set-up are verified by checking the signals received by the 

program. 



5. Technical Modifications 

 

65 

 

3. The data logging in the configuration tab is turned on, which starts the logging of data 

from all the sensors during the operation. 

4. Both thermostats are turned on and set to the required temperatures of oil and water 

cycles. 

5. Both reactors are first evacuated till the minimum achievable pressure and then the 

evaporators till the corresponding saturation pressure at the prevailing temperature. 

6. When the water temperature inside the evaporators is equivalent to the set temperature 

of water cycle, the valves V,CT1-E1 and V,CT2-E2 are opened. 

7. When the temperature inside both packed beds is equivalent to the set temperature of 

oil cycle, the valves V,R1-E1 and V,R2-E2 are opened to start the adsorption process.  

8. After running this process for desired duration (3hours during this thesis work), the 

valves V,R1-E1 and V,R2-E2 are closed which ends the adsorption process. 

9. The program is stopped and both heating and oil cycles are turned off. 

10. The difference between the final and initial values of the water levels inside both 

condensate tanks, detected by the level sensors is the amount of water adsorbed during 

the entire process.  

 

Desorption procedure 

During desorption both reactors are heated at the same time. Which allows high amounts of 

heat to be stored within a relatively short time. 

The procedure of desorption is as follows: 

1. The power supply is turned on to all the electrical equipment and the ‘Lab-View’ 

program is started to operate the process. 

2. All sensors installed at the set-up are verified by checking the signals received by the 

program. 

3. The data logging in the configuration tab is turned on, which starts the logging of data 

from all the sensors during the operation. 

4. Both reactors are first evacuated till the minimum achievable pressure and then both 

condensers along with the condensate tanks till the corresponding saturation pressure at 

the prevailing temperature. 

5. Both thermostats are turned on and set to the required temperatures of oil and water 

cycles. 

6. When the pressure inside each reactor is higher than the saturation pressure of water, 

the corresponding valves V,C1-R1 and V,C1-CT1 for the first reactor or V,C2-R2 and 

V,C2-CT2 for the second reactor are opened. 

7. After running this process for desired duration (4hours during this thesis work), the 

valves V,C1-R1,  V, C1-CT1, V,C2-R2 and V,C2-CT2 are closed which ends the 

desorption process. 

8. The program is stopped and both heating and oil cycles are turned off. 
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9. The difference between the final and initial values of the water levels inside both 

condensate tanks, detected by the level sensors is the amount of water desorbed during 

the entire process. 

 

5.4.2. Serial configuration 

This configuration is used when the amount of recovered heat is more important than the 

recovery rate (adsorption), or when the amount of heat available to be stored is relatively low. 

In this case the oil cycles for the two reactors are connected in serial configuration, which 

means that the oil cycle outlet of the first reactor can be connected with the oil cycle inlet of 

the second reactor. 

 

Adsorption procedure 

In this configuration the adsorption process in the first reactor is similar to the case of single 

reactor, however the sensible heat left in reactor 1 can be utilized in two ways, either by 

preheating reactor 2 or by heating the water in evaporator 2. 

The procedure of adsorption is as follows: 

1. The power supply is turned on to all the electrical equipment and then the ‘Lab-View’ 

program is started to operate the process. 

2. All sensors installed at the set-up are verified by checking the signals received by the 

program. 

3. The data logging in the configuration tab is turned on, which starts the logging of data 

from all the sensors during the operation. 

4. Both thermostats are turned on and set to the required temperatures of oil and water 

cycles. 

5. Both reactors are first evacuated till the minimum achievable pressure and then the 

evaporators till the corresponding saturation pressure at the prevailing temperature. 

6. When the water temperature inside the evaporator 1 is equivalent to the set temperature 

of water cycle, the valves V,CT1-E1 is opened. 

7. When the temperature inside the packed bed in reactor 1 is equivalent to the set 

temperature of oil cycle, the valves V,R1-E1 is opened to start the adsorption process.  

8. After running this process for desired duration (3 hours during this thesis work), the 

valve V,R1-E1 is closed which ends the adsorption process in the first reactor. 

9. The valve V,R1-out is positioned in a way to allow the oil cycle to transfer the sensible 

heat left in reactor 1 to either reactor 2 or evaporator 2 depending on the chosen strategy. 

10. Both V,R1-R2 and V,R2-in valves are positioned in a way to lead the oil from the oil 

cycle either to reactor 2 or to evaporator 2. 

11. When the water temperature inside the evaporator 2 is equivalent to the set temperature 

of water cycle, the valves V,CT2-E2 is opened. 
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12. When the temperature inside the packed bed in reactor 2 is equivalent to the set 

temperature of oil cycle, the valves V,R2-E2 is opened to start the adsorption process.  

13. After running this process for desired duration (3hours during this thesis work), the 

valve V,R2-E2 is closed which ends the adsorption process in the first reactor. 

14. The program is stopped and both heating and oil cycles are turned off. 

15. The difference between the final and initial values of the water levels inside both 

condensate tanks, detected by the level sensors is the amount of water adsorbed during 

the entire process.  

Note: during the second adsorption process (in reactor 2), if the temperature in reactor 1 drops 

down to the water temperature in evaporator 2 or the temperature in reactor 2 (depending on 

the chosen strategy), this indicates that the left sensible heat in reactor 1 is maximally utilized. 

In this case the valves V,R1-out, V,R1-R2 and V,R2-in are positioned in a way, so that reactor 

2 (or evaporator 2) will be heated up directly from the oil thermostat. 

Desorption procedure 

In this configuration the desorption process in the first reactor is similar to the case of single 

reactor, however the sensible heat left in the first reactor after desorption could be used to 

preheat the second reactor. 

The procedure of desorption is as follows: 

1. The power supply is turned on to all the electrical equipment and the ‘Lab-View’ 

program is started to operate the process. 

2. All sensors installed at the set-up are verified by checking the signals received by the 

program. 

3. The data logging in the configuration tab is turned on, which starts the logging of data 

from all the sensors during the operation. 

4. Both reactors are first evacuated till the minimum achievable pressure and then both 

condensers along with the condensate tanks till the corresponding saturation pressure at 

the prevailing temperature. 

5. Both thermostats are turned on and set to the required temperatures of oil and water 

cycles, but only the first reactor is heated to the set temperature. 

6. When the pressure inside reactor 1 is higher than the saturation pressure of water, the 

corresponding valves V,C1-R1 and V,C1-CT1 for the first reactor are opened. 

7. After running this process for desired duration (4 hours during this thesis work), the 

valves V,C1-R1 and V, C1-CT1 are closed which ends the first part of the desorption 

process. 

8. The valve V,R1-out is positioned in a way to allow the oil cycle to transfer the sensible 

heat left in reactor 1 to reactor 2. 

9. Both V,R1-R2 and V,R2-in valves are positioned in a way to lead the oil from the oil 

cycle to reactor 2. 

10. When the pressure inside reactor 2 is higher than the saturation pressure of water, the 

corresponding valves V,C2-R2 and V,C2-CT2 for the first reactor are opened. 
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11. After running this process for desired duration (4hours during this thesis work), the 

valves V,C2-R2 and V, C2-CT2 are closed which ends the second part of the desorption 

process. 

12. The program is stopped and both heating and oil cycles are turned off. 

13. The difference between the final and initial values of the water levels inside both 

condensate tanks, detected by the level sensors is the amount of water desorbed during 

the entire process. 

Note: during the second desorption process (in reactor 2), if the temperature in reactor 1 drops 

down to the temperature in reactor 2, this indicates that the left sensible heat in reactor 1 is 

maximally utilized. In this case the valves V,R1-out, V,R1-R2 and V,R2-in are positioned in a 

way, so that reactor 2 will be heated up directly from the oil thermostat. 
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5.5. System control 

Developing algorithms for an automatic control of the adsorption TES system comes on a high 

importance in order to achieve an optimal overall performance of the system. 

Thus, controlling algorithms corresponding to both parallel and serial configurations were 

developed and implemented to a software for the heat storage unit (using LabVIEW), offering 

the capability of controlling the different elements of the heat storage unit and the flexibility to 

modify its structure in order to get the best performance (as shown in Figure 5.12).  

 

 

Figure 5.12 User interface of the TES controlling software (set-up) 

 

Additionally, the software offers instant and continuous calculation of the different heat shares, 

including the stored and wasted heat amounts (Figure 5.13). With the real-time functionality, 

the system is able to directly detect to any parameter changes and react accordingly, in a way 

to assure the optimal overall efficiency of the system. 
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Figure 5.13 User interface of the TES controlling software (results) 

 

Furthermore, the automated process increases the operational safety of the system, by 

continuous monitoring of all the critical criteria and by taking appropriate measures and sending 

alarm signals in case of emergency.  
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6. Results and Discussion 

In this chapter the results from both, the sorption thermal storage unit and the simulations are 

being presented and discussed. The first part will focus on the simulations, while the second 

part is dedicated for the technical modification and the conducted experiments. 

6.1. Simulation 

Within this work, two different types of simulations were carried out. On one hand a heat and 

mass transfer simulation was performed to achieve an optimal heat distribution in the packed 

bed, and on the other hand a process simulation was done in order to test different control 

strategies with different parameters for the heat storage system. 

6.1.1. Reactor design improvement 

With the help of FEM simulation program (COMSOL), simulations for heat and mass transfer 

were carried out, in order to visualize the temperature distribution inside the reactor, and to 

observe how it’s influenced by the flow during both adsorption and desorption. 

As the main focus is the heat transfer in the reactor, both adsorption and desorption processes 

were simplified. Therefore, the adsorption/desorption process on the micro level was replaced 

with an interface using the preliminary experimental values. 

6.1.1.1. Adsorption 

During adsorption, the zeolite packed bed was defined as heat source with 120°C (value was 

taken from preliminary experiments) in order to simulate the adsorption effect by its peak. The 

heat exchanger was defined as heat sink with 30°C (corresponding to the inlet temperature of 

the oil cycle). Mass flow of water vapor at 25°C was introduced form the inlet at the bottom of 

the reactor. Figure 6.1 shows the steady state temperature distribution during an adsorption 

process 

 
Figure 6.1 Temperature distribution inside the reactor during adsorption process 
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The results have shown that the water vapor in the reactor gets heated from the packed bed. 

Due to natural convection, the heated vapor flows to the top, and with continues heating, it gets 

pushed downwards along the reactor sides. 

It’s also noticeable that the cooling effect of the current design of the heat exchanger is limited 

within the inner part of the fixed bed and its influence doesn’t exceed to the outer side of the 

packed bed. Hence, an enhanced design of the heat exchanger is needed, in order to achieve 

lower temperatures of zeolite and water vapor surrounding the packed bed and thus improving 

the adsorption process. 

 

6.1.1.2. Desorption 

During desorption, the reactor’s walls were defined as heat sink with 25°C (ambient 

temperature). The heat exchanger tubes were defined as heat source with 235°C (corresponding 

to the temperature of the oil cycle). 

 

Stationary simulation 

Figure 6.2 represents the result of a stationary simulation for temperature distribution during a 

desorption process 

 

Figure 6.2 Temperature distribution inside the packed bed during desorption process 

The simulation’s result has shown that the temperature in the packed bed is not equally 

distributed. A minimum temperature of 89°C still can be noticed at the lower corners of the 

packed bed, even after reaching the stationary state (which is about 32% of the temperature at 

the inlet). This means that the zeolite at the bottom of the packed bed will still have a higher 

level of water load after the end of the desorption process, due to the relatively low temperature. 

Therefore, a better design of the heat exchanger is required to improve the heat storage capacity. 

It’s also worth mentioning, that there is a temperature gradient alongside the fins, however the 

gradient is small compared to the relatively large temperature-scale used to present the results. 

89 
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Transient (time-dependent) simulation 

For a better understanding of the temperature distribution during desorption process, a time 

dependent simulation was performed. Figure 6.3 shows the simulation result with a 10-minutes 

time interval. 

 
0 minutes 10 minutes 20 minutes 30 minutes 

 
Figure 6.3 Temperature distribution change inside the packed bed during the first 30 minutes of desorption 

 

The simulation’s results have shown that within the first 20 minutes, high temperature of zeolite 

between the fins of the heat exchanger is reached. However, even after 30 minutes of desorption 

the temperature at the bottom of the packed bed is still around 39.5°C. This can be related to 

the low thermal conductivity of zeolite, which reflects the need for a heat exchanger that can 

deliver heat to the entire packed bed. 

 

6.1.1.3. Heat exchanger design 

The results from the heat transfer simulation expressed the importance of having an optimal 

heat exchanger design in order to improve both of the adsorption and desorption processes, 

which in its turn increases the heat storage efficiency. 

Therefore, different designs of heat exchanger were analyzed and simulated to reach the optimal 

design for the corresponding heat storage unit. 
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All the simulations for the different designs were stationary, with the heat exchanger as heat 

source at 120°C and the reactor walls as heat sink at 25°C. 

 

Plates and tubes heat exchanger 

The first studied design was for a plates and tubes heat exchanger. The design consists of 5 

parallel plates each one has tubes inside, allowing the oil to flow evenly through the plate. All 

the plates are connected from the top with main inlet and outlet tubes. 

Figure 6.4 represents the result of a stationary simulation for temperature distribution with the 

plates and tubes heat exchanger 

 

Figure 6.4 Temperature distribution inside the reactor with the plates and tubes heat exchanger 

 

As the results show, a minimum temperature of 53.9°C was reached in the reactor, which is 

about 45% of the temperature at the inlet (maximum temperature). 

 

Tubes heat exchanger 

The next studied design consists of tubes-only heat exchanger. The goal was to achieve an 

evenly distributed temperature along the vertical direction, by having upwards and downwards 

oil streams in the heat exchanger. 
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Figure 6.5 shows the result of a stationary simulation for temperature distribution with the tubes 

heat exchanger 

 

Figure 6.5 Temperature distribution inside the reactor with the tubes heat exchanger 

 

As the results show, a minimum temperature of ca.57.8°C was reached in the reactor, which is 

about 48% of the temperature at the inlet (maximum temperature). 

 

Cylinders and tubes heat exchanger 

Further heat exchanger designs were studied, where a combination of tubes and cylindrical 

metal sheets was used. The designs can fall into two categories: one-direction flow and double-

direction flow designs. All the designs consist of two cylindrical metal sheets connected with 

each other  

One direction flow 

By the one-direction flow design, the tubes were built in such a way that the oil flows from the 

inlet, gets distributed in many finer tubes, where it flows downwards. Finally, it gets collected 

at the bottom of the heat exchanger and flows towards the outlet. 

Two different designs with one-direction flow were tested, one design with three main inlet 

tubes (as shown in Figure 6.6) and another design with 5 main inlet tubes. 
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Figure 6.6 Design of cylinders and tubes heat exchanger (one-direction flow) with 3 main inlet tubes 

Figure 6.7 represents the results of a stationary simulations for temperature distribution with 

the cylinders and tubes heat exchanger for both 3-tubes inlet and 5-tubes inlet designs 

 

Figure 6.7 Temperature distribution inside the reactor with the cylinders and tubes heat exchanger (one-direction 

flow) for 3-tubes inlet (left) and 5-tubes inlet (right) 

The results have shown, that a similar minimum temperature was reached in the reactor for both 

3-tubes and 5-tubes inlet with 64.4°C and 64.9°C respectively, which is about 54% of the 

temperature at the inlet (maximum temperature). 

This reveals that increasing the number of main inlet tubes doesn’t significantly improve the 

reached minimum temperature in the reactor. However, the temperature distribution in the 

reactor was better with the 5-tubes inlet design, as can be noticed from the results. 
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Double direction flow 

By the double-direction flow design, the tubes were built in such a way that the oil flows from 

the inlet, gets distributed in many finer tubes. The oil flows in three tubes downwards and in 

another three tubes it flows upwards. Finally, it gets collected at the bottom and the top of the 

heat exchanger and flows towards the outlet. 

Figure 6.8 represents the results of a stationary simulations for temperature distribution with 

the cylinders and tubes heat exchanger (double-direction flow).  

 

Figure 6.8 Temperature distribution (right) and geometry (left) inside the reactor with the cylinders and tubes 

heat exchanger (double-direction flow) 

As the results show, a minimum temperature of 78.8°C was reached in the reactor, which is 

about 65.8% of the temperature at the inlet (maximum temperature). This design has given the 

best performance regarding the temperature distribution, where the minimum temperature was 

about two thirds of the maximum temperature. Therefore, this design was chosen for the heat 

storage unit, in order to perform further experimental testing. The following table summarizes 

the results from all tested designs. 

Table 6-1 Lowest temperature in packed bed with different designs of heat exchanger 

Design 
Plates and 

tubes 
Tubes 

Cylinders and tubes 

One direction flow Double direction 

flow 3 tubes 5 tubes 

Tmin [°C] 53.9 57.8 64.4 64.9 78.8 
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6.1.2. Process improvement 

Process simulations were performed using LabVIEW for both desorption and adsorption 

processes. For each process, the temperature behavior with single- and multiple-reactor setup 

were simulated. Furthermore, the different heat shares were calculated. The simulations’ results 

were then compared to preliminary experimental values. 

 

6.1.2.1. Desorption 

With the help of desorption process simulation, the average temperature behavior inside the 

reactor was calculated. The result of the simulation was compared to measurements done with 

different temperature sensors in different locations. Figure 6.9 shows the measured temperature 

behavior during the preliminary experiments compared to the simulation. 

 

 

Figure 6.9 Simulated temperature behavior (red) inside the reactor during desorption compared to measured 

temperatures at different locations 

 

The result has shown, that the simulated temperature behavior (average value) has a similar 

behavior as the measured temperatures. This can confirm that the calculated values are valid. 

The simulation was carried out further, in order to simulate the potential recoverable energy, 

when multiple reactors are used. 

Figure 6.10 represents the simulated temperature during desorption inside three reactors 

connected with serial configuration, where the sensible heat after the end of each desorption 
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process is being recovered to preheat the next reactor. The duration of the simulated heat 

recovery was 40 minutes. 

The initial temperature was given as 70°C assuming that the desorption process took place 

directly after the end of the adsorption process, which is only the case during the laboratory 

experiments and doesn’t reflect the real-life application of the heat storage system. 

 

Figure 6.10 Simulated temperature behavior during desorption inside three reactors connected with serial 

configuration (with sensible heat recovery) 

Figure 6.11 shows the amount of heat invested in each reactor during desorption. 

 

Figure 6.11 Heat amount invested in each reactor during desorption (with sensible heat recovery) 

From the result, it is noticeable that about 13.75% of the invested energy can be reduced, by 

using the sensible heat from one reactor to preheat the next one. 
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The different energy shares of the total invested heat during desorption were also simulated as 

shown in Figure 6.12. 

 

 

Figure 6.12 Heat shares of the total invested heat during desorption 

 

By comparing the results of heat shares from simulation and experiments, it’s noticeable that 

the total invested heat by simulation was about 10% less than the calculated value from the 

results. This could be related to many reasons, such as the simplifications and assumptions 

which were included in the simulation. 

However, the heat shares from both simulation and experimental values have shown similar 

distribution values. The share of the stored heat was 2.7% lower by the simulation compared to 

the experiments, whereas the shares of sensible and lost heat were higher by 2.1% and 0.6% 

respectively. 

 

6.1.2.2. Adsorption 

With the help of adsorption process simulation, the average temperature behavior inside the 

reactor was calculated. The comparison between the experimental and simulated values is 

shown in Figure 6.13. Where it’s clear that simulated temperature behavior is similar to the real 

one. 
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Figure 6.13 Simulated temperature behavior (red) inside the reactor during adsorption compared to measured 

temperatures at different locations 

 

For a better visualization, the simulated temperature behavior was compared to average 

temperatures from 3 experimental repetitions of adsorption process, the results are shown in 

Figure 6.14 

 

Figure 6.14 Simulated temperature behavior (red) inside the reactor during adsorption compared to average 

temperatures from different experiments 

 

The result has shown, that the simulated temperature behavior has a similar behavior as the 

average of the measured temperatures. This can confirm that the calculated values are valid. 
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The simulation was carried out further, in order to simulate the potential recoverable energy, 

when multiple reactors are used. 

Figure 6.15 represents the simulated temperature during adsorption inside three reactors 

connected with serial configuration, where the sensible heat after the end of each adsorption 

process is being recovered to preheat the next reactor. 

 

Figure 6.15 Simulated temperature behavior during adsorption inside three reactors connected with serial 

configuration (with sensible heat recovery) 

Figure 6.16 shows the amount of heat recovered from each reactor during adsorption. 

 

Figure 6.16 Heat amount recovered from each reactor during adsorption (with sensible heat recovery) 
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From the result, it is noticeable that contribution of the recovered sensible heat to the total 

recovered heat is not significant (about 1%) and thus using the sensible heat to preheat the next 

reactor during adsorption will not improve the heat storage efficiency. Such a result was 

expected, because the temperature difference between the start and the end of an adsorption 

process is relatively low (15 °C). 

However, the sensible heat left in the reactor after adsorption can still be used to heat the 

evaporator of the next reactor. 
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6.2. Technical modifications 

The effect of various technical modifications is described in this part, the modifications consist 

mainly from the implementation of fans, separation of evaporator/condenser (with extra 

insulation), heat exchanger optimization and using multiple reactors. 

 

6.2.1. Fans and evacuations 

The reactor and condenser of the modified set-up are evacuated during adsorption and 

desorption respectively, in order to remove any traces of trapped gases. Furthermore, fans inside 

the reactor are used both during adsorption as well as desorption process. The effect of fans and 

evacuations is evaluated by performing experiments with different combinations as: 

• With fans (F) 

• With fans and evacuations (F+E) 

The performance of system is compared for different combinations of components with that 

during reference experiments (R) as shown in Table 6-2 . The additional electrical power 

consumption was not taken into consideration, although it should be considered if this process 

is to be used in the future. All experiments are conducted using parameter set-A with modified 

set-up. The amount of dry zeolite used during the experiments is 4.756 kg 

Table 6-2: Comparison of different operation sets in the modified set-up 

Experiment 

set QR Qi ∆Had ηad ηd ηo ESD 

Water uptake 

  [Wh] [Wh] [Wh] [%] [%] [%] [Wh/kg] 

kg water/kg 

zeolite 

R 210 885 433 48.5 48.9 23.7 44.1±0.4 0.095 

F 198 896 433 45.8 48.3 22.1 41.7±0.3 0.095 

F+E 205 904 433 47.4 47.9 22.7 43.1±0.9 0.095 

 

From Table 6-2, it is clear that the system shows the best performance in terms of overall 

efficiency ηo and energy storage density ESD during reference experiments. However, the 

difference in performance for three different experiment sets is within 6%.  The calculations 

shown in Table 6-2 are done by assuming the same water uptake by zeolite as well as the same 

minimum and maximum load for all experiment sets. Therefore, the small difference in 

performance may be due to the small variation in load conditons.  

Figure 6.17 shows the bar graphs of above data along with the difference between the three 

repetitions for each set shown by error bars (based on maximum and minimum values between 

the repetitions). 
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Figure 6.17: Comparison between different operation-sets used with modified set-up 

 

Adsorption 

• Rate of adsorption  

The amount of water adsorbed during the adsorption process is the function of pressure ratio 

p/p0. The amount of vapor adsorbed increases as the pressure approaches the partial pressure of 

the vapor and reaches the maximum value at a pressure ratio of 1. During the experiments the 

pressure ratio is nearly 1. 

  

Figure 6.18: Rate of adsorption for different experiment sets 
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The typical behavior of adsorption rate is shown in Figure 6.18. The rate of adsorption is very 

high at the start of the process and around 25% of the total volume is adsorbed immediately 

within a minute. The water load of zeolite is very low at the start of adsorption process. 

Therefore, the affinity of zeolite for water vapor is very high which results in high amount of 

water adsorbed at the beginning. The rate decreases afterward and is very low after one hour of 

operation. 75% of adsorption is over during first hour of operation. 

The adsorbed amount of water profiles for different experiment sets is similar except for that 

of reference experiments. This may be due to the small variation in the initial water load 

conditions of zeolite before starting the adsorption, which caused the higher rate of adsorption 

during reference experiments at the beginning as compared to that during experiments with fans 

and with fans and evacuations. 

 

• Temperature profiles inside packed bed  

The main aim of installing fan inside the reactor is to force the vapors inside the packed bed 

during adsorption. The effect of fan is analyzed by comparing the temperature profiles inside 

the packed bed during operation with and without fan. The temperature profiles at different 

locations inside the packed bed are shown by the temperature thermocouples (T-R1 to T-R8) 

with T-R1, T-R4, T-R5, T-R7,T-R8 placed inside the packed and T-R4,T-R5 placed in contact 

with the two different fins of heat exchanger at different heights inside the packed bed. T-Oout, 

T-Oin are the outgoing and incoming temperature of heat transfer fluid inside the heat 

exchanger. For exact location of different sensors.  

 

 

Figure 6.19: Temperature profile inside packed bed during adsorption without ventilator 
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The temperature peaks within first 10 minutes of operation are evident from Figure 6.19. As 

we know that, the adsorption potential and thus the adsorption enthalpy decreases with increase 

in amount of vapor adsorbed and vice versa. Therefore, at the start of adsorption process when 

the material is in the state of minimum load, high amount of water vapor is adsorbed and 

therefore high amount of adsorption heat is released. As the process continues, less amount of 

vapor is adsorbed and thus less mount of adsorption heat is released. Also, the released heat is 

removed continuously by the heat exchanger. Therefore, the temperature reaches a maximum 

value depending upon the load of material and then decreases due to continuous extraction of 

heat on one side and decrease in amount of released heat energy on other side. 

Similar temperatures and temperature variation are observed except for T-R2 and T-R3 which 

are showing relatively lower temperatures during the entire process. This is due to the fact that 

T-R2 is placed at the steel cage which holds zeolite. Therefore, the temperature at this point is 

lower due to the conduction between zeolite and steel cage. Whereas thermocouple T-R3 is 

placed at the tube of heat exchanger containing heat transfer fluid inside the packed bed. Due 

the immediate vicinity of HTF at this point, the rate of heat transfer through copper tube is high. 

Therefore, temperature does not show peak similar to that obtained at other points inside the 

packed bed, where heat transfer rate is comparatively low due to low thermal conductivity of 

packed bed of zeolite (0.08 W/m.K) as compared to thermal conductivity of copper (350 

W/m.K). 

 
Figure 6.20: Temperature profile inside packed bed during adsorption with ventilator 

Figure 6.19 and Figure 6.20 show similar temperature profiles during operation with and 

without fan. This indicated that the amount of released heat is also similar, and thus, the effect 

of fan in pushing the vapors through the packed bed of zeolite is negligible.  

The temperature profiles at different locations inside packed bed during the use of fan and 

evacuation is as shown in Figure 6.21.  

During the evacuations, the reactor is isolated from evaporator and then evacuated for 10 sec. 

This is done in order to remove any traces of trapped gases in the pores of zeolite. However, 
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some water vapor also gets evacuated during this process. A sudden jump in the temperature 

peaks is observed after evacuating the reactor.  

 

 
Figure 6.21: Temperature profiles inside packed bed during adsorption with overhead condenser, fan and 

evacuations of reactor 

 

This peak is due to the decrease in pressure, which results in a decrease in the adsorption 

equilibrium loading and therefore an increase in adsorption, in addition the evacuation causes 

small traces of trapped gases in the pores of zeolite to be removed, this allows more water to be 

adsorbed on zeolite.  

The sudden increase in amount of water adsorbed after evacuations leads to comparatively 

higher amount of energy release which results in the temperature jumps as shown in Figure 

6.21. However, intensity of temperature jump decreases with subsequent evacuations and no 

effect is observed after one hour of operation. This is due to the reason that the zeolite is nearly 

saturated after this duration of time. 

 

The Figure 6.22 shows the temperature profiles for different experiment sets at two different 

locations inside the packed bed. The sensor T-R4 is located at the end of fin (inside packed bed) 

of the heat exchanger. On the other hand, sensor T-R7 is placed between the zeolite particles 

inside the packed bed. The temperature profiles for three different experiment sets show similar 

variation at a particular location.  

In addition, the temperature at two different locations indicates that the vapors are able to 

penetrate though the packed bed. However, the small difference in profiles is due to the pressure 

drop inside the packed bed due to adsorption of vapors on one hand and resistance to vapor 

flow by packed particles of zeolite on other hand. The difference in the temperature at two 

different positions increases after approx. 40 minutes. 
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Figure 6.22: Comparison between temperature profiles for different experiment sets 

The temperature shown by T-R4 is higher as compared to that shown by T-R7 after first 40 

minutes for the entire duration of adsorption process. This may be due to the two reasons. 

Firstly, the vapor penetration decreases as water load of zeolite increases. In other words, the 

resistance to mass transfer increases with the increasing load of zeolite. Therefore, less amount 

of water is adsorbed on zeolite particles present inside the packed bed as compared to those 

present at the boundary of packed bed. Secondly, the heat transfer from location of T-R7 is 

higher which is closer to the tube containing heat transfer fluid as compared to that from T-R4. 

Due to higher heat transfer, temperature shown by T-R7 is lower. This indicates that the fins 

are not effective in extracting heat from particles away from heat transfer fluid. 

 

6.2.2. Separation between condenser and evaporator 

The major modification from the previous test set-up is the installation of a new overhead 

condenser at the top of reactor along with a condensate tank. As shown in Table 6-3, the effect 

of this modification is analyzed by comparing the performance of the two set-ups (combined 

and separated condenser/evaporator). The amount of dry zeolite used during previous and 

modified set-up is 4.031 kg and 4.756 kg respectively. 

Table 6-3 Comparison between previous and modified set-up 

Set-up QR Qi ∆Had ηad ηd ηo ESD Water uptake 

  [Wh] [Wh] [Wh] [%] [%] [%] [Wh/kg] 

kg water/kg 

zeolite 

Previous  471 1413 544 86.6 38.5 33.3 117 0.139 

Modified 499 1376 699 71.4 50.8 36.3 105 0.152 
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The overhead condenser along with condensate tank operates during the desorption process in 

order to condense the water vapor desorbed from zeolite. The condensed vapors are drawn out 

of overhead condenser by the condensate tank. Despite of the higher amount of zeolite used, 

the total heat energy invested Qi during desorption in modified set-up is lower. Consequently, 

the efficiency of desorption ηd  and overall efficiency ηo in modified set-up is higher by approx. 

32% and 9% respectively than in previous set-up. Therefore, it is evident from the above data 

that the installation of overhead condenser has affected the convection during desorption of 

water vapor thus reducing the amount of heat required to desorb the zeolite.  

 

 
Figure 6.23 Left: heat energy restored and consumed (invested); Right: Efficiency and energy storage density of 

previous and modified set-up.  

 

However, it is also noticeable that the adsorption efficiency ηad and ESD are lower by 18% and 

8% respectively in the modified set-up. This is because more amount of zeolite is used in 

modified set-up and thus the water uptake by zeolite and consequently the change of the 

adsorption enthalpy ∆Had for the total tested zeolite amount is higher as shown in Table 6-3. In 

order to recover more amount of heat energy, the adsorption process should be carried out for 

longer duration of time in modified set-up as compared to that in previous set-up. Though the 

process runs for same duration of time (3 hours) in both set-ups. Therefore, the fraction of 

energy restored is lower. Hence, adsorption efficiency ηad and ESD are lower in modified set-

up. 

Different heat shares during desorption: 

The sensible heat stored in the packed bed depends upon its heat capacity and the temperature 

rise from reference temperature (30°C) to the temperature at the end of desorption process (220 

°C). The heat lost Qd,lost during the desorption process is calculated by using Eq. 3.6. The 
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calculated amount of heat required to desorb the zeolite ∆Hd, sensible heat of the packed bed 

Qd,SH and the heat lost during the desorption process Qd,lost are shown in Table 6-4. 

Table 6-4 Different heat shares during desorption 

Set-up Qi 

Mass of 

zeolite ∆Hd Qd,SH 

Qd, 

lost 

  [Wh] [kg] [Wh] [Wh] [Wh] 

Previous  1413 4.031 544 288 581 

Modified 1376 4.756 699 336 341 

The amount of sensible heat stored in modified set-up is higher because of the higher mass of 

zeolite. But, the amount of heat lost as waste heat is lower in modified set-up and thus the total 

amount of invested heat during desorption is also lower. Figure 6.24 shows the percentage of 

different heat shares in the total heat invested during desorption in respective set-ups. 

 
Figure 6.24 Left: % share of different heats during desorption in combined condenser/evaporator set-up; Right:% 

share of different heats during desorption in separated condenser/evaporator set-up 

The percentage share of sensible heat Qd,SH  in the total heat consumed is only ca. 4% more in 

modified set-up. This is due to the already explained fact that higher amount of zeolite is used 

in modified set-up. Whereas, the share of heat lost Qd, lost has decreased from ca. 41.1% in 

previous set-up to ca. 24.8% in the modified set-up. Furthermore, ca. 50.8% of the total invested 

energy during desorption with the modified set-up is stored as compared to ca. 38.5% with the 

previous set-up (this corresponds to an increase of ca. 32% of the stored heat share). The lower 

amount of heat energy invested in modified set-up could be the result of lower heat losses due 

to the overhead condenser which utilizes the convection of the vapors desorbed from the zeolite.  
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It’s also important to mention that the sensible heat share with both of the set-ups represent 

about 50% of the stored heat, which shows the necessity to improve the sensible heat recovery 

after desorption. 

 

6.2.3. Evaporator insulation 

During adsorption, heat energy is released which raises the temperature of packed bed up to 

120°C. The heat is extracted continuously by the heat transfer fluid via heat exchanger. 

However, the bed temperature is higher than 50°C during the entire course of adsorption process 

as shown in Figure 6.19. A part of the heat energy released is dissipated to the other equipment 

of the system via conduction and convection. In order to reduce the heat transfer between 

system and the surroundings, the entire modified set-up is insulated using glass wool. However, 

in previous set-up the evaporator is not insulated but exposed to the ambient atmosphere. The 

effect of thermal insulation of evaporator is analyzed from the adsorption process during 

previous and modified set-up. 

Figure 6.25 shows the typical temperature profiles of heating cycle and water inside evaporator. 

T,W is the temperature of water inside evaporator, T,in and T,out are the incoming and outgoing 

temperature of heating cycle. 

 

Figure 6.25 Typical temperature profiles of heating cycle and water inside evaporator during adsorption 

 

Before starting the adsorption process, the temperature of water inside evaporator is raised till 

25°C by heating cycle. As the adsorption process is started, the temperature inside the 

evaporator drops to approx. 18°C. This is due to the very fast evaporation of water at the 

beginning. The energy required to evaporate water comes from the bulk of water present inside 

the evaporator and from the metal parts like evaporator shell, heat exchanger inside evaporator. 

Therefore, a sharp decrease in temperature occurs at the beginning. Afterwards, it increases 
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slowly mainly due to the heat supplied by heating cycle, heat dissipated from the reactor and 

partially by the heat from ambient if the evaporator is not thermally insulated.  

Now in previous set-up, the evaporator is not insulated which results in the heat transfer 

between evaporator and ambient. When the temperature of water inside evaporator is lower 

than the ambient temperature (25°C), heat transfer takes place from ambient to evaporator. Heat 

is also dissipated from reactor to evaporator via conduction and convection through metal and 

water vapor. A part of the heat dissipated from reactor is lost to ambient and other part is 

absorbed by water inside evaporator. The heat losses from heating water cycle are compensated 

by the heat transfer from ambient and reactor to evaporator. Therefore, the heat supplied and 

required are in similar range. 

Table 6-5 Heat dissipated from the reactor to evaporator 

Set-up 
Water 

adsorbed 
Heat supplied by heating cycle 

Heat 

required 
Difference 

  [ml] [Wh] [Wh] [Wh] 

Previous 566 412 398 14 

Modified 700 350 493 -143 

 

On the other hand, heat delivered by the heating cycle is lower than actual amount of heat 

required to evaporate the total amount of water adsorbed in modified set-up. This may be due 

to the reason that heat transfer is minimized between ambient and evaporator by insulating the 

evaporator. Therefore, the heat dissipated from the reactor is not lost to ambient rather absorbed 

by water inside evaporator. This in turn decreases the amount of heat to be supplied by the 

heating water cycle. Thus, the total heat supplied by heating cycle is lower than the actual 

amount of heat required in modified set-up as shown in Table 6-5. Assuming the negligible heat 

transfer between evaporator and ambient, the difference between heat supplied and required is 

the amount of heat dissipated from reactor to evaporator. 

 

Cooling power 

During the adsorption process and due to the intense adsorption, water is being forced to 

evaporate, which leads to a temperature drop in the evaporator. This cooling effect can be 

utilized in different applications as a cooling source. 

 

By examining the temperature behavior and cooling power during an adsorption process as 

presented in Figure 6.25 and Figure 6.26. It’s noticeable that due to the intense adsorption at 

the beginning of the process, a low temperature peak is observed accompanied by a high cooling 

power peak. However, as shown in Figure 6.26 the cooling power drops after some time. 
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Figure 6.26 cooling power in evaporator during adsorption  

 

By cooling at 25°C a cooling storage density of about 30-35 Wh/kgz was achieved. It’s 

important to mention that the cooling power is strongly dependent on the amount of 

zeolite/water used in the adsorption process. 

 

6.2.4. New heat exchanger 

After selecting a new design of heat exchanger based on the results of heat transfer simulations. 

This design was then experimentally tested using the multiple reactor unit, in order to validate 

the simulated data. 

The aim of the experiments was to measure the maximum heating/cooling power of the new 

heat exchanger design during desorption/adsorption. The results have shown that the maximum 

power was achieved while heating up the zeolite packed bed during desorption. 

Figure 6.27 shows a comparison between the maximum heating power of the new and old heat 

exchanger designs.  

 

Cooling power [W] 

Recovered heat [Wh] 
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Figure 6.27 Comparison between the maximum heating power of the new (left) and old (right) heat exchangers 

By comparing the results, it’s noticeable that the heating power of the new design is higher of 

about 74% than the old design. This increment on the performance can contribute to the 

improvement of the heat storage efficiency of the system, by reducing the desorption time and 

thus decreasing the heat losses.  

6.2.5. Multiple-reactor unit 

The conducted experiments with the multiple reactor unit aimed to observe the temperature 

behavior in both reactors during sensible heat recovery. As the simulations show, the heat 

recover is only noteworthy when it’s performed during the desorption process. 

The results shown in Figure 6.28 represent the temperature behavior in different locations inside 

the second reactor during heat recovery from the first reactor. The heat recovery was performed 

after the desorption process in the first reactor has ended. The temperature at the end of 

desorption in the first reactor was 170, as for the second reactor the initial temperature was the 

room temperature (20° C) 

 

Figure 6.28 Temperature behavior inside the second reactor during heat recovery from the first reactor 
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As the results show, the oil starts with a temperature around 145° C, however this temperature 

starts to sink with time as the source temperature (reactor 1) starts also to drop due to the 

sensible heat recovery. The heat recovery was stopped after about 40 minutes, because the 

temperature difference between both reactors was less than 20°C, which has led to lower heat 

recovery rate. 

 

Heat recovery 

The heat amount which was recovered from the sensible heat left in the first reactor after 

desorption was calculated. The resulted curve is presented in Figure 6.29. 

 

 

Figure 6.29 Amount of sensible heat recovered from the first reactor after desorption 

 

From observing the results, it’s noticeable that the total amount of heat recovered is ca. 

255[Wh], which is about 9% of the total heat invested during desorption. This recovered amount 

represents also ca. 36% of the sensible heat left in the reactor after desorption. 

A slightly higher recovery rate can be achieved by prolonging the heat recovery time; however, 

this depends directly on the type of application the heat storage unit is used for, and how long 

is it allowed to wait before starting the desorption of the next reactor. 
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7. Summary and Outlook 

7.1. Summary 

This work investigated mainly the different setups and arrangements of the heat storage system, 

specifically regarding energy utilization and time efficiency. The following points were 

concluded. 

▪ Process simulation 

Heat storage system model was built for process simulation, the model was validated with 

experiments. Both simulation and experimental results are comparable and have the same 

behavior. The results have revealed, that process simulation is very helpful to improve the 

system overall efficiency. Thanks to the short simulation time compared to the real 

experimental time, numerous tests with different parameters were performed and thus a lot 

of time was saved.  

Another important application of process simulation was to simulate tests which are 

difficult to be experimentally tested, either due to operational limits of the used components 

(e.g. high temperature or pressure) or because of the higher costs of including extra 

components (e.g. high number of reactors). 

 

▪ Fans and evacuations 

Due to the low pressure inside the reactor, improving the kinetics through fans or frequent 

evacuations has shown no significant effect on the total efficiency of the heat storage 

system. 

 

▪ Separation between condenser and evaporator 

From heat and mass transfer simulations it was noticeable, that the heated water vapor 

gathers in the upper part of the reactor during desorption, which is due to the natural 

convection. Therefore, a separation between condenser and evaporator was recommended 

in order to improve the kinetics during desorption. The experimental results have 

confirmed the simulation by showing 32% increase of the stored-heat share as well as a 

reduction up to 40% of heat losses. 

The desorption efficiency ηd and overall efficiency ηo of the system were improved with 

ca. 32% and 9% respectively. 
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▪ Heat exchanger design 

Simulation has proven to be a powerful tool by predicting the heat transfer inside the 

reactor. The results have shown that the old design of heat exchanger was hindering the 

heat storage system from reaching its full potential.  

Hence, different designs of heat exchanger were simulated with the help of FEM software 

(COMSOL Multiphysics), and the best design in terms of temperature distribution was 

chosen for the technical modifications. The selected design has a new concept compared 

to the heat exchangers used in the literature. This concept allows the oil to flow in both 

vertical directions, which has significantly increased the lowest temperature in the reactor 

from 53.9 °C to 78.8 °C. The simulation’s results of the new design were later on validated 

through experimental tests, which shown an improvement on the heating power with about 

74%. 

 

▪ Multiple-reactor unit 

While the current research in the literature is focused on a single reactor storage unite. The 

process simulations in this work suggested the use of multiple reactors in the heat storage 

system, presenting the possibility of implementing different operational strategies 

depending on the required application. A parallel configuration can be used to acquire high 

power for short time, while a sequential configuration can be used to obtain the highest 

heat storage efficiency. According to the simulations, the total heat storage efficiency can 

be improved up to 13.75%, the experiments’ results with 40 minutes recovery time have 

shown an improvement of 9% on the heat storage efficiency. 

 

▪ Sensible heat recovery 

As a result of having multiple-reactor unit, the sensible heat left in one reactor at the end 

of desorption can be recovered and used to preheat the next reactor. Hence, when running 

on the sequential configuration, the total heat invested during desorption was reduced by 

9% (109 Wh), which represents ca. 36% of the sensible heat left in the reactor after 

desorption. 
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7.2. Outlook 

During the investigation of this work, some problems or unwanted conditions have been faced, 

which could be avoided in the future work. In addition, extra improvements and experiments 

can be carried out to optimize the system further. Therefore, the following tips are 

recommended. 

▪ Improve thermal conductivity 

The low thermal conductivity of zeolite has been a hold back point for the system 

improvement, thus using different methods to increase this thermal conductivity is favored. 

This can be achieved by introducing other materials to the packed bed which has higher 

thermal conductivity (such as copper). 

 

▪ Longer adsorption time 

The suggested adsorption time in this investigation was 3 hours, however the results 

showed that further adsorption process was still possible and could give a significant 

increase to the total restored heat. This will increase the heat storage efficiency of the 

system. 

 

▪ Control the adsorption rate 

Depending on the application, it is sometimes necessary to control the amount of heat 

discharged from the system, this can be done by controlling the mass flow in the oil cycle. 

However, the rest of the restored heat which is not needed will be lost. Thus, for a better 

utilization of the system, the control of the restored heat rate should be performed by 

controlling the water uptake during adsorption. Therefore, the system should continuously 

measure the required amount of heat and change the open/close frequency of the valve 

between the reactor and the evaporator, which in its turn control the amount of water vapor 

going into the reactor. The drawback of this method is that the peak at the beginning of 

adsorption will be lost if an application with a discontinuous adsorption is needed. 

 

▪ Improve the kinetics 

Especially during the desorption process, where it takes long time for the desorbed water 

vapor in order to be transported into the condenser, besides to the amount of vapor which 

stays in the reactor after the process is over. As for the adsorption process this may enhance 

the adsorption of the zeolite by making it easier for the water vapor to pass though the 
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packed bed. This kinetics can be improved by using a fan (which is suitable for vacuum) 

between the reactor and condenser/evaporator, which will provide both faster movement 

for the water vapor on one hand, and on the other hand a continuous pressure difference 

between the reactor and the condenser/evaporator. 

 

▪ Improve reactor’s design 

So far, all the investigations were focusing on the idea of having a fixed bed of zeolite. A 

common challenge with this design is to reach a good heat transfer without significantly 

increasing the mass and volume of the heat exchanger, which leads to a lower heat storage 

density. In addition, due to the large amount of zeolite packed inside the reactor, it is 

difficult for the water vapor to reach the inner part of the reactor without extra built-in air 

channels. 

A different approach to the reactor’s design could bring significant improvements to the 

system. An example of a new reactor’s design is shown in Figure 7.1, where the reaction 

chamber and zeolite storage tank are separated from each other. 

 

Figure 7.1 A draft design of a moving bed reactor 

 

In this design the zeolite pellets flow from the storage tank downwards throw the reactor 

to another storage tank. The reactor has an air channel in the middle, from which water 

vapor is introduced (during adsorption), or to which the water vapor is being collected 
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(during desorption). The pellets flow on a plate connected from the outer part to a tube, 

where the oil from the oil-cycle flows. This design gives the possibility to fully 

adsorb/desorb the zeolite pellets, by dealing with small amounts of zeolite pellets instead 

of having them all at once. 

Another advantage to this method is the full control over the amount of zeolite being 

desorbed/adsorbed depending on the heat provided/heat demand of the different 

applications. 

In order to improve the heat storage density of such a design, it’s advisable to use multiple-

tank system as shown in Figure 7.2. 

 

 

Figure 7.2 Configuration of multiple-tank system with moving bed reactor 

 

▪ Sensible heat recovery during adsorption 

As the simulations’ results have shown, the amount of sensible heat left in reactor after the 

end of adsorption is not significant in order to use it for preheating the next reactor. 

However, when performing an adsorption process without having an extra low-heat source 

for the evaporator, this remaining sensible heat in the reactor can be used in order to 

evaporate the water in the evaporator of the next reactor. 
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9. Appendix 
 

Water Vapor Pressure 

The saturation vapor pressure of water for the temperature between 273.15 K and 647.3 K can 

be computed with the following equation: [Irvine and Liley, 1984] 

 

 

 

and the following coefficients:  

A0 =  1.04592 x 10 A4 = -1.01520 x 10-9 A8 =  7.79287 x 10-22 

A1 = -4.04897 x 10-3 A5 =  8.65310 x 10-13 A9 =  1.91482 x 10-25 

A2 = -4,17520 x 10-5 A6 =  9.03668 x 10-16 A10 =-3.96806 x 103 

A3 =  3.68510 x 10-7 A7 = -1.99690 x 10-18 A11 =  3.95735 x 10 

 

Ts [°C] ps [mbar] Ts [°C] ps [mbar] 

0 6,11 31 45,01 

1 6,57 32 47,63 

2 7,06 33 50,39 

3 7,58 34 53,29 

4 8,13 35 56,33 

5 8,72 36 59,52 

6 9,35 37 62,86 

7 10,02 38 66,37 

8 10,73 39 70,04 

9 11,49 40 73,89 

10 12,29 41 77,92 

11 13,14 42 82,14 

12 14,04 43 86,55 

13 14,99 44 91,16 

14 16,00 45 95,99 

15 17,07 46 101,03 

16 18,20 47 106,30 

17 19,40 48 111,80 

18 20,67 49 117,55 

19 22,00 50 123,55 

20 23,41 51 129,81 

21 24,90 52 136,34 

22 26,48 53 143,14 

23 28,14 54 150,24 

24 29,89 55 157,64 

25 31,73 56 165,34 

26 33,67 57 173,36 

27 35,71 58 181,72 

28 37,86 59 190,41 

29 40,13 60 199,46 

30 42,51   

( )
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Equillibrium data for zeolite NaX-water  

 

W A   W A   W A 

[cm3/g] [J/g]   [cm3/g] [J/g]   [cm3/g] [J/g] 

0.33211458 83   0.24210991 640   0.09996064 1200 

0.33188239 85   0.24085713 645   0.0990405 1205 

0.33130597 90   0.23959774 650   0.09813189 1210 

0.33073498 95   0.2383319 655   0.09723489 1215 

0.33016897 100   0.23705972 660   0.09634956 1220 

0.32960748 105   0.23578137 665   0.09547597 1225 

0.32905006 110   0.23449699 670   0.09461418 1230 

0.32849629 115   0.23320672 675   0.09376425 1235 

0.32794574 120   0.23191071 680   0.09292623 1240 

0.32739798 125   0.23060912 685   0.09210018 1245 

0.32685261 130   0.2293021 690   0.09128613 1250 

0.32630922 135   0.2279898 695   0.09048414 1255 

0.32576742 140   0.22667239 700   0.08969423 1260 

0.32522682 145   0.22535002 705   0.08891645 1265 

0.32468704 150   0.22402286 710   0.08815082 1270 

0.32414772 155   0.22269106 715   0.08739737 1275 

0.32360848 160   0.2213548 720   0.08665612 1280 

0.32306897 165   0.22001424 725   0.08592709 1285 

0.32252885 170   0.21866956 730   0.08521029 1290 

0.32198777 175   0.21732091 735   0.08450573 1295 

0.32144541 180   0.21596847 740   0.08381341 1300 

0.32090142 185   0.21461242 745   0.08313333 1305 

0.32035551 190   0.21325293 750   0.08246549 1310 

0.31980735 195   0.21189017 755   0.08180988 1315 

0.31925664 200   0.21052433 760   0.08116648 1320 

0.31870309 205   0.20915558 765   0.08053527 1325 

0.31814641 210   0.20778411 770   0.07991623 1330 

0.31758631 215   0.20641008 775   0.07930934 1335 

0.31702252 220   0.20503369 780   0.07871454 1340 

0.31645478 225   0.20365512 785   0.07813182 1345 

0.31588282 230   0.20227455 790   0.07756112 1350 

0.3153064 235   0.20089217 795   0.07700239 1355 

0.31472525 240   0.19950816 800   0.07645559 1360 

0.31413915 245   0.19812271 805   0.07592064 1365 

0.31354785 250   0.19673601 810   0.0753975 1370 

0.31295114 255   0.19534824 815   0.07488608 1375 

0.31234879 260   0.1939596 820   0.07438631 1380 

0.3117406 265   0.19257028 825   0.07389812 1385 
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0.31112635 270   0.19118046 830   0.07342141 1390 

0.31050584 275   0.18979033 835   0.0729561 1395 

0.30987888 280   0.18840009 840   0.07250208 1400 

0.30924529 285   0.18700993 845   0.07205926 1405 

0.30860488 290   0.18562004 850   0.07162753 1410 

0.30795747 295   0.18423061 855   0.07120677 1415 

0.30730291 300   0.18284184 860   0.07079686 1420 

0.30664103 305   0.18145391 865   0.07039769 1425 

0.30597166 310   0.18006702 870   0.07000911 1430 

0.30529467 315   0.17868137 875   0.06963099 1435 

0.30460991 320   0.17729714 880   0.06926319 1440 

0.30391724 325   0.17591453 885   0.06890555 1445 

0.30321653 330   0.17453373 890   0.06855793 1450 

0.30250765 335   0.17315493 895   0.06822016 1455 

0.30179048 340   0.17177833 900   0.06789207 1460 

0.30106491 345   0.17040412 905   0.06757349 1465 

0.30033084 350   0.16903249 910   0.06726424 1470 

0.29958815 355   0.16766363 915   0.06696413 1475 

0.29883675 360   0.16629773 920   0.06667297 1480 

0.29807654 365   0.16493499 925   0.06639056 1485 

0.29730745 370   0.16357559 930   0.0661167 1490 

0.29652939 375   0.16221973 935   0.06585117 1495 

0.29574228 380   0.16086759 940   0.06559375 1500 

0.29494606 385   0.15951936 945   0.06534422 1505 

0.29414066 390   0.15817523 950   0.06510234 1510 

0.29332602 395   0.15683538 955   0.06486788 1515 

0.29250208 400   0.15550001 960   0.06464058 1520 

0.2916688 405   0.15416929 965   0.06442021 1525 

0.29082613 410   0.15284341 970   0.06420648 1530 

0.28997404 415   0.15152256 975   0.06399915 1535 

0.28911248 420   0.15020691 980   0.06379794 1540 

0.28824144 425   0.14889666 985   0.06360255 1545 

0.28736087 430   0.14759197 990   0.06341271 1550 

0.28647078 435   0.14629302 995   0.06322813 1555 

0.28557113 440   0.145 1000   0.06304849 1560 

0.28466192 445   0.14371308 1005   0.06287349 1565 

0.28374315 450   0.14243243 1010   0.0627028 1570 

0.28281481 455   0.14115824 1015   0.06253612 1575 

0.2818769 460   0.13989066 1020   0.06237309 1580 

0.28092944 465   0.13862987 1025   0.06221339 1585 

0.27997244 470   0.13737604 1030   0.06205667 1590 

0.27900591 475   0.13612934 1035   0.06190257 1595 

0.27802988 480   0.13488993 1040   0.06175072 1600 

0.27704436 485   0.13365797 1045   0.06160076 1605 

0.27604939 490   0.13243364 1050   0.06145231 1610 
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0.27504501 495   0.13121708 1055   0.06130498 1615 

0.27403125 500   0.13000845 1060   0.06115839 1620 

0.27300815 505   0.12880792 1065   0.06101212 1625 

0.27197576 510   0.12761564 1070   0.06086576 1630 

0.27093413 515   0.12643175 1075   0.0607189 1635 

0.26988331 520   0.12525641 1080   0.06057112 1640 

0.26882336 525   0.12408977 1085   0.06042198 1645 

0.26775434 530   0.12293197 1090   0.06027103 1650 

0.26667632 535   0.12178316 1095   0.06011782 1655 

0.26558936 540   0.12064347 1100   0.0599619 1660 

0.26449354 545   0.11951305 1105   0.05980279 1665 

0.26338893 550   0.11839203 1110   0.05964003 1670 

0.26227562 555   0.11728054 1115   0.05947313 1675 

0.26115368 560   0.11617872 1120   0.05930159 1680 

0.2600232 565   0.1150867 1125   0.05912491 1685 

0.25888427 570   0.1140046 1130   0.05894258 1690 

0.25773699 575   0.11293254 1135   0.05875408 1695 

0.25658145 580   0.11187065 1140   0.05855889 1700 

0.25541775 585   0.11081904 1145   0.05835647 1705 

0.25424599 590   0.10977782 1150   0.05814626 1710 

0.25306628 595   0.10874712 1155   0.05792773 1715 

0.25187872 600   0.10772703 1160   0.0577003 1720 

0.25068343 605   0.10671767 1165   0.0574634 1725 

0.24948053 610   0.10571913 1170   0.05721645 1730 

0.24827012 615   0.10473152 1175   0.05695887 1735 

0.24705234 620   0.10375494 1180   0.05669004 1740 

0.2458273 625   0.10278947 1185   0.05640936 1745 

0.24459513 630   0.10183521 1190   0.05611621 1750 

0.24335596 635   0.10089223 1195   0.05580997 1755 
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Characteristic curve Zeolite NaMSX: 

 

𝑊𝑎𝑑 = 𝑎 ∙ 𝐴5 + 𝑏 ∙ 𝐴4 + 𝑐 ∙ 𝐴3 + 𝑑 ∙ 𝐴2 + 𝑒 ∙ 𝐴 + 𝑓 

 

with: a = -1,43∙10-16  b = 6,24∙10-13  c = -8,32∙10-10 

 d = 3,04∙10-7  e = -1,51∙10-4  f =3,43∙10-1 

valid range: 83 < ADub < 1760 [J/g], R2 = 0,997 

 

 

Figure 9.1: Characteristic curve of Zeolite NaMSX 
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Differential Adsorption enthalpy Zeolite NaMSX: 

 

∆ℎ𝑎𝑑 = 𝑎 ∙ Θ4 + 𝑏 ∙ Θ3 + 𝑐 ∙ Θ2 + 𝑑 ∙ Θ + e 

 

with: a = 169086  b = -270581  c = 115005 

 d = -22116  e = 4973,9 

valid range: 0,078 < Θ < 0,36 [kJ/kg]; R2 = 1 

 

 

Figure 9.2: Differential Adsorption enthalpy as a function of Zeolite NaMSX loading 
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Equipment of the test set-up 

a. Reactor 
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b. Heat exchanger inside reactor 
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c. Location of temperature sensors inside packed bed 
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d. Overhead condenser 

 

Datasheet    
Heat duty kW 2    
Heat transfer 

coefficient W/(m²·°K) 519,3    
LMTD °K  5,87    
Heat transfer area m² 0,8    
    Shell side Tube side 

Flow rate kg/h 3   719   

Vapor (in/out) kg/h 3 -     

Liquid (in/out) kg/h - 3     

Temperature (in/out) °C 27,30 27,1 20 22,4 

Density kg/m³ 997,2   998   

Viscosity mPa·s 0,848   0,9727   

Specific heat 

capacity J/(kg·K) 4179,6   4183,8   

Thermal 

conductivity W/(m·K) 0,6107   0,6015   

Latent heat J/kg 2436600       

Inlet pressure bar 0,04   2   

Velocity m/s 5,89   0,2   

Length mm 700 600 

Inner diameter mm 104 - 

Outer diameter mm 108 10 

Perimeter mm - 12,8 

Number mm 1 40 
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e. Evaporator 
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f. Heat exchanger inside evaporator 

 

 

 

Heat duty max kW 2 

Fins 

Total number - 151 

Length mm 175 

height mm 43 

Width mm 0.21 

Distamce between 

fins mm 1.3 

      

Tubes 

Total number - 9 

Outer diameter mm 8.3 
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g. Condensate tank 

 

 
 

h. Water tank 
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i. Heat exchanger (new design) 

 

 


