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Abstract 
One of the most crucial issues nowadays is the protection of the environment and the replacement of 

fossil fuels, which are abundantly used around the world, with more efficient and renewable sources. 

The highest portion of global energy demands today is used in heating and cooling purposes. One way 

of alleviating the fossil-based thermal energy uses is to harvest excess thermal energy using 

thermochemical storage materials (TCMs) for use at heating/cooling demands at different times and 

locations. 

  

Along this, in this master’s thesis, a bench-scale thermochemical heat storage (TCS) system is 

numerically designed, as a part of a collaborative project: Neutrons for Heat Storage (NHS), funded by 

Nordforsk. The TCS system that is designed herein employs the reversible chemical reaction of 

ammonia with a metal halide (MeX) for a heat storage capacity of 0.5 kWh, respectively releasing and 

storing heat during absorption and desorption of ammonia into and from the MeX. This system is 

designed for low temperature heat applications, around 40-80 °C. SrCl2 is chosen as the metal halide to 

be used, based on the research outcomes in determining the most suitable materials conducted by NHS 

project partners. In the ammonia-SrCl2 system, only the absorption and desorption between SrCl2∙NH3 

and SrCl2∙8NH3 are considered. The main reason is because absorption/desorption between the last 

ammine and SrCl2 undergoes at a significantly higher/lower reaction pressure (for a given temperature), 

with a significant volume change compared to the rest of the ammines, and therefore is practically less 

cost effective.  

 

This thesis also includes a detailed discussion of four different thermochemical storage designs from 

literature, found as the most relevant to the present TCS system study, which use the reaction between 

ammonia and metal halides. The first system that was examined is a TCS system built by the NHS 

project partners at Technical University of Denmark (DTU), owing to its similarities with the desired 

project, regarding the design and parameters the system uses. This system works in batch mode, only 

allowing either absorption (i.e. heat release) or desorption (i.e. heat storage) at a given cycle. Thus, 

upgrading the design of this TCS system at DTU is considered as a most-likely solution to the research 

objectives of this current thesis project. Moreover, the TCS system at DTU uses storage conditions and 

desorption temperature similar to the current project’s desired low temperature range of 40-80 °C. The 

second system discussed herein from literature uses two reactors for cold and heat generation, which 

means that both charging and discharging processes occur simultaneously. This simultaneous 

operability is the main reason that this particular system was examined in this thesis. The next discussed 

system from literature also uses two reactors, for absorption and desorption processes, which work 

reversibly when each process is completed, like in the desired concept of this project. These two systems 

(i.e., the secondly and the thirdly discussed systems) use the reversible solid-gas reaction for absorption 

and desorption between SrCl2∙NH3 and SrCl2∙8NH3, however, the conditions of pressure and 

temperature between them differ. The second system from literature operates at desorption and 

absorption at respective conditions of 96 °C, 15 bar and 87 °C, 11 bar while the third system discussed 

operates at 103 °C, 16 bar and 59 °C, 3 bar during desorption and absorption respectively. The last 

system from literature that is discussed herein provides the same desorption temperature of 80 °C. In-

addition this particular study suggests that the reaction of solid with gaseous NH3 is better (than the 

solid with liquid NH3 reaction) based on results derived from several different low-pressure experiments 

of the reactions.  

The main differences between all these discussed systems from literature, as opposed to the desired 

TCS system design in this thesis project, concern the systems’ operating mode and the pressure and 

temperature-conditions. The first difference is that only one of the examined systems pumps the solid 
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powder salt around the system in contrast to the others that keep the salt static inside the reactors and 

pumped only the ammonia around the system, as chosen in the current system. The second difference 

concerns the operating conditions during absorption and desorption reactions, where these different 

systems operate at a widely different pressure and temperature conditions as compared to the current 

system expectations. Thus, there are four main lessons that were learnt via this literature analysis, to 

improve the TCS system at DTU to the desired new system in this work. The first lesson is related to 

the reactants’ transportation mechanism that should be used in this system. Regarding this, it was 

decided to maintain the solid salt (metal halide) stationary inside each reactor (but not pumping it 

instead of ammonia), similar to the majority of designs discussed from literature. According to the 

second and third lessons, the solid-gas reaction is the most suitable solution and only the reactions of 

absorption and desorption between SrCl2∙NH3 and SrCl2∙8NH3 are considered, following the experience 

from literature (for the reasons explained earlier). The last lesson regards the system’s suitable operating 

conditions and more specifically the TCS system’s temperatures that should match the district heating 

temperatures.  Thus, the temperature point that was chosen as a priority was 80 °C, from the range 40-

80 °C set in the partner project NHS. To maintain this condition, therefore, the most suitable condition 

of pressure of both reactions (according to the equilibrium pressure vs temperature curve) was chosen 

to be at around 8 bar. This same pressure was chosen for both reactions, since the pressure difference 

between these reactors and the storage of ammonia (i.e. from 8 to 10 bar) should be as small as possible 

due to the high costs that can arise in the case of a higher pressure difference (i.e. requiring more 

compressors and heat exchangers). 

Inspired by these literature cases, firstly a conceptually suitable TCS system was proposed in this project 

and after that the final desired system was designed and was implemented and evaluated numerically. 

The numerical design and optimization of the chosen TCS system was performed herein by using the 

software Aspen Plus (version 9), which contains both fluids and solids in a simulation environment, 

using consistent physical properties. This TCS system is designed to store and release heat at around 

80 °C and 8 bar through absorption and desorption by using two identical reactors respectively. Each 

reactor includes the amount of around 1 kg (more specifically 0.985 kg) strontium chloride salt reacting 

with 1.7 kg of ammonia. A verification system is also modelled in Aspen, using available experimental 

data from literature. Here, the modelled novel system design was adapted to this chosen other system 

layout from literature which uses the same reaction pair, yet at different operating conditions. This 

adapted system design in Aspen was then used to verify the chosen configuration and the reliability of 

the constructed system for the NHS project. Good agreements between the modelled results in Aspen 

against the available experimental data of this verification model are obtained. A sensitivity analysis is 

also conducted herein on the proposed novel TCS system to identify the optimum operating conditions 

and the behaviour of the chosen most important parameters of the system. The designed system provides 

an energy storage capacity of 0.5 kWh for the specific amounts (in volumetric flow rates) of ammonia 

and monoammine of strontium chloride, that comes from the analysis, of 1.08696 e-05 kmol/s and 

1.5528 e-06 kmol/s respectively. For these specific values of the HTF, the analysis showed that the 

volumetric flow rates of the heat and cold external sources must be 1.56 l/min (which is decreasing with 

the increase of the inlet HTF temperature) and 0.42 l/min (which is increasing with the increase of the 

inlet HTF temperature) respectively. In conclusion, this study presents an ammonia-SrCl2 TCS bench-

scale system design that allows continuous heat storage and release, in an easy-to-scale up design, also 

suggesting optimum operating conditions. 

 

 

Keywords: thermochemical heat storage (TCS), NH3-SrCl2 system, absorption, desorption, numerical 

modelling, Aspen 
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Sammanfattning  
En av de mest avgörande frågorna i dag är skyddet av miljön och utfasningen av fossila bränslen som 

används allmänt över hela världen för mer effektiva och förnybara resurser. Den största delen av den 

globala energibehovet idag avser uppvärmnings- och kylapplikationer. Ett sätt att minska fossilbaserad 

termiskenergianvändning är att lagra överskottsvärmeenergi genom termokemiska lagringsmaterial 

(TCM) och använda den för värme- och kylbehov vid olika tidpunkter och platser. 

 

I samband med detta är ett termokemiskt värmelagringssystem numeriskt utformat i detta 

mastersexamensprojekt, som en del av ett samarbetsprojekt Neutrons for Heat Storage (NHS) 

finansierat av Nordforsk. Det termokemiska lagringssystemet (TCS) som är konstruerat utnyttjar den 

reversibla kemiska reaktionen av ammoniak med en metallhalogenid (MeX) för en 

värmelagringskapacitet på 0.5 kWh, och frigör och lagrar värme respektive under absorption och 

desorption av ammoniak till och från MeX. Systemet är designat för lågtemperaturupp-

värmningstillämpningar runt 40-80 °C. SrCl2 väljs som det mest lämpliga metallhalogeniden för 

systemet, baserat på studier som utförts av NHS-projektpartnerna. I ammoniak SrCl2-systemet beaktas 

endast absorption och desorption mellan SrCl2NH3 och SrCl28NH3. De huvudsakliga orsakerna till 

detta är att absorptionen/desorptionen mellan den sista aminen och SrCl2 kräver ett betydligt högre/lägre 

reaktionstryck (för en given temperatur), och resulterar i en betydande volymförändring jämfört med 

resten av aminerna, och är därför praktiskt taget mindre kostnadseffektivt. 

 

Detta mastersexamensprojekt inkluderar en detaljerad genomgång av fyra olika TCS-system från 

litteratur som använder reaktionen mellan ammoniak och metallhalogenider. Dessa väljs här eftersom 

dessa anses vara de mest relevanta (från litteratur) jämfört med det valda systemet i denna studie. Det 

första undersökta systemet är ett system byggt av NHS-projektpartnerna vid Danmarks Tekniska 

Universitet (DTU). Detta har valts på grund av likheterna med det önskade systemet i det aktuella 

mastersexamensprojektet, vad gäller systemdesign och parametrar. Detta system fungerar i batch-läge, 

vilket endast tillåter antingen absorption (dvs värmeavgivning) eller desorption (dvs värmelagring) 

under en specifik cykel. Således kan en uppgraderad design av detta TCS-system vid DTU möjligen 

vara en lämplig lösning på forskningsmålen för detta mastersexamensprojekt. Dessutom använder detta 

TCS-system från DTU ganska liknande driftsförhållanden (temperaturer och tryck) i nivå med det 

aktuella projektets önskade lågtemperaturintervall på 40-80 °C. Det andra systemet från den litteratur 

som diskuterats använder två reaktorer för kyla och värmeproduktion, vilket innebär att både laddnings- 

och urladdningsprocesser sker samtidigt. Denna samtidiga operation är främst anledningen till att 

systemet undersöktes, eftersom detta är en önskad funktion att uppnå i det aktuella projektet. Nästa 

system från den litteratur som diskuteras häri använder också två reaktorer för absorptions- och 

desorptionsprocesser, som fungerar reversibelt när varje process är klar, precis som önskat i detta 

projekt. Dessa två system (dvs det andra och det tredje diskuterade systemen) använder den reversibla 

fastgasreaktionen för absorption och desorption mellan SrCl2NH3 och SrCl28NH3, dock vid olika 

tryck- och temperaturförhållanden. Det andra systemet arbetar nämligen under kombinationer av 

absorption och desorption av 96 °C, 15 bar och 87 °C, 11 bar, medan det tredje systemet arbetar vid 

103 °C, 16 bar respektive 59 °C, 3 bar. Det sista systemet som diskuterats från litteraturen arbetar vid 

samma temperatur som det önskade systemet gör (dvs. 80 ° C) och genom olika lågtrycksexperiment 

visar att den fasta salt-gasreaktionen är ett bättre val än reaktionen av det fasta saltet med flytande 

gasreaktion. 

De viktigaste skillnaderna mellan alla dessa diskuterade system från litteratur i motsats till det önskade 

TCS-system i detta mastersexamensprojekt, avser systemdriftläge samt deras tryck och 
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temperaturförhållanden. Den första skillnaden är att endast ett av alla undersökta system pumpar saltet 

i fast pulverform, till skillnad från de andra som håller saltet stillastående i reaktorerna och endast 

pumpar ammoniak. Den andra skillnaden gäller driftsförhållandena under absorptions- och 

desorptionsreaktioner där dessa system arbetar vid mycket olika tryck- och temperaturförhållanden 

jämfört med det nuvarande systemet. Således, från översynen av alla system, finns det fyra 

huvudsakliga lärdomar för att förbättra TCS-systemet vid DTU till det önskade nya systemet. Den första 

är relaterad till reaktanttransportmekanismen som bör användas i detta system. I detta avseende har det 

beslutats att hålla det fasta saltet (metallhalogenid) stillastående i varje reaktor (men inte pumpa det 

istället för ammoniak), till skillnad från de flesta system i litteraturen. Enligt dem andra och tredje 

lektionerna är den fasta gasreaktionen den mest lämpliga lösningen och endast reaktionerna på 

absorption och desorption mellan SrCl2∙NH3 och SrCl2∙8NH3 bör övervägas enligt erfarenheten från 

litteraturen (av de skäl som förklarats tidigare). Den sista lärdomen avser systemets lämpliga 

driftsförhållanden och mer specifikt TCS-systemets temperaturer för att matcha 

fjärrvärmetemperaturerna. Den temperaturpunkten valts som prioritet, från området 40-80 °C inställt 

av moderprojektet NHS, sattes till 80 °C. För att bibehålla detta tillstånd var det lämpligaste 

tryckvillkoret för båda reaktionerna (enligt jämviktstrycket kontra temperaturkurva) valdes att ligga på 

cirka 8 bar. Samma tryck valdes för båda reaktionerna, eftersom tryckskillnaden mellan dessa reaktorer 

och lagring av ammoniak (dvs. från 8 till 10 bar) borde vara så liten som möjligt på grund av de höga 

kostnaderna som kan uppstå vid högre tryckskillnad (dvs. fler kompressorer krävs och värmeväxlare). 

Inspirerad av denna litteratur föreslogs för det första ett konceptuellt lämpligt TCS-system i detta 

mastersexamensprojekt, varefter det slutliga systemet implementerades och utvärderades numeriskt för 

de önskade förhållandena. Den numeriska utformningen och optimeringen av det valda TCS-systemet 

utfördes här med hjälp av programvaran Aspen Plus (version 9), som innehåller både vätskor och fasta 

ämnen i en simuleringsmiljö, med konstant fysiska egenskaper. Detta TCS-system är utformat för att 

lagra och släppa värme vid cirka 80 °C och 8 bar genom absorption och desorption med användning av 

två identiska reaktorer respektive. Varje reaktor innefattar cirka 1 kg (närmare bestämt 0.985 kg) 

strontiumkloridsalt reagerande med 1.7 kg ammoniak. Ett verifieringssystem modelleras också i Aspen 

med hjälp av tillgängliga experimentella data från litteraturen. I detta anpassades den modellerade nya 

systemdesignen till denna valda andra verifieringssystemlayout från litteratur, som använder samma 

reaktionspar, men under olika driftsförhållanden. Denna anpassade systemdesign i Aspen användes 

sedan för att verifiera den valda konfigurationen och tillförlitligheten för det designade systemet för 

NHS-projektet. Här erhålls ett bra avtal för denna verifieringssystemdesign mellan Aspen-

modellresultaten och experimentdata. Här utförs också en känslighetsanalys för det utformade TCS-

systemet i det aktuella projektet för att identifiera de optimala driftsförhållandena och beteendet för de 

valda viktigaste parametrarna i systemet. Det konstruerade systemet ger en energilagringskapacitet på 

0.5 kWh för de specifika mängderna (i volymflöde) av ammoniak och monoamin av strontiumklorid, 

som kommer från analysen, av 1.08696 e-05 kmol/s och 1.5528 e-06 kmol/s respektive. För dessa 

specifika värden på värmeöverföringsvätskan visade analysen att de volymetriska flödeshastigheterna 

för värme och kalla yttre källor måste vara 1.56 l/min (vilket minskar när temperaturen på 

värmeöverföringsvätskan ökar) och 0.42 l/min (som ökar när temperaturen på värmeöverföringsvätskan 

ökar). Sammanfattningsvis presenterar denna studie ett ammoniak-SrCl2 TCS-bänkskålsystem som 

möjliggör kontinuerlig värmelagring och frigöring, har en design som är lätt att anpassa och föreslår 

också optimala driftsförhållanden. 

 

Nyckelord: termokemisk värmelagring (TCS), NH3-SrCl2 system, absorption, desorption, numerisk 

modellering, Aspen
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1 Introduction 
In this chapter are presented the aim and objectives of this thesis project but also the importance of the 

energy storage and the concept of thermochemical energy storage (TCS) including its classification into 

different categories regarding to their characteristics and their principles of operation. Additionally, 

there is a deeper examination of strontium chloride salt (SrCl2) and ammonia (NH3) that are mainly 

used and are preferable for these TCS systems. 

1.1 Background 

Nowadays, sustainable development is one of the most challenging goals, primarily because energy is 

a key aspect for development, while the main sources of energy around the world are based on fossil 

fuels such as coal, oil and (natural) gas. The main disadvantage with these sources is that they are 

limited and non-renewable. In combination with the rapid increase of energy use globally, fossil fuels 

tend to be exhausted in near future. Besides this limitation of resources, another crucial drawback is the 

fossil fuel’s impact on the environment. That is one more key reason to accommodate the use of 

renewable energy sources to replace fossil fuels. However, although the percentage of renewables 

globally is slightly increasing, fossil fuels are still in use of large percentages. This is because of the 

compatibility of fossil fuels use with a majority of existing energy infrastructure and the technological 

maturity, unlike with renewables which often require additional investments, further technological 

developments, and the challenges [1]. 

A key solution for the problem of high percentage of fossil fuels, is thermal energy storage (TES) that 

most researchers and companies invest to make the operation of storage to work for commercial 

purposes. The main reason is that TES can reduce energy use by a significant percentage (30% or even 

more due to the new technologies) and minimize the gap between the generation and use, but also the 

gap between the supply and demand, of energy by being integrated with renewable sources [2]. One 

more advantage of TES is the protection of the environment by enabling the integration of RS, thus 

consequent in a reduced consumption of fossil fuels and therefore their harmful emissions to the 

environment.  In other words, with TES integrated with RS, the emission of greenhouse gases (GHGs) 

e.g. CO2, N2O and CH4, caused by fossil fuels combustion can be reduced while also providing 

economic gains as well. Thermochemical energy storage, one type of a TES technology, is a promising 

technology since can improve the energy efficiency through the utilization of low-grade waste heat [1], 

[4]. That type of storage is more attractive than others, as for example the sensible and latent heat, 

mainly due to higher energy density that it provides and the smaller space that it requires for the storage 

units. 

 

This thesis is a part of the Nordforsk project, Neutrons for Heat Storage (NHS). There are three different 

academic institutions that participate into that project. IFE (Norway) that is responsible for the neutrons 

studies, DTU (Denmark) for the material characterization and synthesis, and KTH (Sweden) for two 

different designs of reactor and modelling of the storage system [5]. In-relation, in this thesis, a bench-

scale thermochemical heat storage system is numerically designed with potential improvements. 

1.2 Aim and Objectives 

The main aim of this thesis is to model a thermochemical energy storage system employing absorption 

and desorption reversible reactions between ammonia and metal halides, while achieving a desorption 

temperature below 100 °C and more specific in a range between 40-80 °C for 0.5 kWh storage capacity. 

This system operates by using ammonia-metal halide reversible reactions for releasing heat and storing 
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simultaneously, using numerical process modelling (Aspen). The model should be compact, economical 

and ready to be installed in a lab scale, so the results of the analysis should be realistic and 

representative. 

 

To realize this aim, the objectives of the project are mainly the following: 

 

o Critical evaluation of the literature on relevant content 

 

o Identifying and choosing the main parameters that affect the systems and their optimal 

configurations including these critical parameters, such as the absorption and desorption times, 

their temperatures and pressures, as well as the sizing 

 

o Identification of several suitable TCS systems from literature with insights towards the current 

project’s aim 

 

o Developing a conceptual design of TCS system configurations to meet the current project’s aim, 

to operate in dual mode of storing and releasing heat (respectively at 0.5 kWh capacity) using 

absorption and desorption of the working pair 

 

o Designing this system to fulfil: the specific operating temperatures of the system to be in-between 

the range of 40-80 °C, and the storage of ammonia to be in its liquid phase at room temperature of 

25 °C 

 

o Modelling this developed conceptual design into final systems (detailed system layouts), 

identifying suitable operational conditions, using the chosen software (Aspen) 

 

o Verification of the designed model (e.g. using experimental data on a similar model from literature) 

and thereby prove the appropriateness of the configuration of the system including also its 

parameters 

 

o Perform a sensitivity analysis of the main parameters of system and examination of their results to 

assess each parameters’ influence on the TES system and through a critical assessment of the 

results 

 

o Reasonable and representative system proposal for a bench-scale design with potential 

improvements 

 

o Propose an optimal TES system configuration to be built as a real laboratory bench-scale set-up at 

KTH, at a later stage of the parent project (NHS) 

 

 

2 Energy Storage 
The concept of storing energy began from the fluctuation of energy that is there in nature. All renewable 

energy sources are not constantly available (i.e. intermittent) and their trends cannot be predicted 

precisely. As a result, storing these energy sources when they are available has become attractive. An 

example of that is solar energy storage (in-terms of heat or electricity from solar PV) for use during 

nights or cloudy days [6]. 

One of the first materials that were used for energy storage was hydrogen, due to its high gravimetric 

density and because it is safer than usual fuels for transport proposes. However, besides storing 

hydrogen in its natural gaseous form, it can also be stored in solid materials by its absorption. The 
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simplest storage of hydrogen in solid materials is as metal hydrides that are quite stable. However, metal 

hydrides have the drawback of requiring quite high temperatures to release the hydrogen again. Another 

kind of hydride storage is in solid hosts that provide high storage densities. However, often the 

backward reaction of these hydrides is irreversible, making the heat extraction challenging [1]. 

2.1 Energy Storage Systems 

Nowadays, there are many different energy storage systems that are used, and these are classified 

according to the different techniques they employ. The primary reason of energy storage today is to 

manage the supply of power and enable cost savings to consumers. The main categories of energy 

storage technologies are: solid-state batteries, flow battery energy storage, flywheel energy storage, 

pumped hydroelectric storage, compressed air energy storage and thermal energy storage [7], and are 

concisely presented in the following sections. 

2.1.1 Solid-State Batteries 

Batteries of this kind consist of electrodes that hold the charge, a liquid electrolyte to conduct the charge 

of the electrodes and a separator that protects the electrodes from coming into contact to avoid the short-

circuiting of the battery. The main types of solid-state batteries are the sodium-sulphur (NAS), nickel-

cadmium (NI-CD) and lithium-ion (LI-ION) types. They are highly efficient, reliable, and wide used 

for commercial and grid purposes [7], [8]. 

2.1.2 Flow Battery Energy Storage (FBES) 

Flow batteries, which support large amounts of energy, can store energy in an electrolyte solution. These 

have, as an advantage, higher life cycles and faster response times than the conventional ones (solid-

state batteries). The solid electrodes in conventional batteries are replaced in flow batteries with 

electrolytic compounds such as hydrogen-lithium bromate or bromine-hydrogen. There is a reversed 

membrane in the battery cell which is used to charge and discharge when the liquids circulate, and a 

membrane separator to interchange the ions when the electrolytes undergo reduction and oxidation (i.e., 

redox) reactions [9]. 

2.1.3 Flywheel Energy Storage (FES) 

This system operates by accelerating a flywheel (rotor) to a high speed and maintaining the energy in 

the system as a rotational energy. This kind of storage uses mechanical devices that can convert 

rotational energy, through the rotational speed of a rotor, into electricity. It consists of a flywheel that 

is coupled with a generator and magnetic brackets inside a box with low pressure to reduce the losses 

of the system. When the stored energy is consumed, the rotational speed of the flywheel is reduced, and 

the opposite is true when the energy is needed [9]. 

2.1.4 Pumped Hydroelectric Storage (PHS) 

This technology has as an advantage that it is available at any time and it uses water which is electrically 

pumped (during off-peak hours) from a lower reservoir to a higher one (both of large-scale). When 

additional energy is needed (i.e., peak demand), power is produced by the stored water that is released 

though turbines that can operate as pumps and generators (such as the operation of a hydroelectric dam). 

When the opposite situation happens, and the energy demand is not so high, the water is transferred 

back to the higher reservoir. A pumped hydroelectric storage system’s efficiency is usually around 70%, 

while it depends on the characteristics of the equipment. Whereas, the storage capacity of a PHS system 

depends on the volume of water and the height difference between the reservoirs [9]. 
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2.1.5 Compressed Air Energy Storage (CAES) 

This system uses compressed air to produce energy and has similar principle as pumped hydro plants. 

Instead of pumping water from a lower to an upper areas (pool), the ambient air is compressed and 

stored under high pressures (40-70 bar) in ground areas (caves) to store energy. CAES uses electrical 

power to compress the air during peak-off hours, whereas, to reclaim the stored energy, the already 

pressurized air is heated and expanded into a turbine during peak hours [9]. 

2.1.6 Thermal Energy Storage (TES) 

In this technology, heat and cold are stored to balance the time and location mismatch between energy 

sources and demands. There are different types of thermal energy storages (TES), such as latent, 

sensible and thermochemical energy storage. Sensible thermal storage is the most common type of TES 

used, as in hot or cold water, and also particularly in solar plants that use as working component liquid 

(water and molten salt) or solid (sand and rocks) that are heated or cooled to store energy [9],[10]. 

2.1.7 Other Types of Energy Storage 

Some more energy storage systems are: small-scale compressed air, energy storage with natural gas, 

superconducting magnetic and energy storage in super capacitors [9]. 

2.2 Thermal Energy Storage  

The installation of thermal energy storage systems that can allow the heat or cold accumulation, can 

increase the flexibility of heat but also to balance the relation of supply and demand of the electricity 

production of a power plant. These systems can store thermal energy during phases when it is in excess 

and then use it when it cannot produce and meet the demand (or when it is not its priority to produce 

anymore) [6]. 

There are three main different technologies of heat storage. These technologies can be divided when a) 

the temperature of the working fluid is increased: then this type of storing is called sensible heat and 

when b) the phase of the fluid changes: then this type is called latent heat. These first two technologies 

belong to physical processes. The third type c) is called thermochemical energy storage (TCS) and 

storing heat or cold during when chemical reactions and/or physical transformations occur [11], [12]. 

These three different TES types come with typical storage capacities (kWh/t), efficiencies (%), power 

(MW) and costs (€/kWh) as summarized in Table 1 [13], [14]. The temperature range for the domestic 

hot water in sensible TES is 80-90 °C for charging and 10 °C for discharging. 

Table 1: Typical parameters of TES systems, redrawn based on [13]. 

 

TES System 

Capacity 

(kWh/t) 

Power 

(MW) 

Efficiency 

(%) 

Storage 

Period 

Cost (2015) 

(€/kWh) [14] 

Sensible TES (Domestic hot 

water - DHW) 

10-50 0.001-10.0 50-90 Days/months 0.1-10 

Phase change materials 

(PCMs) 

50-150 0.001-1.0 75-90 Hours/month

s 

10-50 

Chemical Reactions 120-250 0.01-1.0 75-100 Hours/days 8-100 

 

All the different categories that are described above, are summarized and explained further into Figure 

1. As it is mentioned above, thermal energy is divided into two main processes, the physical and the 

chemical ones. 
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The physical processes are divided into the sensible heat which includes liquids and solids materials, 

and the latent heat that includes the phase change materials from liquid to gas, solid to liquid and it can 

remain the same so from solid to solid. On the other side, the chemical processes include the sorption 

and the chemical reactions. Sorption is divided into liquid and solid adsorption and the composite 

materials while the chemical reactions are consisted by the hydrate and ammoniate reactions. This thesis 

project belongs to ammoniate chemical reactions. 

2.2.1 Physical Energy Storage 

In this section, is described the physical TES type which includes the sensible and latent heat. Except 

for their main characteristics are also presented their main differences and some of their advantages and 

disadvantages. 

2.2.1.1 Sensible Thermal Energy Storage 

The storage of thermal energy that is absorbed or released when the temperature of a substance changes 

(either if it is cooled or heated) is called sensible TES. Especially for applications concerning enclosed 

storages, liquids as for example water and oil, but few times uses also solid materials such as salts and 

iron which are more suitable. On the other hand, gases mainly due to their significant volume and 

pressure change with temperature, are not that common in closed sensible storage applications (air-

heated or air-cooled systems are used to store sensible heat/cold in air) [6]. 

Both liquid and solid materials are quite used for many applications, but liquids are preferable due to 

the fact that provide higher heat capacity than the solid materials. Additionally, solid materials are not 

so much wide used due to the so low volumetric heat capacity that provide their gases. However, the 

temperature range of liquids is limited because of the low temperatures that supply during evaporation 

and decomposition processes. The main disadvantage of the sensible TES systems is that the changes 

to the working temperature of the system affects the quality of the energy recovered [11], [15]. 

 

In sensible TES, the amount of energy stored depends on the difference of respectively the increasing 

or decreasing temperature ΔT (K), the specific heat capacity Cp (kJ/kg∙K) of the storage medium, and 

the storage size in-terms of mass m (kg/s). This energy, Q (kJ/s) can be found using the Equation (1): 

 

𝑄 = 𝑚 ∙ 𝐶𝑝 ∙ 𝛥𝑇 (1) 

When the volumetric energy density (uv) is high, then the volumetric heat capacity, ρ∙cp, of the storage 

material also has to be as higher as it can be. In this type of storage, the storage materials can be used 

as solid or liquid. Liquid sensible heat/cold storages could be a better sensible TES choice because they 

have higher heat capacity than solids. However, the operating temperature range of liquids is limited 

since they have low evaporation and decomposition temperatures [6]. 
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Figure 1: Main classification of thermal energy, based on [13].
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2.2.1.2 Latent Thermal Energy Storage 

Latent TES is called the storing of heat that is released or absorbed when the phase of a substance 

changes (e.g. from solid to liquid or liquid to vapor) without changing the temperature but changing the 

enthalpy. The latent TES is more attractive than sensible TES due to the greater change of enthalpy 

which is related with its specific heat and provides higher density of storage [16]. 

 

The phase transition turns into changing the enthalpy, ΔH (kJ/kg), of the substance. This change of 

enthalpy is quite big, while the temperature of the substance remains constant during phase transition 

[6]. The most practically appropriate phase transition is the solid-liquid phase because it provides lower 

change of volume of the two phases even if the gas-liquid transition offers higher change of enthalpy. 

Thus, the solid-liquid latent heat storage materials are commonly called phase change materials 

(PCM’s) in the TES context. The main advantage of latent TES systems is that they release/absorb heat 

at a constant temperature. Its main disadvantage is that provide higher heat losses during the storage 

process. Another disadvantage is the phase separation in some of the mixtures, if they are not chosen 

properly [15]. 

 

Latent TES systems are not commonly used for long-term applications, such as for seasonal storage, 

because it is observed these could have significant heat losses. However, there are a few seasonal 

storage systems using latent heat, as for example the latent heat of ice. Other types of PCM storages are 

not that attractive for seasonal storage, primarily for economic reasons (one cycle per year cannot justify 

the cost of the PCMs, in such large-scale systems) [16], [15]. 

 

Figure 2 shows the differences between sensible and latent heat in an enthalpy-temperature diagram, 

including summarized information regarding the change of the phase of a material. Latent heat in 

comparison with the sensible has constant temperature and higher value of enthalpy. The straight lines 

of the latent heat represent the phase change of a material from solid to liquid and from liquid into gas. 

 

 
Figure 2: Typical diagram of temperature-enthalpy of a pure substance, redrawn based on [15].  

 

2.2.2 Chemical Processes 

Except for the physical processes that described in the above section, in this subchapter is examined the 

other category of chemical processes that consists of sorption and chemical reactions (thermochemical 
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energy storage). Moreover, are presented their characteristics and principles as well as the close and 

opened systems. 

2.2.2.1 Processes of Sorption Thermal Storage 

The thermal storage through sorption contains the following processes of desorption that constitutes the 

charging process and requires heat for removal of the sorbate from the sorbent. Sorption process for 

adsorption or absorption, on the other hand, consists of the discharging process and it does not occur 

till the sorbent gets in-contact with sorbate to store the energy (sorption or indirect storage). There are 

four main categories of sorption storage: a) liquid absorption, b) solid adsorption, c) chemical reaction, 

and d) composite materials that actually enclose sites where the chemical reaction and adsorption or 

absorption occur, as it is shown in Figure 4 [1]. 

Adsorption that constitutes the charging process and requires heat for removal of the sorbate from the 

sorbent. It is divided into four different types; solid/gas, solid/liquid, liquid/liquid, and liquid/gas. The 

most known type of them is the solid/gas type, which is referred to as an adsorption or solid adsorption. 

Physical adsorption is when the adsorbate meets the adsorbent surface by the intermolecular forces 

(Van der Waals). Chemical adsorption is when these forces contribute to the formation of chemical 

compounds. The forces of the chemical adsorption are stronger than physical forces and the release heat 

is also higher than this of physical one [1]. The following Figure 3 shows the processes of adsorption 

and desorption of water vapour with solids and how the molecules of water are attached into the inner 

surface of solid adsorbents. 

 

Figure 3: Adsorption and desorption process of water vapour on solids, redrawn based on [1]. 

 

The operating mechanisms of adsorption and desorption are exemplified in Figure 3, with a working 

pair of vapour water on solids. When adsorption occurs, means that there is a binding of a gaseous/liquid 

phase of a component into the inner surface of a porous material. The molecules of water go into the 

material and release heat during adsorption while they go out of the material when the required heat is 

supplied on the inner surface of the adsorbent during desorption [1].  
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Figure 4: Classification of sorption thermal storage, redrawn based on [18]. 
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2.2.2.2 Thermochemical Energy Storage (TCS) 

An alternative solution of the previous TES systems (sensible and latent), is the thermochemical TES 

that can store the absorbed heat chemically. The main disadvantage of the previous systems of sensible 

and latent energy storage, is the enthalpy change per mole (ΔH) during heating/cooling of a substance 

and/or the working fluid that is used is too low. This leads to a larger storage volume of tanks since the 

heat that is required is higher as well. Moreover, the storage tanks that are used must have good 

insulation for minimizing the heat losses and that often increases the cost of the system. 

Thermochemical storage (TCS) systems are an alternative solution to avoid these drawbacks by using 

reversible chemical reactions [15]. Its main advantage against the previous two types is its higher 

storage density that can be reached the density of biomass. 

 

The main reason that TCS cycles were developed was to avoid the heat losses during the heat storage 

period, because these were expected to be used as a solution for seasonal heat, with possibility of excess 

heat storage. Heat losses are a main challenge in TES, in general. The process of sorption takes place 

such that the stored heat that can break the forces (binding) of the sorbent and the sorbate, and it covers 

both processes of adsorption and absorption [6]. This is further explained in Equation (2): 

 

C + HEAT ↔ A + B (2) 

Where, A and B are the reactants and C the TMC product. 

 

The main advantages of a TCS system are summarized following [1]: 

● higher energy density compared with physical change (latent and sensible heat) 

● the reversibility of the Equation (2) 

● long-term storage ability, as reactants are with small thermal loss 

● easily transported to generate heat at another location 

 

The main processes of a TCS are charging and discharging. Charging involves an endothermic reaction 

that concerns the dissociation process and requires an energy resource. Discharging involves an 

exothermic reaction in which the reactants combine and produce the TCM (Thermochemical Storage 

Material). The reverse chemical reaction (i.e., charging) is energy demanding while the forward reaction 

(i.e., discharging) is energy yielding. The most important factor to be considered for the proper selection 

of the TCMs is the material energy density (i.e., the reaction enthalpy change) and the temperature of 

the reaction (and probably pressure) [6]. 

 

The following graph in Figure 5 shows the relation between these two factors for different materials 

that can be used [12], [16]. As it can be seen, PCM materials operate within a lower range of 

temperatures of around 40-80 °C and provide an energy density range of 100 MJ/m3-1,000 MJ/m3. The 

chemical reactions, that include absorption, need much higher temperatures in a range from around 200 

°C till 1000 °C and provide higher energy densities between 1,000 MJ/m3 and 10,000 MJ/m3 [19]. 
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Figure 5: Diagram of temperature vs energy density of TCMs, redrawn based on [19]. 

 

2.2.2.2.1 Closed and Opened TCS Systems 

Thermochemical energy storage systems are designed using two different approaches: the open and the 

closed types, in both adsorption and absorption systems, respectively. The difference between closed 

and opened types is that the first one can supply higher output temperatures that the other for heating 

purposes [1]. 

Open TCS systems are based on adsorption process in order to complete the sorption processes with a 

hygroscopic substance that used as a drying agent (desiccant) and heat storage systems. The closed type 

of systems is based on the system with a fluid cycle (gas or liquid) that is isolated from the atmosphere. 

Closed systems are based on both processes of adsorption and absorption. Comparing between them, 

the closed systems provide less energy density than the open type. That is because, in closed systems 

that use water as a fluid, water vapour can be used as adsorptive and then has to be stored due to the 

fact that is part of the system. Additionally, the heat from the system needs to be transferred both ways 

by using a heat exchanger, as well as in open type. The closed type provides lower supply temperatures 

and then can be used usually for cooling purposes. However, these systems can also be used for heating 

applications due to the high output temperatures that can provide. This is because the substances of the 

closed systems remain separated from the heat transport of the stream. Moreover, it requires higher 

temperatures in the charging process of the system than the opened ones [1], [6]. 

In an open TES system, air flow carries water vapour as well as thermal energy in and out of the reactor. 

These systems consist of a working fluid and a TCM, mainly water is used as a fluid, and when it is in 

gaseous phase, it is released to the environment (operation in atmospheric pressure). In open TCS 

systems, the processes of desorption (charging) and adsorption (discharging) are used to store thermal 

energy without any thermal losses [1]. 
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2.2.2.2.2 Charging and Discharging Sorption Processes of Open and Closed TCS Systems 

During charging process, the air is heated up from an external heat source and becomes dry and hot and 

is transferred into the reactor with the sorbent. The desorbed water (that was attached to the sorbent) 

then is moving out of the reactor as a hot humid air stream. During discharging process, a cold wet air 

stream is generated by passing air through a humidifier. This cold wet air is and then sent into the reactor 

with the sorbent and finally comes out as a dry warm air as it depicted in Figure 6 [12]. 

A closed system typically consists of two tanks that are connected by a pipe as a passage for vapour. 

These two tanks are: the reactor where the reactive sorbent is located and reacts with the sorbate, and 

the condenser/evaporator where the sorbate is collected or condensed and later evaporated [12]. The 

charging includes the desorption process inside the reactor and the gas-liquid phase change in the 

condenser. The heat that comes from an external source is added to the reactor which breaks the binding 

force between the sorbate and the sorbent. The vapour that is released as a result is then transferred into 

the condenser and changes into liquid phase at lower temperature. Pipes are used to transfer the fluid 

media and the heat that comes from this changing phase (vapour to liquid) is released to the tank 

(condenser). When the process of charging is finished, the valve should be closed to separate the reactor 

and condenser and only if heating/cooling demands is needed, these are connected again [12]. 

 

Figure 6: Charging and discharging process of a closed system, redrawn based on [12]. 

The discharging works exactly in the reverse direction; that means that includes the sorption (of the 

recombining of sorbent and sorbate) inside the reactor and the liquid-gas phase change in the evaporator. 

The characteristic of these cycles is to produce cooling and heating loads for diurnal or even in certain 

cases seasonal storage applications (e.g. during summer and winter) by evaporator and reactor 

respectively. This process requires an extra heat source that can be solar, waste, and geothermal, the 

heat of evaporation of the liquid substance into the evaporator, or warm air from a heat exchanger [12]. 

Figure 6 and Figure 7 are shown the above described processes of an open and closed system 

respectively. Especially, Figure 7 presents both charging and discharging processes of an open system 

which uses water. During charging process, dry hot air from heat source passes through the desorber 

and then humid air comes out of the system. During discharging process, the exactly the opposite 

process takes place with humid air that comes in the adsorber/absorber and dry hot air is coming out. 
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Figure 7: Charging and discharging process of an open system, redrawn based on [12]. 

The closed systems provide compact design with low pressure and high power of its reactions but have 

poor heat and mass transfer of the media. In-contrast, the open ones provide better heat and mass transfer 

but require higher pressure, lower power of reaction and a humidifier to keep wet the stream of air. The 

main advantages and disadvantages of these systems are summarized in Table 2. 

Table 2: Pros and cons of closed and open systems, based on [1]. 

Type of system Advantages Disadvantages 

 

Closed 

Compact & small design 

Low pressure 

High power of reaction 

Non-condensable gases 

Tightness 

Bad heat transfer 

Bad mass transfer 

 

Opened 

 

Non-compact design 

Better heat transfer 

Better mass transfer 

High pressure 

Low power of reaction 

Humidifier to wet the air 

Limits of pressure drop 

2.3 Ammonia as an Energy Carrier 

Ammonia (NH3) is a widespread material used for many different applications, and its production 

accounted for more than 146 million tonnes per year around the world, in the year 2016 [20]. Ammonia 

is a suitable material for storing energy because it can be stored either as gas (pressurized) or as a liquid. 

Ammonia’s main drawback, however, is its toxicity that makes its storage more difficult. This negative 

impact of its toxicity can be reduced when it is absorbed in solid materials, e.g. certain types of salts. 

Storage of ammonia in salts is safer due to the fact that ammonia is bound in crystal structures which 

thus requires supply of heat to release ammonia back [15], [1]. 

One of the first ideas for the extraction of energy from ammonia was by the burning ammonia -as in 

solid ammines- in internal combustion engines. However, this approach was quite harmful for the 

environment because of the Green House Gas (GHG) and NOx emissions that creates. These emissions 
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increased by 19% over the past 30 years [21]. The most predominant method of extracting energy in 

ammonia today is by using fuel cells, which accommodates the direct use of ammonia as a fuel, due to 

the low temperatures in which these operate (around 400 °C) [16]. 

Another ammonia-based fuel-cell alternative is the decomposition of ammonia to obtain hydrogen and 

nitrogen, which can then be used in polymer membrane fuel cells (PEMFCs). The operation of these 

membranes can take place in quite low temperatures, i.e., lower than 100 °C. The drawback, or maybe 

the challenge, of using PEMFC’s is that membranes can be easily destroyed by ammonia. Therefore, at 

the end of ammonia decomposition, the remaining ammonia must be removed from these fuel cells. 

The removal of it can be done by absorbing this ammonia into e.g. a metal halide that releases ammonia 

at higher temperatures.  

2.4 Pure Metal Halide Ammines 

Metal halides are used in various applications because they provide many advantages of storing energy. 

A metal halide, with the chemical formula MXn can absorb ammonia (forming metal halide ammines) 

and release it again at higher temperatures. The salts can be combined with up to ten molecules of 

ammonia and this requires a huge cation. The molecules of ammonia are usually bounding weakly, so 

they are leading into complexes that are stable only at low temperatures. This number of molecules are 

depended on the radius of the elements and requires a quite big cation. 

As it is observed through researches, one of the most reasonable choices of metal halide ammines for 

thermochemical heat storage is strontium chloride (SrCl2) because of its high density of hydrogen which 

is around 8% [4]. Usually, in most systems such as that used in the project, system of strontium-chloride 

ammonia SrCl2∙8NH3, it is observed that combine maximum of eight ammonia molecules. Systems such 

as CaCl2∙8NH3 and BaCl2∙8NH3 can coordinate with six molecules [16]. 

The combination of salts and ammonia is one of the most appropriate because these materials provide 

wide binding energies and high capacity of the ammonia. Some applications of metal halides are: 

thermochemical heat pumps, ammonia production and separation, storage of heat and delivery of heat 

and cold as a destring heating and cooling, fuel cells or selective catalytic reduction of NOx gases [16]. 

Metal halide ammines have the advantage of quite high energy density. However, if the energy cannot 

be released at ambient temperature with a regulated way, this advantage of high density becomes 

irrelevant. The energy release occurs over a large temperature range that depends on the material used, 

and it is a reaction of different steps which are determined by the change of enthalpy and entropy ΔHdes 

and ΔSdes during desorption. This can be seen in Equation (3): 

ln (
p

po
) = −

ΔH𝑑𝑒𝑠

R ∙ T
+

ΔS𝑑𝑒𝑠

R
 

(3) 

 

In Equation (3), R=8.314 (J/mol∙K) is the gas constant, ΔHdes (kJ/kg) is the enthalpy of desorption, ΔSdes 

(J/kg) is the entropy of desorption, p (Pa) is the pressure of reaction, po=1 Pa is the reference pressure, 

and T is the temperature of reaction (Κ) [16]. 

2.4.1 Strontium Chloride 

The material that is used in this thesis on the TCS system is strontium chloride (SrCl2) and, in this part, 

the main reasons for this choice are explained. The process of desorption has different steps that will be 

presented, by the following chemical reactions, as in Equations (4), (5) and (6): 
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𝑆𝑟(𝑁𝐻3) 8𝐶𝑙2 (𝑠)  ↔  𝑆𝑟(𝑁𝐻3) 2𝐶𝑙2 (𝑠)  + 6𝑁𝐻3 (𝑔) (4) 

𝑆𝑟(𝑁𝐻3) 2𝐶𝑙2 (𝑠)  ↔  𝑆𝑟𝑁𝐻3𝐶𝑙2 (𝑠)  + 𝑁𝐻3 (𝑔) (5) 

𝑆𝑟𝑁𝐻3𝐶𝑙2 (𝑠)  ↔  𝑆𝑟𝐶𝑙2 (𝑠)  + 𝑁𝐻3 (𝑔) (6) 

The reactions in Equation (4) and (5) occur almost at the same temperature. Except for that, due to the 

relatively high total hydrogen density (wH=8.2 %), of strontium chloride, makes it more preferable than 

other metal halides, during desorption as a TCM for ammonia-based heat storage [24]. 

Through the years, it is observed that the diammine does exist in the case of small interval and it has 

similar structure and stability as the monoamine [25], but only during desorption process. The existence 

of diamine phase is depending on the conditions of the reaction, which means temperature and pressure 

of it, so it can be found in a higher or lower stability than the monoamine phase (that is why diamine is 

not always be visible in all the experiments that have been done. The octaammine (SrCl2∙8NH3) is 

observed during the absorption and it is formed from monoamine (SrCl2∙NH3). The octaammine is 

released at a higher temperature when it is bound with the last ammonia molecule (around 100 °C or 

more) in comparison with the first seven molecules. However, it is more suitable not to use this reaction 

with the last molecule of NH3 because in case of full release of heat (using all the eight ammines), it 

will require a huge amount of supply heat. Also, strontium chloride is chosen for practical reasons 

instead of other materials that have even lower hydrogen densities of it (strontium chloride has around 

7.2%) because the system then does not degrade, and the non-steady stream of ammonia can be 

controlled upon release. 

Ammonia absorption characteristics are available from measurements performed, using the 

thermogravimetric analysis, and density functional theory calculations [26]. Therein, the enthalpy of 

desorption of strontium chloride (octaammine) was determined with both techniques to be around 37-

39 kJ/mol. SrCl2 is found to be more suitable than other salts, as for example because SrCl2 binds 7 out 

of 8 ammonia molecules with low binding energy (1-7: 41.4 kJ/mol and 8: 48.1 kJ/mol) compared to 6 

out of 8 for CaCl2. Moreover, SrCl2 is preferred due to the stable ammines it forms: monoammine 

SrCl2∙NH3, diammine SrCl2∙2NH3, and octaammine SrCl2∙8NH3. Depending on the temperature and 

pressure, transitions can go between mono-, di-, and octa ammine or directly between mono- and 

octaammine [26]. The desorption enthalpy of the absorbed state of strontium chloride of the octa-

ammine, that means a fully desorbed, is observed around 38 kJ/mol. Because this value of the last 

ammine is quite high, is not used usually (and also on this project) because it requires more energy for 

producing a fully desorbed ammine [26]. 

2.4.1.1 Measurements of Absorption Rate 

The absorption and desorption dynamics of ammonia are quite important for the TCS system 

performance. Equations (7), (8) and (9) show the kinetic model, the relative pressure and equilibrium 

pressure respectively of the absorption/desorption reaction [26]. 

 

𝑟𝑎 = 𝑘𝑜 ∙ 𝑒𝑥𝑝 (
−𝐸𝑎

𝑅 ∙ 𝑇
) ∙ (1 − 𝑠)𝑀 ∙ 𝑓(𝑠, 𝑇, 𝑝) 

(7) 

 

Where, Ea is the activation energy (J/mol), R is the gas constant (J/mol∙K), while ko and M are constants, 

T is the absolute temperature that reaction occurs (K) and s is the ammonia saturation degree (K). The 

relative pressure (Prel) and the equilibrium pressure (Peq.) are found respectively by using Equation (8) 

and (9) [26]. 
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𝑃𝑟𝑒𝑙(𝑠, 𝑇) =
𝑃 − 𝑃𝑒𝑞. (𝑠, 𝑇)

𝑃𝑒𝑞. (𝑠, 𝑇)
 

(8) 

 

log 𝐾 =  log 

𝑃𝑒𝑞.

𝑃𝑜
=  −

𝛥𝐻

𝑅 ∙ 𝑇
+  

𝛥𝑆

𝑅
  

(9) 

 

The experimental work of Ammitzboll et al., 2013 [26] indicates and confirms that, through its 

stoichiometry, that the use of strontium chloride with ammonia has the advantage of requiring only a 

small amount of gaseous ammonia in comparison with the amount of SrCl2. This means that the 

temperatures can be assumed as constant (as for example the saturation degree) during the process of 

absorption because the heat of reaction is evolved due to the small amount of ammonia gas. That also 

means, the absorption rates is a function of the pressure of ammonia which can be measured at different 

temperatures (and saturation degrees) [26]. 

 

𝑟𝑎 =  
𝑉

𝑅 ∙ 𝑇
 
𝑑𝑝

𝑑𝑡
 

(10) 

 

Equation (10) is called equation of state where ra is the absorption rate that is a function of the ammonia 

pressure, V is the volume of the chamber (m3), R is the gas constant (J/mol∙K) and T is the temperature 

of the reaction (K). The absorption rate is determined by the term of 
𝑑𝑝

𝑑𝑡
. 
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3 Literature Highlights of Ammonia-Metal Halides TCS Systems 
This section is based on a literature assessment of ammonia-metal halide TCS systems. Herein, certain 

TCS system designs and models that are found to be most relevant to the present study context are 

concisely discussed. In this literature study, the primary focus was on the thermochemical 

absorption/desorption process between strontium chloride (SrCl2) and ammonia (NH3). The section 

concludes with highlights on design concepts and component arrangements identified among these 

studies on NH3-metal halide TCS systems. From several chosen NH3-metal halide TCS system 

configurations, a final optimal design is then proposed in detail (and is eventually modelled and 

examined as detailed in later sections) that allows continuous heating and cooling operation. 

3.1 Operating Principles of the Chosen TSC Systems 

The working principle of TCS systems using the metal halides-ammonia reactions, is represented in 

Figure 8, and it is based on three different processes of heat absorption, storage and release. During the 

absorption process (see Figure 8 (A)), the absorbed heat (comes from an external heat source) 

decomposes the salt ammines, at an elevated temperature, into gaseous ammonia and solid salts. The 

released ammonia is then condensed and transferred into a storage tank in ambient temperature and an 

elevated pressure (see Figure 8, (B)), in liquid phase. That process consists the storage mode where the 

pure solid salt and liquid ammonia are in different tanks with no connection between them. During the 

reverse process of releasing heat, the liquid ammonia is transferred back into another tank (i.e., the 

reactor) (see Figure 8, (C)) which contains the solid salt. Then heat that is released to the environment 

is the heat of absorption of NH3 into the salt [5], [29]. 

 

Figure 8: Schematic description of absorption and desorption of an ammonia-salt cycle, redrawn based on [5]. 

 

 

Figure 9: Mechanisms of ammonia in the salt during absorption and desorption processes, redrawn based on [5]. 
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TCS systems operate in two different processes of charging and discharging for heating and cooling 

purposes respectively. These mechanisms of both absorption and desorption processes between salt and 

ammonia are presented graphically in Figure 9. The charging process occurs when the one part of the 

reaction takes place and used for heating mode and the discharging process when the other part of the 

reaction occurs and used for cooling mode [5]. These processes are described below for a closed and an 

opened sorption thermal storage. 

3.2 Literature Review Highlights on Several Chosen Ammonia-Metal Halide 

TCS Systems  

This section contains a detailed examination of several chosen ammonia-metal halide TCS systems 

from those presented in literature. Thereby, it is expected to identify insights and important lessons for 

the design of an updated and improved system. There are details regarding the components that are used 

and the operating principle of each one of these systems to take into consideration which of them are 

preferable and appropriate for the final system. All the systems below use as working pair NH3-SrCl2, 

some of them using both reactions of absorption and desorption and some others only one of them 

(preferable desorption). 

3.2.1 TCS System Design of DTU 

The first TCS system analysis discussed in this section is one designed at DTU, Denmark, by the NHS 

project leading group. Within their work they have modelled a thermal energy storage unit that is based 

on the thermochemical absorption and desorption processes by using strontium chloride and ammonia. 

It is also done a simulation of the reactor (Comsol AB 2016 software) that will be used for the system 

including an analysis of all its important parameters but it is not presented on that project (see more 

details about simulation of reactor [30]). Except for the above-mentioned simulations, it is constructed 

as an experimental system as well as was analysed with performed numerical modelling of it. 

This TCS system constructed at DTU employs the NH3-SrCl2 system, using the specific reversible 

reaction and conversion only between the first to the last ammine (octaammine). 

The following chemical reaction as in Equation (11), occurs between ammonia gas and SrCl2 salt: 

𝑆𝑟𝐶𝑙2 (𝑠) + 8𝑁𝐻3 (𝑔) ↔ 𝑆𝑟𝐶𝑙2 · 8(𝑁𝐻3)(𝑠) + 𝛥𝐻 (11) 

Especially for the DTU system, during absorption/desorption processes the system operates only for 

the first seven equivalent ammines, Equation (12), and then the above equation (11) finally is 

considering as following: 

𝑆𝑟𝐶𝑙2 · 𝑁𝐻3(𝑠) + 7𝑁𝐻3 (𝑔) ↔ 𝑆𝑟𝐶𝑙2 · 8𝑁𝐻3(𝑠) + 𝛥𝐻 

 

(12) 

The specific pressures and temperatures during desorption and absorption are decided to be at 80 °C 

and 8 bar, and 25 °C and 0.8 bar respectively for each reaction. The absorption of NH3 into SrCl2 is an 

exothermic and reversible chemical reaction. In reverse, waste heat can be used to desorb the NH3 from 

the ammoniated salt. If additional heat is needed, it can be recovered by letting the working pair of NH3 

and SrCl2 to recombine. When these two are separated, the released ammonia should be stored in the 

liquid phase to have more suitable dimensions in the system. Due to the fact that ammonia liquefies at 

10 bar and 25 °C, the volume of this storage tank is smaller than when the storage conditions are 

changed, where the ammonia would be in gas phase and thus needs higher volume [11]. According to 

a p-h diagram of ammonia, when the pressure is increased and the temperature is kept at 25 °C, then 
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ammonia is still in its liquid phase but when the pressure is decreased at the same temperature, then the 

ammonia is in its vapour phase. The behaviour of both conditions of pressure and temperature affect 

the phase that ammonia provides. 

 

Figure 10: Setup of the DTU SrCl2-NH3 TES system, redrawn based on [30]. 

Figure 10 presents the operation of the TCS system that designed at DTU. There is an external heating 

source, thermal bath, which is common for both reactions (absorption and desorption) and operates 

depending on the desired reaction that the system needs. Moreover, the same bath consists of two 

different loops (red and greed loop) and operates in dual mode as a cold and heat source alternatively 

for desorption and absorption respectively. One of them (shown in red) is for the flow and the heat 

transfer of fluid. The other one (in green), is for recovering the heat that comes from the bed of salt 

during absorption and passing through the heating source. There is a pump that recirculates the fluid, 

and a liquid flow meter for measuring the flow (used during both desorption and absorption process). 

The valves that are there in the whole system are used to control the flowrate by opening and closing 

them according to the required direction of the flow. The thermocouples that pass through the salt bed 

are used to measure the temperature of the fluid at two different points, the first one at the inlet and the 

second one at the outlet (useful to perform the energy balances). The reactor is containing the metal 

halide is a porous bed where the reaction between strontium chloride and ammonia takes place. A heat 

exchanger (HEX) is placed within the porous bed and accommodates the heat transfer from the salt bed 

to the heat transfer fluid. The rest of the system consists of another closed loop (consisting of a forward 

and a return loop), as indicated in Figure 10 reactor-storage tank loop which is designed for storing the 

desorbed ammonia and to let it later to be reabsorbed into the salt bed. Forward loop consists of the 

path between the reactor until the storage tank and the return one, the other way around, from storage 

tank till the reactor. 

 

In Figure 11 depicts the detailed reaction system of this same set-up. There, after desorption occurs 

inside the reactor in the forward loop, the desorbed ammonia passes through the first cooler, cools down 

and is maintained at ambient temperature (~25 °C). The process continues with the compression of 

ammonia to 10 bar (from 8 bar), which consequently increase its temperature significantly. Because of 

that, a second cooler is used to cool the ammonia down again to ambient temperature, whereby NH3 

reaches the liquid state. Finally, this liquid ammonia at ambient temperature is stored in the storage tank 

which is the last component of the first half cycle of the process (Figure 11). 



 

20 
 

 

The valve in the return loop between ammonia storage tank and the heater converts the liquid NH3 to 

vapour phase through expansion. The expansion cools down the gaseous ammonia, and thus it is heated 

to ambient temperature by the heater located just before the reactor. With this heating, it is expected to 

convert the remaining liquid NH3 to vapor. The expansion may cool ammonia below 0 °C, which 

depends on how large the pressure drop will be after the valve. Extremely low temperatures (below 0 

°C) should be avoided for the safety of pipes and other system components, by controlling the pressure 

drop [30]. 

 
Figure 11: Schematic description of the closed loop of a TES ammonia storage cycle, redrawn based on [30]. 

 

The main problem with this system is that it cannot work at the same time both ways of charging 

(desorption) and discharging (absorption). That means that the process which occurs is only for heat 

storage or release respectively, at a given half-cycle. 

 

The pressure that the reaction takes place, Equation (13), affects the reaction equilibrium. This means 

that absorption (forward reaction: →) and desorption (backward reaction ←) will take place when the 

pressure is higher than and lower than the equilibrium pressure respectively. The Equilibrium pressure 

is found with respect to Van’t Hoff equation, as shown in Equation (13) [30]: 

Peq =  Po ∙ exp (−
ΔΗ

R ∙ T
 ) + (

ΔS

R
) 

(13) 

 

In Equation (13), Po is the reference pressure (Pa), R is the gas constant (J/mol∙K), ΔH is the reaction 

enthalpy (kJ/kg) and ΔS is the entropy of the reaction (J/K). Moreover, T is the temperature of reaction 

(K) and Peq is the equilibrium pressure (Pa). The values of enthalpy and entropy are different for the 

different mechanisms of desorption and depend on the number of ammonia molecules that are extracted 

during the reaction process. This means that the enthalpy and entropy of each molecule of ammonia 

differs and provides different equilibrium curve of pressure during complete or partial absorption up to 

only a number of ammines. Figure 12 shows NH3 phase diagram indicating the relation between 

pressure and temperature. 
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Figure 12: Ammonia phase change curve, constructed based on data from [32] and [33]. 

The equilibrium pressure for the last (i.e., the 8th) molecule of ammonia is much lower than the first one 

and generally is the lowest of all. This means that, for a given desorption temperature, a lower pressure 

is required to desorb the last ammine, compared to the previous seven ammines. On the other hand, for 

a given pressure, desorption of the last ammine needs higher temperature respectively. The meaning of 

all these is that the eighth ammine is the most difficult to be desorbed because requires too large energy 

barrier to overcome and too large volume change [34]. 

The TCS system of DTU was designed to operate at lower temperatures and it is designed for the 

desorption of only the first seven ammines (from 1st to 7th ammine), i.e., the reaction expressed in 

Equation (14), and the absorption from 2nd to the 8th ammine. 

𝑆𝑟𝐶𝑙2 ∙ 𝑁𝐻3(𝑠) + 7𝑁𝐻3 (𝑔) ↔ 𝑆𝑟𝐶𝑙2 ∙ 8𝑁𝐻3(𝑠) + 𝛥𝐻 (14) 

When the equilibrium pressure variation of the absorption/desorption system of the first seven 

equivalent ammines with temperature of 80 °C, is correlated to the NH3 phase diagram (Figure 13). It 

can be observed that when the system operates above the temperature of 90 °C, the TES ammonia cycle 

that described above, can be operated without using a compressor. If the desorption process is above 10 

bar, the storage of liquid ammonia can take place at 25 °C [30]. 
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Figure 13: Equilibrium pressure vs temperature and NH3 phase transition curves for the absorption/desorption of 

the first seven equivalent ammines, redrawn based on [30]. 

 

The following important assumptions have been used when numerically modelling system was designed 

at DTU in order to be done also the experiments [30]: 

✓ Ammonia in gaseous phase that exists in the reactor has the same temperature of desorption after 

the reactor, into the stream before it enters the first cooler, so Tdes (~ Theat source) 

✓ The processes of heat exchange occur at the same constant pressure of 8 bar 

✓ Ammonia is cooled at room temperature (25 °C) before and after the compression, respectively in 

first and second cooler (condenser) 

✓ Ammonia is liquefied by the second condenser (cooler 2) and then it is stored at 10 bar, at ambient 

temperature of 25 °C 

✓ The expansion process that occurs in the valve is an isenthalpic 

✓ Ammonia enters the reactor at room temperature and the desired operating pressure of 5 bar 

 

Besides the above assumptions, there are a few more assumptions that have been used, such as the 

temperature of desorption that would be at 80 °C and the operating pressure at 5 bar [30]. The required 

mass flow of ammonia is the total amount of it in the system divided by the time duration of desorption. 

The assumptions that are considered in the numerical modelling of the TCS system at DTU are 500 g 

(3.15 mol) of SrCl2 salt and 375 g (22.1 mol) of NH3,that corresponds to 0.253 kWh, and a desorption 

time of one hour (3,600 seconds) [30]. 

 

The use of a compressor is another important aspect because as it is mentioned above, the cycle can 

also operate without a compressor under specific temperatures and pressures. If the compressor is used, 

it will increase the energy demand of the whole system and as a result would be less attractive 

economically. When the compressor is used, besides the energy demand and the electricity input that 

the system needs for storing heat at low temperatures, it needs a heat exchanger for cooling the ammonia 

that comes out of the reactor and a heater after the compression [30]. 
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A solution for that technical aspect is to use a compressor that can operate at the same or a higher 

pressure than ammonia storage pressure of 10 bar. That means that the pressure should be always above 

10 bar, and therefore, the heat source should operate at temperatures higher than 90 °C [30]. 

3.2.2 TCS Model of Steady State Flow for Heating and Cooling  

The next system that is discussed herein is only a conceptual design of a TES system which is also done 

in numerical modelling through Aspen software. Herein is a solid-gas TES system of strontium 

chloride-ammonia for solar heating and cooling applications, that operates in a steady state of flow and 

contains two transient storage tanks, a tank for liquid ammonia and a tank for solid SrCl2∙8NH3. Two 

different processes of occurs, desorption that is the charging of the cycle and absorption that consists 

the discharging of it. This system stores solar or waste heat that comes in the form of chemical bonds 

when the gaseous ammonia is desorbed from the solid salt. The working pair that is used also in that 

system is gas-solid of NH3 and SrCl2∙NH3. That system design operates overall as a heat pump, using 

two identical reactors for absorption and desorption respectively. The system uses these two reactors 

because for a heat pump are also needed two heat transfer areas. That areas are needed due to the 

separation that should provide between each other; the first area for the low temperature heat that is 

gone in and the second area for the high temperature heat that is delivered [11]. 

 

The proposed conceptual design system by Maan Al-Zareer et al. [11] is based on thermochemical 

energy storage using absorption and operating with main four components (condenser, evaporator and 

two reactors for charging and discharging) but there are also more components in the system such as a 

pump, a liquid and a solid storage tank for cooling and heating applications. It is assumed that the 

system operates as a heat pump under steady-state conditions and uses the same pair of solid-gas [11]. 

Steady-state conditions means that the system operates with steady flow devices, both reactors, 

condenser and evaporator that provide the same flow during the whole process. Also, the solid salt 

storage tank is assumed to have perfect insulation without any losses. The system is consisting of two 

solid-gas reactors, which are connected by a common wall between them, one for charging and the other 

for discharging. A condenser and an evaporator are also used for the operation of the cycle. The reactor 

for charging on this designed system, operates with solid powder of SrCl2∙8NH3 that is heated. Once 

this ammoniated salt has released its incorporated NH3, monoammine is then transferred to the tank for 

the solid [11]. 

 

In the most of the TCS systems that are examined in literature (i.e. page 18, 23, 28 and 30), the solid 

salt remains at one location while the vapour phase is passing though one vessel to the other one. Such 

a system, however, gives a low conversion percentage to the reactants. In order to avoid this problem, 

the proposed system by Maan Al-Zareer et al. [11] is designed to use powder of the solid reactant 

material (RM) that can increase the area of the surface for the heat transfer and thus the degree of 

chemical reaction. The transportation of the solid from the first to the second reactor can be done by 

using a belt and a bucket conveyor system or mixing them in a liquid that will not react [11]. 

 

The operation of that system can be understood easily, referring to the Figure 14, Figure 15 and Figure 

16 which represent the system layout, the Clapeyron diagram and the model designed in Aspen 

software. The Clapeyron diagram (Figure 16) includes two different equilibrium lines of solid-gas and 

liquid-vapour of the working pair SrCl2∙8NH3. In addition, there are various pairs of pressure and 

temperature that represent the different modes of cooling and heating when the pressure is varying. The 

different modes of storing, heat and cold production are mentioned in each line that connects the 

equilibrium line, including the relative pressure and temperature in each case. 
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The body of the charging reactor (S-G charging reactor) gets heated from the ambient temperature till 

the desorption (decomposition) temperature which is 96 °C (Figure 15). After that, the charging 

(decomposition) reactor is ready for the processes of the injection and extraction of the solid powder 

sorbent. That means when the solid powder is injected, the temperature of it is also increased from the 

ambient (outdoor) to the decomposition (the same temperature as the reactor’s) temperature. The 

process of decomposition of solid-gas starts when both reactor and the solid sorbent reach this 

temperature. Then, the mixture of ammonia gas and solid salt is transferred to the separator that 

separates NH3 gas and the solid salt into two different streams. The gaseous NH3 is then transported to 

the condenser where it is converted into liquid at ambient temperature. A heat pump upgrades the solar 

heat from 87 °C to 96 °C (the reference temperature is set to 0 °C). Both NH3 (as a vapor again, coming 

from the evaporator) and solid salts then recombine in the second reactor (S-G discharging reactor) for 

the process of discharging, that is the synthesis process, while the process of the charging is taking place 

in the first reactor. Finally, the solid ammoniated salt from the second reactor is transported to the first 

reactor, for a continuously process [11]. 

 

The transfer of thermal energy to the reactants inside the reactor can be done with different ways such 

as using a reactor that has a pressurized warm water jacket, using a reactor that can be warmed from 

solar heat, or adding superheated steam to the reactants (blowing in the opposite direction to the solid) 

[11]. 

 

 
Figure 14: Sketch of the solid-gas thermochemical TES system (S-G: Solid-Gas Reactor), redrawn based on 

[11]. 
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Figure 15: Flow sheet process for the steady-state thermochemical cycle (Aspen), (HEX: First Heat Exchanger, 

HEX2: Second Heat Exchanger, HEX3: Third Heat Exchanger, S-G: Solid-Gas Reactor, S-G DISCH: Solid-Gas 

Discharging Reactor, COND: Condenser, C-SOLID: Cold Solid, H-NH3: Hot Ammonia, NH3-V: Ammonia 

Vapor and NH3-L: Ammonia Liquid), redrawn based on [11]. 

 

As it is mentioned above, the system operates as a heat pump and that is why requires two reactors, 

because of heat pump two transfer areas are needed, one for low temperature heat that is taken in, and 

the other one for the high that is delivered. At first point, the pressure decreases inside the tank of liquid 

ammonia (refrigerant tank) which is located down-stream of the condenser. The pot of the evaporator 

is cooled down and removes the heat. After that, heat input is needed to occur the synthesis reaction 

[11]. 

 
Figure 16: The Clapeyron diagram for the sorption pair of SrCl2·8NH3 presenting the solid-gas (blue line to the 

left) and liquid-vapour (red line to the right) equilibrium lines, redrawn based on [11]. 
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During the charging phase, the solid desorbs the gas in the decomposition reaction of the working pair, 

which is SrCl2·8NH3, where this NH3 is stored in liquid form after when it rejects heat in the condenser. 

During discharging, the pressure of the liquid NH3 is reduced based on the required production mode 

of either cooling or heating (as denoted in Figure 16). The liquid NH3 evaporates in the evaporator and 

then reacts in the solid-gas reactor exothermically [11]. The total heat input and output of this process 

are given by Equations (15) and (16) [11]. The heat that is needed as an input, is used for the charging 

phase and the heat that is needed as an output, is used for the discharging phase. 

 

The most important factors of the system are the mass and energy balance on it because it can affect the 

whole performance and operation. The following Table 3 is summarized the most important of this 

information including the equations of the energy and mass rate balance for both reactors, condenser 

and evaporator. 

 
Table 3: Energy and mass balances equations of cycle's components, based on [11]. 

 

Component 

 

Energy Rate Balance Equation 

 

Mass Rate Balance Equation 

Solid-Gas 

Charging 

Reactor 

Qin+ mSrCl2∙8NH3∙hSrCl2∙8NH3 = 

mSrCl2∙NH3∙hSrCl2∙NH3+7(mNH3 (g)∙hNH3 (g)) 

dmSrCl2∙8NH3 = dmSrCl2∙NH3+7dmNH3 

Condenser mNH3 (g)∙hNH3 (g) = Qout+mNH3 (l)∙hNH3 (l) mNH3 (g) = mNH3 (l) 

Evaporator Qcool+mNH3 (l)∙hNH3 (l) = mNH3 (g)∙hNH3 (g) mNH3 (l) = mNH3 (g) 

Solid-Gas 

Discharging 

Reactor 

mSrCl2∙NH3∙hSrCl2∙NH3+7(mNH3 (g)∙hNH3 (g)) = 

Qout+mSrCl2∙8NH3∙hSrCl2∙8NH3 

dmSrCl2∙NH3+7dmNH3 = dmSrCl2∙8NH3 

 

Where, Qin is the heat transfer that is supplied to the reactor (kJ), Qout is the heat transfer that is rejected 

from the reactor (kJ) and Qcool is the heat that is rejected from the evaporator (kJ). The masses of 

octaammine and monoamine are presented by mSrCl2∙8NH3 and mSrCl2∙NH3 respectively (kg), hSrCl2∙8NH3 and 

hSrCl2∙NH3 are the enthalpies (kJ/kg) of octaammine and monoamine respectively as well. The mass and 

the enthalpy of ammonia are mNH3 (kg) and hNH3 (kJ/kg). All the terms with the symbol ‘d’ do not show 

the mass but the mass rate. The mass rate of the solid storage tank is dmcv, SST (kg/sec) and the mass rate 

of the liquid storage tank is dmcv, LST (kg/sec). 

 

𝑄𝑖𝑛 =
[(𝑓 ∙ 𝛥𝛨𝑅 ∙ 𝑚𝑅𝑀)𝑡𝑐ℎ + (∫ 𝐶𝑝

𝑅𝑀
𝑇𝑑𝑒𝑐𝑜𝑚𝑝

𝑇𝑎𝑚𝑏

∙ 𝑚𝑅𝑀𝑑𝑇) 𝑡𝑐ℎ +  (∫ 𝐶𝑝
𝑅𝑀𝐵

𝑇𝑑𝑒𝑐𝑜𝑚𝑝

𝑇𝑎𝑚𝑏

∙ 𝑚𝑅𝑀𝐵𝑑𝑇)]

𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔

 

(15) 

𝑄𝑜𝑢𝑡 =  [(𝑓 ∙ 𝛥𝛨𝑅 ∙ 𝑚𝑅𝑀) ∙ 𝑡𝑑𝑖𝑠𝑐ℎ − (∫ 𝐶𝑝
𝑅𝑀

𝑇𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠

𝑇𝑑𝑒𝑐𝑜𝑚𝑝

∙ 𝑚𝑅𝑀 ∙ 𝑑𝑇) 𝑡𝑑𝑖𝑠𝑐ℎ]

𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔

 
(16) 

 

The terms of Equation (15) represent the heat of the decomposition of the solid-gas compound 

(𝑓 ∙ 𝛥𝛨𝑅 ∙ 𝑚𝑅𝑀)𝑡𝑐ℎ , the sensible heat of the reactant (from ambient to decomposition temperature) 

(∫ 𝐶𝑝
𝑅𝑀𝑇𝑑𝑒𝑐𝑜𝑚𝑝

𝑇𝑎𝑚𝑏
∙ 𝑚𝑅𝑀𝑑𝑇) 𝑡𝑐ℎ and the sensible heat of the reactor metallic body respectively during the 

charging phase ∫ 𝐶𝑝
𝑅𝑀𝐵𝑇𝑑𝑒𝑐𝑜𝑚𝑝

𝑇𝑎𝑚𝑏
∙ 𝑚𝑅𝑀𝐵𝑑𝑇. The terms of Equation (16) show the same but during the 

discharging phase. The term f is the fraction of the reactant that is converted to the products based on 

the reaction of the system, 𝛥𝛨𝑅 is the enthalpy difference of the reaction (kJ/kg), 𝑚𝑅𝑀 is the mass flow 
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of the reactant material (kg/sec), 𝑡𝑐ℎ and  𝑡𝑑𝑖𝑠𝑐ℎ are the durations of charging and discharging processes, 

𝑇𝑑𝑒𝑐𝑜𝑚𝑝 is the decomposition temperature (K), 𝑇𝑎𝑚𝑏 is the ambient temperature (K), 𝑇𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 is the 

reactor’s temperature of synthesis of ammonia (K), 𝐶𝑝
𝑅𝑀 is the specific heat capacity of the reactant 

material, 𝑚𝑅𝑀𝐵 is the mass of reactor’s metallic body (kg). 

 

The following assumptions were considered for the calculation part of this system design model [11]: 

• The mass of the reactor is considered as five times higher than the mass of the reactants 

• The mass of the evaporator during the cold production is five times the mass of the reactants 

• Both reactors that used are made by stainless steel 

• There are no heat losses of both liquid and solid storage tank 

• The ambient temperature is considered at 0 °C 

3.2.2.1 Charging and discharging efficiencies 

In this section, the efficiencies of heating and cooling cycles of the system that used, are calculated for 

specific temperatures, are represented with their definitions. 

 

The charging energy efficiency, Equation (17) of the system is calculated from the amount of heat that 

the system has as an input to the heat storage (the input is consisted by Qdecomp (kJ) and QRM (kJ)), 

divided by the total amount of heat that is supplied, which is useful for the storage, to the system Qin 

(kJ) (the heat that is used for raising the temperature of the reactors’ body is not included because it is 

not stored but it is wasted). 

ηch,h = (Qdecomp + QRM)/𝑄𝑖𝑛 (17) 

The discharging energy efficiency, Equation (18) represents the amount of heat that released during the 

discharging process (Qout (kJ)) by the amount of heat that is stored during the charging process (it 

includes Qdecomp (kJ) and QRM (kJ)).Where Qdecomp is the heat that is needed for the decomposition 

process (desorption) of the reaction, QRM is the heat which should be provided for the reactant material 

and Qin is the heat that is supplied and it is useful for the system. 

 

ηdis,h =  Qout/(Qdecomp +  𝑄𝑅𝑀) (18) 

 

The Equations for the coefficient of performance (COP) and the efficiency (η) of the cycle are 

represented in Equation (19) and (20) respectively. In Equation (19), electrical power (Qout (kJ)) is 

required to upgrade the heat which is absorbed in the decomposition reactor (desorber) into the heat 

that is released in the synthesis (i.e., discharging) reactor (absorber). The energy that used as an input 

is considered the pump work (Win (kJ)) and heat which is supplied to the evaporator (Qevap (kJ)). 

Regarding condenser’s heat, it is not used into calculations because it is considered as a loss. In Equation 

(20), the efficiency of cycle is considered of the energy output, which is the heat that is rejected from 

the absorber Qout (kJ), by the energy input, that includes the heat of desorber Qin (kJ) , the heat that is 

supplied into the evaporator Qevap (kJ) and the work of the pump Win (kJ) [11]: 

 

𝐶𝑂𝑃𝑒𝑛 =  
𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑂𝑢𝑡𝑝𝑢𝑡

𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝐼𝑛𝑝𝑢𝑡
=  

𝑄𝑜𝑢𝑡

𝑄𝑒𝑣𝑎𝑝 +  𝑊𝑖𝑛
 

 

(19) 
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𝜂 =  
𝐸𝑛𝑒𝑟𝑔𝑦 𝑜𝑢𝑡

𝐸𝑛𝑒𝑟𝑔𝑦 𝑖𝑛
=  

𝑄𝑜𝑢𝑡

𝑄𝑒𝑣𝑎𝑝 +  𝑊𝑖𝑛 +  𝑄𝑖𝑛
 

 

(20) 

3.2.3 Experimental TCS Solid Sorption Refrigeration System 

The next system which is also examined on heat and mass transfer is a solid sorption refrigeration 

system that uses, as a working pair, NH3 and SrCl2. This system comprises of two sorbent reactors (both 

solid), an absorber and a generator. The working pair in this system is more suitable for high ambient 

temperatures because SrCl2 absorbs NH3 at a higher heat sink temperature than others such as BaCl2 

and desorbs larger amounts of NH3 at a lower temperature of generation e.g. in comparison with CaCl2. 

The advantage of using NH3 and SrCl2 as a working pair is that they are closely packed together-

compactness due to fast kinetics of its reaction and its high heat of reaction and operating temperature 

range that provides [35]. 

 

The losses of the system depend on the amount of sorbent (SrCl2) that is used for a specific output of 

heating or/and cooling. The heat and mass transfer are important factors for the whole system to 

determine the proper operation of it. Mass transfer depends on the quantity of the salt that the system 

requires, while the thermal conductivity is the key for improving heat transfer (which depends on the 

COP-Coefficient of Performance) and the power output [36]. 

 

 
 

Figure 17: Schematic diagram of solid sorption refrigeration system employing two reactors (two pairs of 

generator/absorber), (Qrev: Heat operates reversibly), redrawn based on [35]. 

 

The TCS system studied by NagaMalleswara Rao et al. [36] is presented in Figure 17, and is consisting 

of a condenser, an evaporator, an expansion valve and two generators absorbers. The generators-

absorbers are connected to the condenser and evaporator respectively, as it can be seen in Figure 17. 
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The whole cycle is consisting of two half cycles while both generators and absorbers operate reversibly 

after each half of cycle. This means that the generator operates as an absorber and the opposite, as the 

cycle directions are switched upon reaction completion at each unit. 

 

As in the other designs that were described in previous two sections in pages 18 and 23, also in this 

system there is a heat source that transfers high temperature heat to the system (Tg). This heat is supplied 

to the generator to start the cycle by generating vapour using the process of desorption. Then, the amount 

of vapour transferred to the condenser to condense the vapour into liquid and the heat that is rejected 

from this phase changing, is stored in the heat sink (at the temperature Ta). After that, the liquid from 

the condenser is transferred to the evaporator that starts boiling using the cooling load that is input to 

it. Finally, the amount of vapour which is generated in the evaporator, will pass through the absorber 

for taking place the process of the absorption, and the heat of absorption will be rejected again to the 

heat sink (at Ta) [36]. 

 

In order to be designed that numerical model, there are a few assumptions that were considered, and are 

presented as following [36]: 

 

• The pressure of the refrigerant ammonia that there is in the bed is equally distributed  

• The pressure of ammonia is equal to the pressure of both condenser and evaporator during the 

desorption and absorption respectively 

• When ammonia leaves the condenser and evaporator, it is saturated 

• There is a common heat sink in which both condenser and absorber reject heat into it 

• The vapour generation rate from the generator is equal to the vapour of condensation rate 

• The vapour absorption rate by the absorber is equal to the vapour of evaporation rate from the 

evaporator 

 

The estimation of the heat and mass transfer of the absorber can be solved from the energy balance and 

governing equation (21) of it because these depend on the reactions’ temperature. The plus sign (+) is 

used for the absorption process (i.e., endothermic) and the minus (-) for the desorption one (i.e., 

exothermic). 

 

𝜌 ∙ 𝑐𝑝

𝜃𝛵

𝜃𝑡
=  

1

𝑟
 

𝜃

𝜃𝑟
 [𝛫

𝜃𝛵

𝜃𝑟
 ]  ± 7𝑁𝑠 𝛥𝐻 

𝜃𝑥(𝑡, 𝑟)

𝜃𝑡
 

(21) 

 

Where, ρ is the density of SrCl2 salt (kg/m3), cp is the specific heat capacity of SrCl2 salt (kJ/m3∙K), t is 

the time (s), r is the radius (m), T is temperature of the reaction (K), K is the thermal conductivity 

(W/m∙K), Ns is the packing density (mole/m3), ΔH is the enthalpy difference (kJ/kg) and x is the degree 

of local reaction advancement. 

 

The kinetic equations for absorption and desorption to calculate the rates of the NH3, are given by 

Equations (22) and (23) respectively: 

 

𝜃𝑥(𝑡, 𝑟)

𝜃𝑡
=  𝑘𝑜𝑎 ∙ 𝑒𝑥𝑝 [

−𝐸𝑎

𝑅 ∙ 𝑇(𝑡, 𝑟)
] ∙ (1 − 𝑥(𝑡, 𝑟))

𝑚𝑎 ∙ (
𝑃𝐸 −  𝑝𝑒𝑞(𝑡,𝑟)

𝑝𝑒𝑞(𝑡,𝑟)
) 

 

(22) 
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𝜃𝑥(𝑡, 𝑟)

𝜃𝑡
=  𝑘𝑜𝑑 ∙ 𝑒𝑥𝑝 [

−𝐸𝑑

𝑅 ∙ 𝑇(𝑡, 𝑟)
] ∙ (1 − 𝑥(𝑡, 𝑟))

𝑚𝑑
∙ (

𝑝𝑒𝑞(𝑡,𝑟)− 𝑃𝑐

𝑝𝑒𝑞(𝑡,𝑟)
) 

(23) 

 

In Equations (22) and (23), koa and kod are the pre-exponential factors (1/sec), Ea and Ed (J/mol) are the 

activation energies, ma and md are the kinetic coefficients of absorption and desorption respectively. PE 

and PC are the evaporator and condenser pressures (kPa) respectively, T is the temperature of the 

reaction (K) and R is the gas constant (J/mol∙K). In addition, t is the time (s), r is the radius (m) and peq 

is the equilibrium pressure (kPa). The following Table 4 includes all the parameters of the above 

equations and their values that used for the experiments. 

 
Table 4: Property data of the SrCl2 – NH3 working pair, redrawn based on [35]. 

Property data for working 

pair of SrCl2 – NH3 

ΔΗ (J/mol) 41,431 

ΔS (J/mol∙K) 230 

Ns (mol/m3) 2,671 

ρ∙Cp (kJ/m3) 576 

koa (1/sec) 0.0190 

ma 2.96 

Ea (J/mol) 6,921 

kod (1/sec) 0.125 

md 3.02 

Ed (J/mol) 9,000 

 

The main conclusion of this experimental model is that identifies a disparity between the absorption 

and desorption processes; the process of absorption needs 3,000 seconds to be completed and the 

process of the desorption needs 4,000 seconds, that means desorption takes more time to be completed. 

This also means that the refrigeration does not take place during this time difference of 1,000 seconds 

because one of the two reactors is saturated. The reactors get reversed after the first half of the cycle, 

thus reversing where absorption and desorption (i.e., generation) take place. It is not possible to reach 

the same time of both processes because the parameters (Table 4) cannot be changed. A simple way to 

achieve to balance this time mismatch is by increasing the external heat transfer coefficient from 250 

to 1,100 W/m2∙K [36]. 

 

The results of the model imply that an improvement of COP (Coefficient of Performance) and SCP 

(Specific Cooling Power) can take place by an optimization of the reactor bed and a few of the operating 

parameters of system. Some of the most important parameters such as the bed thickness, the heat sink 

temperature and the global reaction advancement (Xgl) affect the coefficient of performance. When the 

bed of reactor uses less amount of refrigerant ammonia, the global reaction advancement is decreased 

[26]. 

3.2.4 Experimental TCS System for Examination of Solid-Gas and Solid-Liquid Reactions  

The next system design that is examined, as inspiration for the final TCS system design, is a system 

that is used for experimental purposes in lab (Figure 18), but which can work properly in a big scale as 

well. The proposed cycle is consisting of a reactor, a liquid tank and a heat exchanger that operates as 

an evaporator and/or condenser that is responsible for supplying and storing the working fluid [37]. The 

process of charging includes the endothermic gas-solid reaction which charges the reactor with heat and 

the released gaseous ammonia is transported into the condenser. The mass of salt that is used is 0.0109 
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kg, the temperature of the reactor and condenser is 5 °C while the pressure of the reactor is 4 bar and 

the flow rate of the heat transfer water is 0.8 l/min during discharging (absorption). The temperature of 

the reactor when the reaction occurs is 80 °C while its pressure is 8 bar and the flow rate of the heat 

transfer water is 2.7 l/min during storing (i.e. desorption) [37]. 

 

In this design, both reactions of liquid-solid and a gas-solid are used for the discharging of heat (i.e., 

absorption). In case of solid-gas, when the exothermic reaction occurs, ammonia gas moves from the 

evaporator to the reactor. In the case of solid-liquid, ammonia in liquid phase is transferred into the 

reactor without employing the evaporation stage. The ammines of SrCl2 are used due to the fact that 

they can store energy in lower temperatures which are below 100 °C [37].  

 

 
 

Figure 18: Ammonia flow during the charge and discharge operations, redrawn based on [37]. 

 

The following reactions represent the flow of ammonia during the charging and discharging operation 

of the system. The first reaction (24) shows the charging operation with enthalpy of reaction of ΔH=290 

kJ/mol,SrCl2·NH3 and the next two, (25) with ΔH=290 kJ/mol,SrCl2·NH3 and (26) with ΔH=140 

kJ/mol,SrCl2·NH3, the discharging operation of gas-solid and solid-liquid respectively. 

 

SrCl2·8NH3 (s) → SrCl2·NH3 (s) + 7 NH3 (g) - ΔH SrCl2·NH3 

 

(24) 

SrCl2·NH3 (s) + 7NH3 (g) → SrCl2·8NH3 (s) + ΔH SrCl2·NH3 

 

(25) 

SrCl2·NH3 (s) + 7NH3 (l) → SrCl2·8NH3 (s) + ΔH SrCl2·NH3 (26) 

The selection of the solid-liquid reaction is more suitable and applicable when it occurs in cold climates 

because of the evaporator's limitations. During those low temperature conditions, there are limits 

because of the cold/frost that is formed into the evaporator and then the heat exchange is paused 

(through frost or low pressure of saturated ammonia vapour) affecting also its performance. Another 

reason that support its appropriateness, is the presence of ammonia in liquid phase on the heat exchange 

surface that can meliorate the heat transfer in the reactor. 

 

The configuration of the lab TCS system investigated by Kazuki Kuwata et al. [37] is presented in 

Figure 19, and employs a reactor, a condenser, a cylinder of NH3 (storage in liquid state), a vacuum 

pump, a liquid level indicator, and a few valves that are opened and closed for the transportation of the 
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ammonia. There are also thermostat baths that are connected with the reactor and the condenser for 

sample temperature control and testing analysis of materials. 

 

 
Figure 19: Schematic diagram of the experiment (left) and cross section of the reactor (right), redrawn based on 

[37]. 

3.2.4.1 Evaluation of Discharge Characteristics 

In the lab TCS system investigated by Kazuki Kuwata et al. [37], the NH3 in the cylinder is passing 

through the tubes at a pressure above the equilibrium pressure and is transported into the condenser. 

After that, ammonia is cooled down and it changes phase from gas to liquid. That process occurs in the 

condenser and the liquid level of indicator when the valve before the indicator is closed. The 

condensation of NH3 is taking place before the discharging operation. Subsequently, ammonia liquid is 

moved into the reactor but only after the valve that is placed between the liquid level indicator and the 

reactor opens (Figure 18 and Figure 19), to enable the reaction of solid-liquid. On the other hand, for 

the reaction of solid-gas, ammonia gas is supplied from the cylinder of NH3 into the reactor (line that 

connects the ammonia cylinder with the reactor without passing through the condenser or the liquid 

indicator of the system-layout in Figure 19) [37]. The experimental results for the discharging process 

and which reaction type is preferable in each case, are represented in the Table 5 below. 

 
Table 5: Discharging experimental characteristics, redrawn based on [37]. 

Temperature 

of Reactor 

(°C) 

Pressure 

of NH3 

(MPa) 

Type of 

Reaction 

15 0.73 Solid-Liquid 

15 0.6 Gas-Solid 

15 0.4 Gas-Solid 

15 0.2 Gas-Solid 

5 0.52 Solid-Liquid 

5 0.4 Gas-Solid 

5 0.2 Gas-Solid 
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The most interesting Equations of that model are the following (27) and (28). On that system, the change 

coordination of 0 to 8 molecules of ammonia is not quite practical due to the higher energy that is 

needed by the 8th molecule. 

 

SrCl2 (s) + 8NH3 (l) → SrCl2·8 NH3 (s) + ΔH, ΔH= 118.4 kJ/mol,SrCl2 

 

(27) 

SrCl2 (s) + 8NH3 (g) → SrCl2·8NH3 (s) + ΔH, ΔH= 305.3 kJ/mol,SrCl2 

 

(28) 

For the average power calculation, the Equation (29) is used, which is based on the measurements of 

the temperature of water. 

 

𝑄𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =  ∫ 𝑣 ∙ 𝐶𝑝 ∙ 𝜌 ∙ (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)𝑑𝑡/𝑡 
𝑡

0

= 𝑣 ∙ 𝐶𝑝 ∙ 𝜌 ∙ (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)  = 𝑈 ∙ 𝐴 ∙ (𝑇𝑟 − 𝑇𝑓𝑙) 
(29) 

 

Where, Tfl and Tr are the temperatures of heat transfer water and reactant packed bed (K), U is the 

overall heat transfer coefficient (W/m2∙K) and A heat transfer area (m2). The inlet and outlet 

temperatures of the reactor are Tin and Tout (K). The specific heat capacity is Cp (kJ/kg∙K), ρ is the 

density (kg/m3), t is the time of reaction (s) and v is the volumetric flow rate (m3/s). 

 
According to that design, there are few conclusions regarding the liquid-solid and gas-solid reactions. 

The gas-solid reactions (at temperatures of 5 °C and 15 °C of the specific lab experiments), indicate 

that when the pressure is increasing from 0.2-0.4 till 0.6 MPa, then there is an increase in the average 

power. This has happened because of the difference in equilibrium temperature of the reaction. This 

system study has yielded the following important design facts that will improve the energy efficiency 

of the system [37]: 

 

1. A higher performance of the gas-solid reaction system can be achieved when the gaseous ammonia 

is supplied at higher pressures. Then the average power is increased due to the higher pressure. 

 

2. The liquid-solid reaction provides similar results of average power with the gas-solid reaction when 

low pressures are employed in the range of 0.2 MPa. When the pressure increases to 0.4 MPa or 

above, the gas-solid reaction produces more power, whereas, the pair of solid-liquid is more effective 

when low temperatures occur. 

 

3. The thermal resistance for the liquid-solid reaction is lesser in comparison with the gas-solid, due 

to the liquid phase of the ammonia in the reaction (liquid has less thermal resistance than the 

solid). 

 

4. There is lower durability of the liquid-solid reaction (for example more than 10 cycles). 

3.3 Determination of the Final TCS Model 

The system designs that are already presented in above sections, have the same concept of constructed 

thermochemical energy storage cycles that use, as working pair, ammonia gas and/or liquid and solid 

salt of strontium chloride. However, all of them have their differences because the components of each 

cycle differ according to which reactions are used, absorption or desorption or both at the same time, 
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and their main desired outcomes such as cooling and heating simultaneously or only heating or heating 

and heat storage. 

3.3.1 Key Design Considerations of the Proposed System’s Decision based on Literature 

Inspirations 

The main technical requirements of that system design are the following: the system should operate in 

dual mode of storing and releasing heat of 0.5 kWh using the absorption and desorption processes. The 

amount of strontium chloride salt SrCl2∙NH3 for that specific amount of heat is around 1 kg to each 

reactor (calculations in page 38). Moreover, the operational temperature should be in a low-grade range 

of 40-80 °C and the storage of ammonia should also be at ambient temperature of 25 °C in liquid phase. 

The pressure of ammonia, according to NH3 phase diagram at this temperature condition should be at 

10 bar. 

 

The temperatures and pressures that are decided for the desired operation of the cycle, including both 

absorption and desorption, is at around 80 ℃ that consists the higher limit of the range 40-80 ℃ which 

is set into the objectives of this project. Figure 20 presents the equilibrium pressure-temperature curve 

of the NH3-SrCl2 system (red curve), but refers only for the conversion between the first and the last 

ammine, which means only between SrCl2·NH3 and SrCl2·8NH3 and it is based on the Van’t Hoff 

Equation (13)). In the same Figure 20 is shown the phase change diagram of NH3 (blue curve). As it 

can be observed, the equilibrium pressure at 80 ℃ is 7.73 bar, and more specific the operating 

temperatures and pressures for absorption and desorption should be maintained above and below that 

conditions respectively. 

 

 
Figure 20: Phase change diagram of NH3 (constructed based on data from [32]) and equilibrium pressure (Peq)-

temperature (Teq) plot of SrCl2·NH3-SrCl2·8NH3 (based on the Van’t Hoff equation [30], [34]). 

 

The equilibrium conditions of SrCl2·NH3 and SrCl2·8NH3 system are at temperature of 80 ℃ and 

pressure of 7.73 bar but in order to have simpler operation of the system, the final reaction pressure was 

decided to be at 8 bar. At this 8 bar of reaction pressure, it was decided to maintain absorption at 79 ℃ 

(equilibrium pressure a bit less than 8 bar-Peq=7.42 bar) and desorption at 82 ℃ (equilibrium pressure 

a bit more than 8 bar-Peq=8.37 bar) as it is presented in Figure 20. 
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The DTU model (page 18), at a given time, is working only e.g. for the first half of the cycle (desorption 

process) and uses as the storage conditions 25 °C and 10 bar that consists of the same conditions that 

used on that project’s system design. The main reason to choose that specific storage conditions is that 

ammonia in its liquid phase is most cost-effective. As a consequence, storing NH3 in its liquid state at 

room temperature (i.e. can be at 25 ℃ or even below it), it is chosen to be maintained at 10 bar, 

according to the NH3 phase change curve in Figure 20. The desorption temperature that is used belongs 

to the desired low temperature range of 40-80 °C. The second design (page 23) is using two reactors 

for cold and heat production, which means that both charging and discharging processes occur. Also, 

the next system discussed from the reviewed literature (page 28), uses two reactors for both processes 

of absorption and desorption and works reversibly when the process is completed each time, such as 

the desired concept of our project. The time of absorption and desorption is assumed to be the same 

with the proposed design of system because the amount of salt (SrCl2∙NH3) that used in both cases is 

very close to what is expected to be used in the proposed system. The last system that examined (page 

30), provides the same desorption temperature of 80 °C and the results of the experiments of few 

different low pressures of reaction that used, led to confirm the choice of the solid-gas reaction. Also, 

the reactor is the similar type as in the case of the constructed one, packed bed-type and made of stainless 

steel. 

 

The reason that the above systems are examined in the section of literature highlights is to determine 

an appropriate system design at KTH. The literature inspirations led to the choice of the main 

components of KTH TCS system of ammonia with metal halides of strontium chloride, to be: two 

identical reactors, a desorber and an absorber, a condenser, an evaporator, a compressor and a storage 

tank for storing the ammonia. The numerical design methodology of this chosen system is explained in 

the next chapter of methodology (page 36), along with the employed software tool: Aspen [39]. These 

details are there complemented with the explanation of the differences between the model in real life 

and the model that is constructed in Aspen software. 
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4 Methodology 
This chapter includes the methodology that is followed in the project, including the description of the 

tool Aspen that is used for this kind of chemical engineering processes modelling, and the description 

of the entire system. Moreover, it is presented here, the conceptual design that was developed before 

the simulations were performed, the choice of the time of absorption and desorption reactions and some 

important calculations (i.e. power capacity, mass of salt and ammonia). However, it is included the 

description of the verification system that used as well and the importance of the sensitivity analysis 

where both results are shown into the next chapter. 

4.1 General Description of Software 

The software that used for the proposed project is the 9th Version of Aspen Plus, that can be defined as 

an engineering software. This tool is an acronym of Advanced Systems for Process Engineering and is 

based on a flow sheet simulation. There are many different tabs; from which the mainly used ones are: 

the tab of properties where all components of the cycle should be added (i.e. efficiencies), and the 

simulation tab that the schematic description of the model can be designed. There is a tab with all the 

different types of components, such as heat exchangers, reactors, pumps, valves and more. In-addition, 

there is a tab with flows that link the components together such as material, heat and work. The 

characteristics of inlet streams and components must be completed while the outlet streams are 

calculated by the software. Another tab is about the sensitivity analysis that can be also used for 

producing tables and graphs of the results by using one or more variables. Figure 21 shows the most 

important of the above details [40]. The most important advantages of the software are its powerful 

database that is provided and the complex industrial processes that can it cover. Except for the above 

advantages, its disadvantages are the graphics and its interface that is quite weak and the kinetics of the 

models that have to be defined for the simulation [39]. 

 

Figure 21: The desktop of Aspen Software (Aspen V9). 

4.2 Conceptual design 

In this section is described the concept of how the system design is decided to be according to its 

required operation. The system uses as a working pair NH3 with SrCl2∙NH3 and should operate in dual 

mode of storing and releasing heat at around 80 °C and 8 bar (absorption at 79 °C and desorption at 82 

°C). The storing conditions of NH3 is in its liquid phase at ambient temperature of 25 °C. 

At the first half cycle of the reaction system, NH3 gas is desorbed at 8 bar pressure and then it is 

compressed to 10 bar pressure by a compressor, which also consists the pressure of ammonia storing. 

The outlet temperatures of some system’s streams, such as desorber, compressor, evaporator, external 
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heater and cooler, but also some inlet streams such as the external heater, are calculated through the 

numerical modelling. After desorption reaction, ammonia is heated-up due to compression stage that 

follows and then it is cooled-down to 25 ℃ through a cooler (condenser). At that point of 10 bar and 

ambient temperature (i.e. 25 ℃), ammonia is in liquid-state and then it is pumped to the NH3 storage 

tank which is the next component of the cycle. This stored ammonia will be used for the absorption 

reaction at 8 bar and 79 ℃, but before that the stages of expansion to 8 bar (expansion valve) and 

heating to 25 ℃ (evaporator) which converts ammonia into gas follow. Two external sources of cooling 

and heating, that both operate electrically, are used to maintain the desired conditions in the absorber 

and desorber respectively. All the above information is presented graphically into the Figure 22. 

 

Figure 22: The conceptual design of the TCS system NH3-SrCl2·NH3 for simultaneous absorption/desorption for 

the system of SrCl2·NH3-SrCl2·8NH3 (the subscripts H and C respectively consist the external heater and 

external cooler, with ‘in’ representing the inlet, and ‘out’ the outlet). 

After the construction of the conceptual design above, the system is then modelled numerically using 

Aspen software in order to define and calculate all the unknown parameters, i.e. the inlet and outlet 

conditions, and the optimal operating conditions. A verification model then is used, with experimental 

data from Erhard et al. [24], to verify the TCS system that designed in Aspen, and finally a sensitivity 

analysis is done to analyse its practical feasibility. 

4.3 Times of Absorption and Desorption Reactions 

An important input that is used for both reactors are the desorption and absorption times that can differ 

a bit between each other. The reaction time depends on many other parameters, such as the amount of 

salt and ammonia. In addition, these are also influenced by the temperature, the pressure control and 

the heat transfer rates into the reactor, the thermal conductivities of the involved materials (e.g. salt, 

NH3, reactor, HEX and any thermal conductivity enhancement materials that is used), as well as the 

surface area and the availability of flow-channels for the contact of ammonia with the salt. In the 

considered system design as well as that one from which absorption and desorption times are taken, 

provide almost the same values of the above parameters. That difference between the duration of 

absorption and desorption occurs because there are different kinetics of the reactions. 

For more accurate inputs and results, three different times of absorption and desorption reactions are 

examined for the calculation of the mass flows. The times that are chosen to come from experimental 

data and reasonable assumptions of the studies from literature that were presented in page 28 and are 

scaled to the final system. The first desorption time that used is 4,000 seconds that derives from 

experimental data of a project that uses the same amount of salt, around 1 kg in each reactor [36]. The 

second one is 1,800 seconds and the last one is 3,600 seconds that come from assumptions according 

to the amount of salt, 0.5 kg, and ammonia of 0.375 kg [30]. The time of 4,000 seconds is finally chosen 
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because it is considered more accurate, being an experimental data and with similar amounts of the 

working pair that were used (i.e. mass of salt and ammonia). The system from which the time of 

reactions comes from, has also employed a rather similar configuration to the system chosen herein. 

However, the input data that this similar configuration uses, differs with these of the final design, and 

that configuration is used as a verification system, as it can be seen in next sections. 

The time of absorption is higher than the time of desorption, about 4,000 seconds and 3,000 seconds 

respectively [36], and during this disparity between the times that each of the two reactions need to 

reach completion, the desorber will not be available to operate because it will be saturated. In order to 

avoid this problem, it will be assumed, in this work, that both complete reactions need the same time. 

If the longer of the two durations were chosen to determine the volumetric flow rate for the system 

design of that project, it is ensured that even the slower reaction reaches completion (while the faster 

reaction will also be completed). This assumption is reasonable in Aspen because there is no mass of 

salt inside the reactors, but it is pumped as a continuous mass flow. The only way to achieve the same 

reaction time for both reactions is to change the operating temperatures and the heat transfer 

coefficients. If the external heat transfer coefficient can be increased from 250 to 1,100 W/m2K and the 

rest of the parameters remain the same, then the times of absorption and desorption can be equalized. 

This can be achieved experimentally, if the external heat transfer coefficient of the reactor is changed 

to the above value [36]. 

4.4 Calculations of System’s Capacity and Mass Flow Rates of Components 

The cycle operates with the very first absorption reaction, and after that follows desorption and then 

again, absorption process. Then, the last two steps are repeated during the cycle’s operation until the 

whole amount of ammonia is absorbed for a required amount of energy storage, i.e., of 0.5 kWh (or 

1,800 kJ as it is shown in Equation (30)). The corresponding amounts of strontium chloride (SrCl2∙NH3) 

and ammonia (NH3) that are used for that system are 0.00621118 kmol -Equation (32)- (or 0.985 kg in 

each reactor and 1.97 kg in both reactors in total) and 0.043478261 kmol of NH3 -Equation (31). The 

salt is always kept inside the reactors, while ammonia is circulated through the whole system. Their 

mass flow rates are 1.5528 e-06 kmol/s (Equation (35)) for the one and fully ammoniated strontium 

chloride and 1.08696 e-05 kmol/s (Equation (36)) for ammonia. 

The required amount of energy storage, Qstorage (kJ), is 0.5 kWh and it corresponds to 1,800 kJ as 

following: 

𝑄𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 0.5 𝑘𝑊ℎ = 0.5
𝑘𝐽

𝑠𝑒𝑐
∙ 3,600 𝑠𝑒𝑐 = 1,800 𝑘𝐽 

(30) 

 

The mass of SrCl2 is 158.52 g/mol and the mass of NH3 is 17.03 g/mol. Then, the mass of SrCl2·NH3 is 

175.55 g/mol and the mass of SrCl2·8NH3 is 294.76 g/mol. The energy that is required for the conversion 

of SrCl2·8NH3 to SrCl2·NH3 is 41.4 kJ/mol of ammonia [30]. 

The amount of ammonia, mNH3 (mol), that is needed to store 0.5 kWh is: 

𝑚𝑁𝐻3
=

𝑄𝑠𝑡𝑜𝑟𝑎𝑔𝑒

𝑄𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛
=

1800 𝑘𝐽

41.4
𝑘𝐽

𝑚𝑜𝑙

= 43.47826087 𝑚𝑜𝑙 𝑜𝑓 𝑁𝐻3 
(31) 

 

Where, Qconversion (kJ/mol) is the heat of conversion from the 1st till the 7th ammine. 
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Thus, the amount of SrCl2·NH3 that is required for storing 0.5 kWh is representing by the amount of 

ammonia in the system divided by the molecules of salt that are needed for one mole of ammonia: 

𝑚𝑆𝑟𝐶𝑙2∙𝑁𝐻3
=

𝑚𝑁𝐻3

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑜𝑓 𝑠𝑎𝑙𝑡 
=

43.47826087

7
= 6.211180124 𝑚𝑜𝑙 

(32) 

 

Moreover, the amount of SrCl2·NH3 in moles is equal with the amount of SrCl2. The amount of 

SrCl2·NH3 and SrCl2·8NH3 in grams are as following: 

𝑚𝑆𝑟𝐶𝑙2∙𝑁𝐻3
= 6.211180124 𝑚𝑜𝑙 ∙ 175.55

𝑔

𝑚𝑜𝑙
= 1,090.38 𝑔𝑟𝑎𝑚𝑠 

(33) 

𝑚𝑆𝑟𝐶𝑙2∙8𝑁𝐻3
= 6.211180124 𝑚𝑜𝑙 ∙ 294.768

𝑔

𝑚𝑜𝑙
= 1,830.86 𝑔𝑟𝑎𝑚𝑠 

(34) 

 

The mass flow rates of SrCl2·NH3, SrCl2·8NH3 and NH3 are calculated according with the number of 

moles and the time of absorption and desorption reaction, as following: 

𝑚𝑆𝑟𝐶𝑙2∙𝑁𝐻3
= 𝑚𝑆𝑟𝐶𝑙2∙8𝑁𝐻3

=
6.211180124

4,000
∙ 10−3

𝑘𝑚𝑜𝑙

𝑠𝑒𝑐
= 1.5528 ∙  10−6

𝑘𝑚𝑜𝑙

𝑠𝑒𝑐
 

(35) 

𝑚𝑁𝐻3
=

43.478261

4,000
 ∙ 10−3

𝑘𝑚𝑜𝑙

𝑠𝑒𝑐
= 1.08696 ∙  10−5

𝑘𝑚𝑜𝑙

𝑠𝑒𝑐
 

(36) 

4.5 Verification Model 

In each numerical modelling work, should be included a section regarding the verification of work that 

is done in order to verify the reliability of the obtained results. In this work as well, a model verification 

was performed, and this is detailed in the next sub-chapter. This verification model that is constructed 

is derived based on a reference model that was examined, and thereby is used to prove that the final 

designed system can also work properly and thus presents useful results. 

4.5.1 Description of the Verification Model 

Data derived from experiments [36], [41] on TCS systems employing the same reaction pair can be 

used to verify the model of the current system. For this verification, the process is to model that 

experimental system from Erhard et al. [41] and adapt it to the current system model. Then, using the 

experimental conditions, an Aspen simulation is performed. The next step is a comparison of the 

obtained results of Aspen simulation of the experimental system design that was adapted into the system 

design of that project. By obtaining matching results on the chosen experimental parameter(s), it can 

confirm the validity of the current system design in Aspen. If the results are representative and matching 

with the experiments, it can be supported that the current system is verified as representative and 

realistic. The main reason is because the inputs regarding the time of absorption/desorption, amount of 

working pair (ammonia and strontium chloride) and the components of system’s configuration are 

considerably the same or similar. The amount of ammonia and strontium chloride in both system 

designs of the experimental system by Erhard et al. [41] and the current system design are almost the 

same (around 1 kg of salt in each reactor and 1.7 kg of ammonia). The modelling of the system that is 

used as a verification of the current project’s system design, shows that it works well under the chosen 

conditions of both reactions of absorption and desorption of the cycle. 

The model that is used for the model verification (see Figure 23), is of a solar powered cooling system 

with no moving parts, that can be used in tropical climates, because the ambient temperature is decided 



 

40 
 

to be at 40 °C. The working pair that is used is ammonia and monoamine strontium chloride, using both 

absorption and desorption reactions. The main reason that this system is chosen to verify our system is 

that it consists of a comparable system of using the same reaction pair for employing both absorption 

and desorption, and is presented with many experimental data such as the amounts of salt and ammonia, 

its cooling capacity and the main conditions of each step of the cycle by Erhard et al. [41]. 

The main components of the verification model, as it is observed from Figure 23, are the following: a 

solar collector that absorbs heat and increases the temperature of the reactors, two identical reactors, a 

condenser that liquefies ammonia, a reservoir to store ammonia in liquid-state, and an evaporator to 

heat up the ammonia and convert it into gas. A compressor is not needed in this system because of the 

high ambient temperature of 40 °C, due to which NH3 is in liquid state already at the pressure of 16 bar. 

Heating and cooling are two physical processes that happen; heating during the day by using solar 

collectors and cooling during night using the drop of temperature. In this system, the employed mass of 

the ammonia is 2.2 kg, and the mass of strontium chloride is 1.67 kg, while the cooling capacity of the 

evaporator is found to be 20 W according to the experiments. The only drawback of that system is that 

works only periodically because of the solar energy that is used for heating the reactor and the absence 

of external sources and then the completion of the cycle is always done after one day [41]. 

 

Figure 23: Schematic setup of the verification system, redrawn based on [41]. 

The system uses a solar collector that integrates the reactor that works alternatively as both absorber 

and desorber. The reactor consists of two steel pipes which are filled with the salt. During the day, the 

reactor works as a desorber and is heated through the solar panel till the decomposition temperature and 

ammonia is stored as a fully ammoniated salt and only seven molecules of ammonia are released in this 

system. During night (after sunset), the reactor works as an absorber and it is cooled down to the 

absorption temperature (59 °C). The liquid ammonia is evaporated when it is passing through the heater 

and this vapour is absorbed in the absorber. Then, the heat of the absorption is transferred to the ambient 

through the heat pipes. A whole cycle is complete undergoing both processes, when the sunrise takes 

place. 
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The diagram of temperature (1/T) (K-1) and pressure (log p) (bar) in Figure 24 presents the process of 

the cycle that is described above. The lines 1-2 and 2-1 show the conversion of SrCl2·NH3 into 

SrCl2·8NH3 and from SrCl2·8NH3 into SrCl2·NH3 (i.e., absorption and desorption) respectively. The 

line containing point 3 represents the change of phase of SrCl2·NH3 into pure salt of SrCl2. Finally, the 

lines 1´- 2´ and 2´- 2 present the phase change of ammonia from liquid to gas and the opposite 

respectively. 

 

Figure 24: Diagram of 1/T – p (log) of the working pair NH3/SrCl2 of the verification system, redrawn base on 

[41]. 

The conditions of temperature and pressure are presented in detail in Figure 31 for each component of 

this verification cycle modelled in Aspen and are based on the conditions that presented in 1/T-p (log) 

diagram in Figure 24. 

4.6 Importance of Sensitivity Analysis 

Sensitivity analysis follows verification. This analysis of the system shows an overview of its most 

sensitive components and determines how different values of an independent variable affect a 

dependent variable that create the highest interest. Sensitivity analysis provides a measure of the 

sensitivity of the used parameters when others are kept stable [38]. 

Sensitivity analysis, besides being a tool that evaluates mathematical models, can be used also for many 

other purposes such as model validation and verification, evaluating models’ behaviour, estimating 

model uncertainties and determining potential areas of research. Figure 25 shows the relation between 

the sensitivity analysis and uncertainty of a model. It can be easily seen through the four points (A, B, 

C and D) that are chosen in the two different sensitivity lines of higher and lower sensitivity 

respectively. When a point of an uncertainty of inputs that is chosen is low, regardless of getting low or 

higher sensitivity of outputs on the inputs’ variations, then the outputs have lower uncertainty. 

Conversely, when a point of an uncertainty of inputs that is chosen is higher, then there is a higher 

output uncertainty [38]. 
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Figure 25: Schematic diagram showing relationship among model input parameter uncertainty and sensitivity to 

model output variable uncertainty (Lal, 1995), redrawn based on [38]. 
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5 Results and Discussion 
This chapter includes all the important information that derives from the modelling of the system, such 

as the operation of it in Aspen software including the operation differences between software and real 

life. Additionally, there is another system which consists an alternative option and came from the effort 

during the modelling of the final one. All the principal components of the final system are presented as 

well, including the thermal transfer fluid and thermal baths that are decided to be used according to the 

results of the modelling within their limitations. Besides these, the results of the verification system and 

sensitivity analysis are also presented with their graphs and analyses. The chapter ends with a 

sustainable analysis discussing the project’s implications on the three pillars of sustainability and an 

overall summary discussing the approximations and assumptions that were employed during modelling. 

5.1 Description of the System 

This section includes the description and optimal configuration of the final model that decided 

according to these systems from literature. That system differs when it is described in real life and in 

Aspen modelling in order to derive the design of a bench-scale system to be built in the lab. The second 

case (i.e. Aspen model) requires more components due to constraints in the software tool in handling 

certain process flows. 

5.1.1 Operation of System in Real Life 

The main components of the system are two identical reactors (absorber and desorber) in which the 

reactions take place at around 8 bar and a narrow temperature range around 80 °C, a compressor that 

increases the pressure from 8 to 10 bar in order to reach the desired conditions of NH3 in its liquid phase 

for storage at room temperature (i.e. 25 °C). Except for the increase of pressure after the compressor, 

the outlet temperature of it is also increasing, so a cooler (condenser) is used to decrease the temperature 

of the ammonia and convert it from gaseous form into liquid at ambient temperature. The component 

that follows is a pump that is pumping the ammonia into the oversized storage tank at 25 °C and 10 bar. 

An expansion valve is used to decrease the pressure of the cycle and reach the absorption conditions 

that needs 8 bar and 80 °C again. Its temperature after the valve is also decreasing at 18 °C and a heater 

(evaporator) is also used to increase the ammonia temperature to 25 °C and convert it from a mixture 

of liquid and gas into superheated gas according to the pressure-enthalpy curve of ammonia (Figure 

30), before it is transferred into the absorber. 

There are two valves in streams before the absorber and after the desorber in order to manipulate the 

system by closing and opening them at each case for producing the reversibility of reactors. This process 

needs to occur when the ammonia is absorbed by the salt completely in the absorber (and vice-versa in 

the desorber), and reactors must change their operational mode, to facilitate a continuous process of 

heat storage and release. These valves can operate manually when the process is done or can be 

programmed to close/open automatically according to the duration of the reaction. The reason of using 

these valves is that after the whole amount of ammonia will be absorbed, the cycle operation will stop. 

If the reactors change position, the absorber is turned into desorber and the desorber is turned into 

absorber and then the cycle operates continuously. Two external thermal sources are also needed to 

provide continuous cooling and heating load to the reactors in each case. A schematic of the system 

described above is presented in Figure 26. 
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5.1.2 Operation of the TCS System in Aspen 

The system that is described in the previous section differs at some points with the system that is 

designed by Aspen due to the software’s limitations that cannot operate as in real life. The salt that is 

placed inside the reactors cannot be presented with the same way as in Aspen, so the inlet streams of 

SrCl2·NH3 and SrCl2·8NH3 are needed to supply them into the absorber and desorber continuously. 

Moreover, it is decided in this project not to pump the solid phase, so there is no connection between 

the reactors. Because of that oddity that software provides, there is an outlet stream from the absorber 

which consists its product and which is SrCl2·8NH3 and consists also the input stream to the desorber. 

Similarly, in the desorber an inlet and outlet contain respectively SrCl2·8NH3 and SrCl2·NH3, for the 

sake of proper Aspen functionality. Calculators and design specifications are also functional 

components that are needed only for Aspen to input the import and export variables and specify 

conditions that system requires respectively. 

An additional component that is needed is a separator that is placed after the desorber to separate the 

product stream of ammonia and salt mixture into SrCl2·NH3 and NH3. The first stream of ammonia 

continues to the rest of the cycle and the second stream containing salt is merely kept as going out of 

the reactor just in Aspen (or it can be used as an input again into the absorber because both provide the 

same amount of salt, if the system would be designed to pump the solid salt). However, by maintaining 

a continuous inlet stream of reactants, this ‘assumption’ in Aspen in sending the solid products out does 

not disrupt the planned operation of the real-life system. The rest of the components of the cycle remain 

the same as in real-life system with the same conditions as they described above, and it is shown in 

Figure 27. It includes two reactors, the first one that is used for desorption and the second one for the 

process of absorption of ammonia with strontium chloride. The system also uses two heat exchangers, 

one as a condenser and the other as an evaporator. The cooler (condenser) is used to cool down, at 

ambient temperature, the ammonia in gaseous phase after the desorption and the compression. The 

heater (evaporator) is used in order to heat-up ammonia after the expansion valve, where it becomes 

cold during expansion (the expanded NH3, as such, can reach even below zero and depends on how big 

is the pressure difference of the system). A pump is used for pumping the ammonia, in its liquid phase, 

into the storage tank. The expansion valve is used to revert the stored NH3 into the system’s pressure 

and transfer the liquid ammonia from storage tank into the reactor (absorber). This process consists of 

a fully completed cycle and it is repeated from the beginning until the ammonia will be completely 

absorbed by the monoamine salt, and afterwards it is repeated in reverse. The detailed specifications of 

both half-cycles are explained on the next subchapter that includes all the components with their 

characteristics. 

5.2 Alternative System for Cooling and Heating Applications 

Another system configuration, that was derived through the previous system design, referred to as the 

‘final design’ from now on is modelled and examined with different conditions of reactions as it can be 

seen in Figure 28. This system uses four stages of compression including four intercoolers between 

them. The main difference of this configuration with the current design, except for the multi stages of 

compression, is that this is able to produce heat and cold at the same time, at each respective reactor. 

Thus, the two reactors are at different conditions of absorption and desorption, which are 10 °C and 0.2 

bar for desorption and 90 °C and 12 bar for absorption. The storing conditions of that model also differ 

from the final design (i.e. different pressure), but ammonia is stored in its liquid phase at 25 °C and 14 

bar. These conditions also affect the outlet temperatures of heating and cooling external sources and 

make this design (Figure 28) too expensive and not so much appropriate for the final design according 

to the objectives (Figure 27). 
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When the desired pressure difference between the two reactors is too high, the outlet temperature of 

such a compression will be high because the pressure is increased proportionately a lot from 0.2 bar 

until 14 bar. This is a so high temperature (around 150 °C, as found through preliminary modelling) 

that it is an unrealistic condition [31]. Thus, a multi-stage compression is needed to avoid this unrealistic 

outlet temperature. These stages are used to increase the pressure little-by-little in each stage while the 

final outlet temperature of the last stage should be at ambient condition (room temperature at 25 °C). 

The intercoolers just reduce the outlet temperature of each compression stage in order to be kept in low-

ambient level (a bit higher than ambient, around 10 °C higher). More details can be seen in Appendix 

B in page 74. 
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Figure 26: Configuration of the final system with its components and inputs-outputs in real life, including the absorption and desorption reactions (Visio).
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Figure 27: Aspen model of the NH3-SrCl2 TCS system for the simultaneous absorption and desorption in Aspen software (COMPRESS: compressor, SEPARAT: Separator, 

STORAGE: NH3(l) storage, EXPANVAL: Expansion valve, HEX1: external heater, and HEX2: external cooler). 
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Figure 28: The alternative Aspen model of the NH3-SrCl2 TCS system for the simultaneous absorption and desorption (DESORB: Desorber, ABSORP: Absorber, 

COMPRES1: first compressor, COMPRES2: second compressor, COMPRES3: third compressor, COMPRES4:  forth compressor, SEPARAT: Separator, STORAGE: 

NH3(l) storage, EXPANVAL: Expansion valve, HEX1: external heater, and HEX2: external cooler). 
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5.3 Principal Components of the System 

In this subchapter, all the components that are used in the system are analysed regarding the 

temperatures, pressures, mass and volumetric flow rates operation of each one. Analytically, all of them 

are represented detailed below. 

5.3.1 Desorber 

This component is a rigorous reactor Gibbs to accommodate the occurrence of the desorption process 

of ammonia from strontium chloride octaammine. The temperature and equilibrium pressure within the 

reactor are 82 °C and 8 bar respectively. The mass flow of the ammoniated salt is 1.552 e-06 kmol/s (as 

was determined in calculations in page 38 and contains all the calculations) and the product is seven 

moles of ammonia and one mole of monoammine, which is sent out from the reactor after the mixture 

is passed through the separator. This corresponds to the desired heat storage output of 0.5 kWh, as 

explained in page 38. 

5.3.2 External Heat Source 

To start the cycle operation, an external heat source is needed for desorption due to the fact that 

desorption is an endothermic reaction. Thus, to promote desorption, the reaction media should be heated 

and remove the cold that is produced during it. The heat that is transferred to the reactor (i.e. desorber) 

is required to heat it up and maintain the temperature from ambient to decomposition one, which is 82 

°C. The temperature that is supplying to the desorber is at 95 °C and the return is at 85 °C respectively 

as the model shows in Figure 27. These range of temperature occurs because in reality, the temperature 

control cannot be as precise as to maintain exactly at 82 °C. In this project, it was chosen to be 

maintained the temperature within a range of 80 °C. This chosen range keeps the system within the 

desorption region according to the equilibrium pressure-temperature curve shown in Figure 20. 

5.3.3 Separator 

A cyclone separator is used to separate the solid and gas, in the product mixture of solid SrCl2·NH3 and 

gaseous NH3. The solid phase is sent out from the reactor or it can be used as an input to the absorber 

because the mass flow rate of both are the same and it can be recycled again to the system (instead of 

the case of real life that the solid phase remains inside the reactor while Aspen cannot maintain so). 

That alternative possibility of recycling the solid phase that comes out of the separator can happen only 

if the system design changes and can have a solid circulation within the system by using pumps (Figure 

26). The produced NH3 remains the same and continues to the rest cycle. 

5.3.4 Compressor 

The compressor that used is an isentropic one and is assumed to respectively consist of isentropic and 

mechanical efficiencies of 0.7 and 0.85. The discharge pressure is 10 bar and the phase of ammonia 

after the compression is only vapour ammonia according to the p-h graph of ammonia (Figure 30) at 

the outlet conditions of the compressor (10 bar and 108 °C). 

When the pressure difference between the conditions of absorption (i.e. 12 bar) and desorption (i.e. 0.2 

bar) of the system is too high, as i.e. for the alternative system, it requires multi-stage compression. The 

type of compressor chosen is a reciprocating one with the same efficiencies, 0.7 isentropic and 0.85 

mechanical. The reciprocating compressor uses the reciprocating action of a piston inside a cylinder to 

compress a gas by moving the piston up and down to create a vacuum inside the cylinder. 
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If the operating temperature of the system is above 90 °C and its pressure is above 10 bar, the 

compressor is not necessary [30]. The temperature of the stream after the desorber, for the alternative 

system design, is at 10 °C and 0.2381 bar of pressure. The output pressure of the compressor is set to 

13.99 bar which consequently corresponds in a very high discharge temperature, around 500 °C, to be 

achieved via a single compressor, as the software calculated. In that case, the desired pressure is 14 bar, 

but because software requires a pressure difference between compressor and pump components, the 

pressure was chosen to be a bit less (i.e., 13.99 bar instead of 14 bar). The main reason is that the pump 

which follows the compressor cannot work at the same pressure and must have a slightly higher 

pressure, to pump the liquid ammonia. The mass flow of the ammonia remains the same as before. The 

discharge temperature of reciprocating compressors is normally limited to 150 °C because the 

lubricating oil can reach auto ignition temperature above this temperature [31]. 

 

 

Figure 29: A representative multi-stage compression (4 stages) in p-h diagram, redrawn based on [28]. 

The number of stages should be decided according to the limitations of the outlet compression 

temperatures and the pressure ratio of each stage. The upper limit of the outlet temperature is 150 °C 

and the ratio of the pressure is 3.25 which is decided by the inlet pressure of desorber divided by the 

outlet pressure of the compressor (for more details regarding the calculations of the stages, see 

Appendix B in page 74). This ratio is used each time to be decided the outlet pressure of each stage 

until the desired final pressure (i.e. 14 bar) [28]. A representative example of four-stage compression 

(slope lines) and intercooling (vertical lines to the pressure axis) are represented in Figure 29. 

5.3.5 Cooler 

This heat exchanger, which is a condenser for cooling mode, works in ambient temperature of 25 °C 

and cools down the ammonia gas from 108 °C which comes out of the compressor to the ambient 

temperature. Its operating pressure is 10 bar (the same pressure as the stream has before) and the mass 

flow of the ammonia remains again the same with a value of 1.552 e-06 kmol/s. 

For the alternative system design which is shown in page 44, four heat exchangers are needed, which 

are condensers for cooling mode, work in temperatures a little bit higher than ambient, i.e. around 15 

°C higher than 25 °C, and cools down the ammonia gas from compression outlet temperature of each 

stage until around 40 °C. Each of these coolers provide the same amount of mass flow of ammonia of 

1.552 e-06 kmol/s. 
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5.3.6 Pump 

This component is used for pumping the ammonia that is in its liquid phase (pumps are used only for 

liquids). The temperature and the pressure remain the same in real life, but for Aspen, pressure is 

increased slightly, about 0.1 bar. The software cannot recognise that the pressure should be the same 

and to be able to pump, ammonia must be at a pressure at least a little higher than that of the input 

stream. The efficiency of the pump is assumed to be 0.75. 

5.3.7 Storage tank 

This tank is a buffer tank and the purpose of it is to store ammonia in its liquid phase. The volume of 

the tank should be designed in bigger size than it is needed, for safety reasons due to the toxicity that 

ammonia provides. This means that this tank needs to have a capacity for the whole amount of ammonia 

that both reactors desorb simultaneously in the ideal case (including all the 8 molecules of ammonia 

even if can be absorbed only 7 of them in that project). To allow a safety margin beyond this ideal total 

capacity, in this work, it was assumed to allow for 20% more volume. Thus, the total volume of the 

NH3 storage tank that was chosen, is the corresponding volume of liquid NH3 at these conditions, plus 

20% excess of the total ideal case of both reactors for safety reasons Equation (37). The oversizing of 

the tank should include the total amount of NH3 that is needed at the very first absorption cycle, and 

any additional amount of NH3 that is needed whenever the desorbing reactor will not fully desorb. Its 

storing conditions are 25 °C and 10.1 bar and the valid phase of the ammonia is only liquid. 

𝑚𝑁𝐻3(𝑒𝑥𝑐𝑒𝑠𝑠)
= 𝑁𝑟𝑒𝑎𝑐𝑡𝑜𝑟𝑠 ∙ (

𝑄𝑠𝑡𝑜𝑟𝑎𝑔𝑒

𝑄𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛
+ 0.2 ∙

𝑄𝑠𝑡𝑜𝑟𝑎𝑔𝑒

𝑄𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛
)

= 2 ∙ (
1800 𝑘𝐽

41.4
𝑘𝐽

𝑚𝑜𝑙

+ 0.2 ∙
1800 𝑘𝐽

41.4
𝑘𝐽

𝑚𝑜𝑙

)

= 2 ∙ (43.47826087 + 0.2 ∙ 43.47826087)

= 104.347826088 𝑚𝑜𝑙 𝑜𝑓 𝑁𝐻3 𝑡𝑜𝑡𝑎𝑙 (𝑤𝑖𝑡ℎ 20% 𝑖𝑛 𝑒𝑥𝑐𝑒𝑠𝑠) 

(37) 

 

5.3.8 Expansion valve 

The pressure after the expansion valve which is located after the storage tank of ammonia is 8 bar (the 

pressure difference before and after the valve is 2.1 bar) and the mass flow of the ammonia again 

remains the same as before (i.e. 1.552 e-06 kmol/s). The temperature of the ammonia flow after the 

valve becomes 18 °C (which was 25 °C before the expansion). This temperature after the expansion can 

be less depending on the pressure drop across the valve, and thus it could even reach temperatures below 

0 °C when the pressure drop is higher. Usually, the outlet temperature of the expansion valve, which is 

isenthalpic, is decreased. The temperature will be changed only if there are two different phases before 

and after it (i.e. from liquid to vapour). As it can be seen also in Figure 30 below, in the expansion 

process in this TCS system, ammonia changes phase from subcooled liquid into vapour (not superheated 

yet), thus resulting in a temperature change. 
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Figure 30: Expansion of ammonia in p-h diagram which presents the expansion of the system from 8 to 10 bar. 
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5.3.9 Heater 

This component is also a heat exchanger and works as an evaporator to heat up ammonia that comes 

after the expansion valve, as a mixture of liquid and vapour at temperature of 18 °C (at 8 bar) to 

superheated vapour at 25 °C (also at 8 bar). After this heater, ammonia vapour is ready to be transferred 

to the other reactor for absorption process. The pressure and mass flow rate of ammonia remain the 

same (at 8 bar and 1.552 e-06 kmol/s) at this point as well. 

5.3.10 Absorber 

This component is basically a reactor, and the type ‘rigorous reactor Gibbs’ in Aspen is chosen for the 

absorber (as well as for the desorber). This Gibbs reactor is used for the absorption process of ammonia 

into strontium chloride monoammine. The temperature and the equilibrium pressure are 79 °C and 8 

bar and constitute the main operating parameters of the reactor. The mass flow of the monoammine salt 

is again the same (1.552 e-06 kmol/s) and the product is the fully ammoniated (i.e., octaammine) salt 

that is rejected from the absorber. 

5.3.11 External Cold Source 

For the absorption to proceed, an external cold source is needed due to the fact that absorption is an 

exothermic reaction. Thus, to promote absorption, the reaction media should be cooled and remove the 

heat that is produced during it. The heat that is transferred to the reactor (i.e. absorber) is required to 

cool it down and maintain it until the temperature of the reaction, which is 79 °C. The temperature that 

is supplying to the absorber is 25 °C and the return is 64 °C as the model shows in Figure 27. This 

difference of inlet and outlet temperatures occurs because in reality, the temperature control cannot be 

as precise as to maintain exactly at 79 °C. In this project, it was chosen to be maintained the temperature 

within a range around 80 °C. This chosen range keeps the system within the absorption region according 

to the equilibrium pressure-temperature curve shown in Figure 20. 

5.3.12 Calculators 

Calculators (blocks B2 and B3 in Figure 27) are used to simplify some calculations and avoid importing 

the same parameters to each of the component. Inside the calculator block, when a parameter is changed, 

the related calculations are performed to adjust the other parameters that depend on the original 

parameter (i.e., the import and export variables are determined as for example the input and output 

temperatures of the external sources). The calculators also connect the heat duty that is transferred from 

the external heat/cold sources to the reactors even if the arrows of the heat between the heat exchangers 

and the reactors are not visible connected, e.g. in Figure 27 and Figure 28. 

5.3.13 Design Specifications 

These blocks (blocks B1 and B4 in Figure 27) are used to specify or to vary and control certain 

conditions (specifics) that software cannot otherwise recognise, e.g. some practical aspects in heat 

transfer. In the case of this project, the design specifications are used to control the outlet temperatures 

of the outlet streams of external heat/cold sources. In particular, block B1 is used to control the outlet 

temperature of the stream (S2) of the external heat source that has to be 3 °C higher than the desorption 

temperature. Block B2 is used to control the outlet temperature of the stream (S5) of the external cold 

source that should be 15 °C lower than the absorption temperature. The main reason of these limitations 

is due to the efficiency of both heat exchangers that there are between external heat/cold sources and 

reactors. The efficiencies of both solid-liquid heat exchangers that are placed and exchange heat 

between the HTF of the external sources and reactors (i.e. the liquid HTF of the external heater and 
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cooler with the solid salt that desorber and absorber include respectively) are assumed to be 0.7-0.8 

[27]. According to that efficiencies, Aspen calculates the outlet temperatures of both streams of the 

external heat and cold sources. Additionally, the temperature differences between the inlet HTF of 

external sources and reactors (i.e. 13 °C of the external heat source from 95 °C till 82 °C and 54 °C of 

the external cold source from 25 °C till 79 °C, are assumptions and they are enough to drive the heat 

transfer from heat transfer fluid (HTF) to reactor bed in order to maintain it at 82 °C and 79 °C 

respectively. 

5.4 Characteristics of Thermal Transfer Fluid and Baths 

In this section, the selection of the external sources of heating and cooling (thermal baths), in the 

designed system, and their heat transfer fluid (oil) is presented including their most important 

characteristics. 

5.4.1 Heat Transfer Fluid 

The thermal oil chosen to be used in this project is called Therminol 66 (from VWR [23]). This heat 

transfer fluid (HTF) was chosen because it is said to provide good performance and is a highly stable 

synthetic fluid, which therefore extends its life. Its main advantages are the wide operational 

temperature range of 0-345 °C and its slightly lower cost, compared to other HTF options [22]. 

Therminol 66 is widely used for many different processes of heating such as phthalic anhydride 

distillation, fibre production, polyamide polymerisation and extrusion, preheating combustion air in the 

steel and petrochemical furnaces [22]. Its properties are summarized and represented in Table 6 below 

including the density, thermal conductivity and heat capacity under the chosen temperatures that used 

in the model. 

Table 6: Properties of the heat transfer fluid of the system (Therminol 66) [22]. 

Temperature 

(°C) 

Density 

(kg/m3) 

Thermal 

Conductivity 

(W/m∙K) 

Heat 

Capacity 

(kJ/kg∙K) 

25 1,005.06 0.1174 1.5794 

64 979.99 0.1155 1.7117 

85 966.09 0.1144 1.7841 

95 959.37 0.1138 1.8188 

 

5.4.2 Thermal Baths 

The system requires also two thermal baths [23] (i.e., for the external heater and cooler operation) to 

provide heat and cold to both reactors for the processes of absorption and desorption to occur. The main 

reason of using these thermal baths is the following: absorption is an exothermic reaction which means 

that the temperature into the absorber increases a lot. An external cold source is used because the 

temperature of the absorber should be maintained at 79 °C. For that reason, an inlet HTF of the cold 

source at 25 °C is used and then the outlet HTF of the source is calculated at 64 °C according to Aspen 

software. On the other side of the cycle, desorption is an endothermic reaction which means that the 

temperature into the desorber decreases significantly. An external heat source is used because the 
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temperature of desorber should be maintained at 82 °C. For that reason, an inlet HTF of heat source at 

95 °C is used and then the outlet HTF of the source is calculated at 85 °C, again according to Aspen. 

There are many different baths that differ between each other because they provide different ranges of 

temperatures, flow rate capacities, heating/cooling capacities and pressure and suction flow rates due 

to their limitations. Table 7 shows two representative models from which 1166D is used in the system 

designed in this work [23]. 

Table 7: Properties of refrigerated circulators, redrawn based on [23]. 

Refrigerated Circulators 

Model / 

Characteristics 

Temp. 

Range (°C) 

Temp. 

Stability (°C) 

Heating 

Capacity (kW) 

Cooling 

Capacity (kW) 

Reservoir 

Capacity (lt) 

1146D -20 to +200 ± 0.01 2.2 0.2 6 

1166D -20 to +200 ± 0.01 2.2 0.36 6 

 

5.5 Results of the Verification Model 

This section presents the results of the verification system, by using another TCS system design from 

literature which operates with the same reaction system. This model is detailed in previous section (page 

39) and its modelling is done herein on Aspen with the proposed experimental data. The conditions for 

desorption are 103 °C and 16 bar of pressure while for absorption the conditions are 59 °C and pressure 

of 3 bar, similar to the original system of Erhard et al. [41]. A separator is used, but only in Aspen, to 

split the mixed ammoniated salt into SrCl2·NH3 and 7NH3. The SrCl2·NH3 is sent out from the reactor, 

only for Aspen functionality. Ammonia is liquefied through the condenser (cooler) at 40 °C and the 

same pressure of 16 bar and then is stored in the liquid ammonia storage tank at 16 bar at ambient 

temperature of 40 °C. An expansion of ammonia is used to change the condition of pressure for the 

absorption process, reducing also the temperature of it at -9 °C. The heater (evaporator) then is used for 

reaching the desired conditions of the absorber (i.e., gas phase at 3 bar), after which ammonia is heated 

till 59 °C by the heater. 

For the verification of the TCS system that is designed in the current project, the parameter chosen for 

benchmarking is the evaporator’s cooling capacity of the chosen experimental system, which is 20 W. 

The modelling results of this system in Aspen yielded that evaporator provides cooling capacity of 20 

W during these conditions with the same amounts of ammonia and salt. This matches the cooling power 

of the evaporator of the original study [41], and therefore this verification model verifies the validity of 

the Aspen model of the current project, as it can be observed in Figure 31. As a conclusion, both models 

work properly with reasonable results and the experimental one verifies the current design, as it was 

expected to be, even if there is no that much identical configuration since the experimental system 

design runs in batch mode with only one reaction at a time and the current system runs with both 

reactions the same time. 
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Figure 31: Schematic layout of the verification model (Aspen, V9). The flows that comes out of the absorber and get in the desorber is SrCl2∙8NH3. The flows that comes in 

the absorber is SrCl2∙NH3 and 7NH3 while the stream that comes out of the separator is SrCl2∙NH3 and 7NH3 and the last one continues to the rest cycle till will meet again the 

absorber (DESORB: Desorber, ABSORP: Absorber SEPARAT: Separator, STORAGE: NH3(l) storage tank, VALVE: Expansion valve). 
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5.6 Sensitivity Analysis of Model 

The sensitivity analysis performed on the system is used to explain the system’s behaviour when its 

main parameters are varying within a specific range. According to that, it can be understood which of 

these are the most important for the proper operation of the system to achieve the desired outcomes of 

continuous heat storage and release at the chosen specific operating conditions (around 8 bar and 80 

°C) and how much they affect the whole system. Thereby, it is possible to identify the most optimal 

design solution and most importantly operating conditions regarding the scope of the project [38]. The 

main input parameters that affect the whole system are the volumetric flow rates and temperatures of 

the heat transfer fluid (HTF) respectively in the external heat and cold sources. The HTF that used is 

also varying its flow rate and temperature because it affects the outlet/return temperature of the external 

heat and cold sources. In addition, the temperature of reactions, in both absorption and desorption (or 

alternatively the temperature of reactors), affect system’s operation significantly according to the 

analysis. The pressure of the reactions is another parameter that affects the whole system, except for 

the thermal baths, where many changes are then required to accomplish the desired outcomes in the 

system. The sensitivity analysis of pressures is therefore excluded here, where, the system operational 

pressures are expected to be retained within the design conditions. This was because, for that changes 

in pressure, the system requires major changes to the main components such as the compressor, pump 

and heat exchangers. 

The following graphs present the behaviour (i.e., the sensitivity) of the system when the parameters of 

the inlet HTF temperature of the external heat source, the inlet HTF temperature of the external cold 

source, the absorption temperature of the reaction and the total mass flow rate of the fully ammoniated 

salt-SrCl2∙8NH3, are varying. The first analysis concerns the examination of the dependent parameter 

of the volumetric flow rate of the HTF of the external heat source when varying the independent 

parameter of the HTF inlet temperature of the same source. As it can be seen in Figure 32, when the 

volumetric flow rate of the oil (HTF) is used as an input to the external heat source, the higher is the 

inlet temperature, the lower the volumetric flow rate should become. In other words, when the inlet 

temperature of the HTF is changed, the graph shows the required changes to the flow rate of the HTF. 

For a temperature of 95 °C chosen in the system design, the sensitivity analysis as in Figure 32 shows 

that the volumetric flow rate of the oil should be around 1.56 l/min. 

 



 

58 
 

 

Figure 32: Sensitivity analysis on the relationship of the HTF inlet temperature and HTF volumetric flow rate of 

the external heater. 

The next analysis is about the relationship between the independent parameter of the inlet temperature 

of the HTF of the cold external source with the dependent parameter of the volumetric flow rate of the 

same source. As Figure 33 shows, with the inlet flow rate of the oil (i.e., HTF) used as an input to the 

external cold source, as the temperature of it is increased, the flow rate should also similarly follow an 

increasing trend. For the chosen temperature of 25 °C, Figure 33 shows that the volumetric flow rate of 

the oil should be 0.42 l/min. 

 

Figure 33: Sensitivity analysis on the relationship of the HTF inlet temperature and volumetric flow rate of the 

external cooler. 

The next graph in Figure 34 compares the behaviours of heat transfer fluids that used into two external 

sources to provide cold and heat respectively. Here, the flow rate with blue line is based on primary 

axis (left axis) while the flow rate with red line on secondary one (right axis) for a more readable graph. 
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Their trends are inversely proportional because, as Figure 34 indicates, when the inlet HTF temperature 

increases in both cases, the volumetric flow rate of HTF of the cold source (blue line) should be 

increased, while the flow rate of HTF of the heat source (red line) should be decreased. Also, as Figure 

34 indicates, the volumetric flow rates of the HTF in the external heater and cooler to maintain the 

desired respective inlet temperatures of 95 ℃ and 25 ℃, the HTF flow rates should be 1.56 l/min and 

0.42 l/min respectively. These flow rates thus are reasonable for the chosen thermal bath’s capacity 

(which is 6 l, as in Table 7), and hence further verify the feasibility of the designed TCS system’s 

practical operation. 

 

Figure 34: Sensitivity analysis on the relationship of the inlet temperature and volumetric flow rates of both 

external heater (red line) and cooler (blue line). 

The sensitivity analysis in Figure 35 concerns how the independent parameter of absorption temperature 

influences the volumetric flow rate of the heat transfer fluid of the external cold source. As Figure 35 

presents, when the temperature of absorption is increased, as the trend of the HTF flow rate change 

indicates, the volumetric flow rate needs to be decreased. The temperature of absorption is chosen to be 

79 °C in this work, and then as the graph specifies, the corresponding flow rate of the HTF should be 

around 0.42 l/min. 
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Figure 35: Sensitivity analysis on the relationship of the absorption temperature and volumetric flow rate of the 

heat transfer fluid of the external cooler. 

In Figure 36 that follows, there is an analysis of the behaviours of the volumetric flow rates of heat 

transfer fluids of both external sources providing heat and cold respectively, when the total molar flow 

rate of fully ammoniated salt (SrCl2∙8NH3) is varying. The flow rates of both hot and cold HTFs indicate 

increasing trends according to Figure 36, with the increase of the molar flow rate of the fully 

ammoniated salt. However, there, the flow rate of the external heat source (red curve) increases faster 

than that of the external cold source (blue line). For the chosen molar flow rate of 0.0055872 kmol/hr, 

the volumetric flow rate of the cold source is 0.42 l/min and 1.56 l/min for the heat source. 

 

Figure 36: Sensitivity analysis on the relationship of the total molar flow rate of the fully ammoniated salt in the 

system and the volumetric flow rates of both heat transfer fluids of the external cooler and heater. 

Sensitivity analysis, as it was mentioned before, is an interesting and valuable tool to discover how the 

system behaves when some of its main parameters are varied. According to the results of the analysis 

and the graphs, it is observed herein, the most optimal inputs and how the system will respond if these 

parameters would vary. For the chosen absorption temperature of 79 °C and the molar flow of 
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ammoniated salt is 0.0055872 kmol/hr as in this work, the optimal volumetric flow rate of HTF of the 

external sources to provide heat and cold are 1.56 l/min and 0.42 l/min respectively. When the 

temperature of the HTF of the external heat source is increased, then the mass flow rate of SrCl2·8NH3 

is decreased, whereas, when the temperature of the HTF is increased for the cold source, then the mass 

flow rate of HTF of SrCl2·8NH3 is slightly increased. 

5.7 Sustainability Analysis 

In this section, the main pillars of sustainability, i.e., the environmental, economic and social 

development (as in Figure 37), are discussed in relation with the current TCS system design project, 

that itself belongs to sustainable solutions. Regarding this approach, the goal of most companies should 

be to achieve the best possible solutions, by considering these three pillars that should be combined and 

cooperated for sustainability [20]. 

 

Figure 37: Schematic diagram of the three pillars of sustainability. In the case that all of them are combined, the 

solution is sustainable. If only economic and social pillars are combined the solution is equitable, if only social 

and environmental are combined is bearable and if only environmental and economic are combined, then the 

solution is equitable, redrawn based on [20]. 

Thermochemical energy storage cycles can be used to generate heat and/or cold for many different 

purposes, commercial and residential, such as heating for buildings. When considering TCS within 

these three pillars of sustainability, these systems definitely belong within sustainable technology. This 

is further elaborated in the following sections. 

5.7.1 The Economic Pillar 

The pillar, which is the most important for companies, is the economic development. This is because, 

to sustain as a business, above all it must be profitable. However, in the scope of sustainable 

development, profit at any cost is not at all what the economic pillar is about. Activities that fit under 

the economic pillar include compliance to laws, proper governance and risk management. Businesses 
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should understand that to be economically sustainable, they should not waste money, but instead they 

will invest money that will be gained by a proper payback plan [17]. 

The implementation of a TES system, which can compete with any other energy sources for the intended 

application, can be the key to success. Especially for the small areas (i.e. isolated villages), the access 

to this kind of energy sources is really restricted and expensive and then their needs are usually based 

on conventional sources. The main reason is that these areas are isolated from these sources due to the 

fact that the installation of the plans is usually nearby crowded areas (i.e. big cities). Also, the systems 

that are used should provide a reliable operation and their maintenance should be based on common 

replacement parts but not in high-demanding technical services [20]. 

A financial benefit of using TES systems derives through the possibility of storing waste thermal energy 

that can be used for heating/cooling demands. That means that heat, which is wasted under other 

conditions, it can be stored and used for both heating and cooling purposes. Another benefit of these 

systems is the taxes of CO2 emissions that can be reduced a lot due to the replacement of fossil fuels-

based heat and cold supplies by TES systems that have less emissions. This also derives from the fact 

that TCS systems are not based on fossil fuels but on sustainable/renewable sources, and as a result 

there are no so high emissions and impact into the environment. 

The typical equipment that comprises of a TCS system as proposed in this work are: a compressor, a 

few heat exchangers (such as condenser and evaporator), reactors, a pump for ammonia transport, a 

storage tank and pressure regulators. All these components are ordinary in an industrial context, so that 

their technology is well developed, and therefore, their purchase or replacement costs should not be too 

high. Moreover, the chemical materials that are used, NH3 (ammonia) and SrCl2 (strontium chloride 

salt), are not expensive materials; of around 3-5 dollars per kilogram for ammonia and 5-8 dollars per 

kilogram for strontium chloride but can be even cheaper for bigger quantities (i.e. 600 dollars per 1 ton 

of NH3 and 650-850 dollars per ton of SrCl2). Energy storage by this kind of TCS cycles makes the 

relation between the production and consumption to be flexible and independent from each other as 

well as in combination with the prices of fossil fuels that tend to be higher each year. 

5.7.2 The Environmental Pillar 

The second pillar of sustainability relates to environmental conservation. Along this, the majority of 

companies and industries focus on reducing their carbon footprints, the usage of water and their overall 

effect on the environment. The energy field constitutes of the highest percentage of the sources causing 

adverse effects on the environment, whereas, by using new different approaches, technologies and 

methods these negative environmental impacts can be easily reduced. The conversion of energy to 

power and thermal energy is one main cause of carbon and greenhouse gas (GHGs) emissions globally 

because of the use of fossil fuels, such as coal and fossil oils that are preferred and used for these 

conversions [17]. 

An important improvement of the energy sector is the power production by using renewable energy 

technologies such as biogas combustion, solar power and solar-thermal, wind energy, and more, and 

storage of energy by means of sustainable TES solutions such as with sensible, latent and/or 

thermochemical heat storage and more. Thermochemical energy storage is a sustainable way of 

supplying heat/cold that is stored by using e.g. waste heat/cold and without any direct emissions of 

GHGs or other environmental pollutants, in-contrast to other techniques that are based on fossil fuels. 

Especially for small communities that are isolated and located far away from big cities where the 

installed power plants exist, a combined system of two or more different technologies (i.e. a TES system 
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combined with a solar power plant) could prove to be  fossil free by implementing different renewable 

technologies and using TES systems as a balancing link [3]. 

For a more realistic and representative view, it should be reported that even if renewable techniques are 

used, there is an impact on the environment but in that case, it is much lesser. The mechanical equipment 

that are used harm the environment since compressors, pumps, and refrigeration units are usually oil- 

lubricated and could also be emitting certain gases that cause air pollution. Moreover, the working pair 

that used in a TES system has impact due to the toxicity of the ammonia, and it is dangerous when 

people get in touch with them. As a conclusion, TCS system that are using as a working pair of ammonia 

and strontium chloride are quite environmentally friendly solution, but it cannot be the best solution 

due to the emissions that provide and the toxicity of the ammonia as a refrigerant. 

5.7.3 The Social Pillar 

The third pillar of sustainability concerns social development that includes the employees, direct and 

indirect stakeholders such as communities both locally and globally. Businesses focus on strategies that 

include more development opportunities for all its stakeholders. Using new techniques which are more 

environmentally friendly can improve the life quality of citizens and could possibly create more job 

opportunities than these ones that already used [20]. 

The access to energy contributes to social development, mainly for the isolated populations and areas, 

and this access is often restricted or quite costly. The implementation of TES systems could help the 

development of these locations with a lower impact, when i.e. their energy needs are met with harvested 

excess heat/cold, to be used as thermal energy or to produce power. Moreover, by using these TES 

systems for supplying and/or storing energy in those areas, the development of these areas can be 

boosted, due to the lower cost of energy, such as for transportation. The benefit of that is the 

achievement of a quite better life quality of the population of these areas [3]. 

The implementation of storage systems has also an investment cost. As it is mentioned in economic 

pillar, the access to new technologies is supported and financed by governmental programs or by non-

profit organizations. Social issues should also be avoided in-relation to these technologies, by i.e. 

instigating fair access to these areas with better energy infrastructures, for avoiding local rivalries 

between those that have and those that do not have access on that. 

5.8 Overall Summary 

This section summarizes all the results derived for the current system design, on the system that was 

used as verification, and the sensitivity analysis, as well as the sustainability aspects. The current 

designed system provides an energy storage capacity of 0.5 kWh for the specific amounts (in volumetric 

flow rates) of ammonia and monoammine of strontium chloride of 1.08696 e-05 kmol/s and 1.5528 e-

06 kmol/s respectively by using the same duration of 4,000 seconds for complete reactions. The 

verification system is used due to employing both reactions of absorption and desorption in both 

systems (i.e. verification and final system). Running the simulation of that verification model in Aspen, 

the same result of 20 Watts of cooling capacity was obtained, as it was expected through the 

experimental data. 

The main goal of this work is done successfully by a numerically modelled TCS system in Aspen using 

the system NH3-SrCl2, for the simultaneous heat storage (i.e. desorption) and release (i.e. absorption) 

at 82 ℃ and 79 ℃ (and around 8 bar pressure) respectively with a heat storage capacity of 0.5 kWh. 

However, there are some limitations that used for the best possible operation of the system. The most 
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crucial assumption was about the time of completion of reactions of 4,000 second for both absorption 

and desorption in order to be completed at the same time. Other assumptions that used are the difference 

of temperature for the desorption and the absorption of 6 °C and 54 °C respectively to drive the heat 

transfer from HTF to reactors’ bed. In addition, the efficiencies of compressor and pump are assumed 

to be at 0.8 and 0.75 respectively. An assumption regarding the software was that the solid salt-SrCl2 is 

not remaining into the reactor but it is passing through the reactor as a continuous flow. Finally, another 

assumption about the efficiencies of the solid-liquid heat exchangers that there are between external 

heat/cold sources and reactors which are 0.7-0.8. 

The sensitivity analysis of the project is important because the model can be verified and characterised 

reasonably according to the results. As it can be observed from graphs of analysis, the choices that are 

done regarding the temperatures of absorption and desorption as well as the temperatures and 

volumetric flow rates of the HTF of the external heat and cold sources, are verified. The analyses of the 

inlet temperatures and volumetric flow rates of HTF, show that the volumetric flow rate of HTF of the 

external heat source is 1.56 l/min and the volumetric flow rate of HTF the external cold source is 0.42 

l/min. Another analysis that varied the volumetric flow rate of octaammine in the system shows that, 

for this specific flow rate of SrCl2∙8NH3 (i.e. 1.5528 e-06 kmol/s) that system operates, the volumetric 

flow rates of both HTF of external heat and cold sources are the volumetric flows of the previous two 

analyses (i.e. 1.56 l/min and 0.42 l/min for the external heat and cold source respectively). All the above 

values of the analysis show that under these conditions the system can operate continuously for both 

heating production of 0.5 kWh and storing mode as well. The results of Aspen verify that both reactors 

produce similar amounts of energy per time of complete reaction, that was the scope of the project.
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6 Conclusions and Future Work 
In this chapter there are two sections. The first section presents the basic conclusions on the overall 

thesis project as well as on the operation and numerical modelling of the system with its sensitivity 

analysis. The second section is about the future work that could be done for further improvement of the 

system. 

6.1 Conclusions 

The main aim of this thesis was to design a bench-scale thermochemical energy storage system, as a 

part of a collaborative Nordforsk project (Neutrons for Heat Storage-NHS), employing absorption and 

desorption reversible reactions between ammonia and metal halides, and especially SrCl2 which is 

chosen. On this project only the absorption and desorption between SrCl2∙NH3 and SrCl2∙8NH3 are 

considered. This is to avoid the otherwise necessary large fluctuation of the reaction pressure to 

absorb/desorb the last ammine, at a given temperature, which significantly increase the system cost. 

The main chosen characteristics of this system were to achieve: absorption and desorption temperatures 

in a range between 40-80 °C; storage of ammonia in its liquid phase at room temperature (of around 25 

°C); and a storage capacity of 0.5 kWh; and most importantly, to allow the simultaneous release and 

storage of heat. 

Mainly, four different ammonia-metal halides systems were examined from literature, which were 

chosen for their certain attributes that could bring inspirations to determine an appropriate system 

design. The TCS system design from DTU was examined since it operates under similar conditions of 

storing ammonia in absorption (25 °C & 8 bar) and desorption reaction under the desired low 

temperature range of 40-80 °C, while using the same reaction pair SrCl2-NH3. However, this DTU 

system can operate at either absorption or desorption mode, at a given cycle, and therefore lacks the 

simultaneous heat storage and release ability, that is sought for in the current thesis project. The main 

reason that the second design was examined, was because it uses two reactors for cold and heat 

production, which means that both charging and discharging processes occur respectively. The third 

system is also similar to the current design, since it also operates with two identical reactors for both 

absorption and desorption processes. The functionality of this design is that can work reversibly when 

each process is completed. The last examined system provides the same desorption temperature of 80 

°C which belongs to the desired range. It also presents some experiments results of few different low 

pressures of the reaction that used, led to confirm the choice of the solid-gas reaction of the current 

system design. All the above systems that are examined in literature review use as a working pair 

ammonia with strontium chloride salt and the solid-gas reaction for the absorption/desorption between 

SrCl2∙NH3 and SrCl2∙8NH3. Moreover, all of them are pumping the solid salt in powder form instead of 

keeping it constant inside the reactors and pumping only the ammonia. The most important differences 

between them are the operating conditions of pressure and temperature. The DTU system operates at 

80 °C and 8 bar, the second one at 96 °C, 15 bar and 87 °C, 11 bar, the third one at 103 °C, 16 bar and 

59 °C, 3 bar and the last one at 80 °C, 8 bar for the desorption and absorption respectively. The most 

important lessons that have been learnt from the above system designs, for a simultaneous heat storage 

and release operation of the upgrading system design, are that the solid-gas reaction is the best possible 

solution for the current design and only the reaction of absorption and desorption between SrCl2∙NH3 

and SrCl2∙8NH3 should be considered. This is to avoid the extremely high operating conditions of 

pressure and temperature of the last ammine of ammonia molecule during the desorption and 

absorption. Moreover, regarding the mechanism of the reactants’ transportation that should be used in 

the current system, it was decided to maintain the solid salt (i.e. metal halide – SrCl2) static inside the 

reactors but not pumping it as the ammonia, compared to the majority of the literature’s designs. Finally, 
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the most suitable reaction conditions of temperature and pressure are decided to be at around 80 °C (that 

match the district heating temperature range of 40-80 °C set in the NHS project) and 8 bar, according 

to the equilibrium curve of pressure vs temperature. This means that the pressure difference between 

both reactions of absorption/desorption and the conditions of the ammonia storage (i.e. from 8 to 10 

bar) should be as small as possible because of the high costs that arise in the case of a higher-pressure 

difference (i.e. requiring more compressors and heat exchangers). 

Inspired of these systems, a conceptual design of TCS system (configuration) was developed in order 

to meet the current project’s aim. After the conceptual design, the implementation of the final system 

took place on Aspen software, with the desired parameters that had already been decided through the 

research. These specific conditions that the system needs for a total storage capacity of 0.5 kWh are: 

0.985 kg of SrCl2 salt in each reactor and total 1.97 kg. Also, the amount of the ammonia is 1.7 kg and 

the specific conditions of pressure and temperature are at around 80 °C and 8 bar and more specific at 

79 °C and 7.42 bar for the absorption and 82 °C and 8.37 bar for the desorption. 

A verification of the designed model was performed by adapting the designed TCS system model herein 

to another rather similar TCS system from literature, using the same reaction pair but different operating 

conditions and presented with experimental data. The purpose of that was to verify the reliability of the 

results that were obtained from the designed novel TCS system and thereby to prove that the final 

designed system can also work properly and presents useful results. Indeed, the simulation of the 

verification model in Aspen had the same result of 20 Watts of cooling capacity, as it was expected 

through the experimental data. 

Moreover, a sensitivity analysis, including the main parameters that the system uses, was conducted 

and the results were examined to assess each parameters’ influence on the TES system’s desired 

outcomes, at the chosen specific operating conditions (around 8 bar and 80 °C). The main input 

parameters that affect the whole system were the volumetric flow rates and temperatures of the heat 

transfer fluid (HTF) in the external heat and cold sources respectively because they affect the 

outlet/return temperature of these external heat and cold sources passing through the reactors. 

According to the analysis, the designed system can provide an energy storage capacity of 0.5 kWh for 

these specific amounts of ammonia and monoammine of strontium chloride of 1.08696 e-05 kmol/s and 

1.5528 e-06 kmol/s (in volumetric flow rates) respectively. The analyses of the inlet temperatures and 

volumetric flow rates of HTF, show that the volumetric flow rate of HTF of the external sources are 

1.56 l/min (heat source) and 0.42 l/min (cold source). The choices that are made regarding the 

temperatures of absorption and desorption, as well as the temperatures and volumetric flow rates of the 

HTF of the external heat and cold sources, are verified. All the above values of the analysis show that 

under these conditions the system can operate continuously for both heating production of 0.5 kWh and 

storing mode as well. The results of Aspen verify that both reactors produce similar amounts of energy 

per time of complete reaction, which was the scope of the project. The final system works properly, and 

reasonable results are derived through the theory followed, the sensitivity analysis and the verification 

of the model performed. 

6.2 Future work 

The bench-scale thermochemical heat storage system that was numerically designed in this thesis 

project is completed but there are a few aspects that can both improve the model and make the analysis 

more comprehensive. Firstly, the model should be tested and used under real operational data to verify 

that the system can also work properly under the specific conditions of pressure, temperature and the 

HTF of the external sources that the model is constructed in simulation. 
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Running a more detailed and structured sensitivity analysis of the model would also be an improvement, 

in order to identify the most sensitive parameters, so that the testing can be performed using this analysis 

as the guiding structure. This can be done, e.g. by respectively varying also the pressure of the reactors 

and see how the parameters of the rest components of the cycle will be varied. In this case maybe more 

components will be needed, such as compressors and heat exchangers (coolers) in order to achieve the 

desired conditions of pressure and temperature respectively. 

Besides, some more calculations of the dimensions of both reactors may be needed, including besides 

the reactors’ dimensions, the thermal conductivity improvement mesh and the heat exchanger (HEX) 

inside the reactors, and most importantly the heat losses as well. Then, the heat duty that is needed in 

each reactor can be calculated also manually to verify and match the results from the simulation on 

Aspen. If these heat duties are matching within the simulation, it means that both reactors have the 

correct dimensions and volume. 

An economic analysis could be done as well, including capital costs, utilities, energy savings and other 

economic parameters for the operation and the investment of the system. With such an analysis, the 

exact cost of the plant installation and of any other upgrade in the system can be calculated, by adding 

the costs of the new components. 
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8 Appendix 
This section includes some extra information about the tables that derived through sensitivity analysis 

of the modelling in Aspen and some useful calculations that can be used to find the outlet temperature 

of the compressor in a single or multi stage compression. 

8.1 Appendix A 

In Appendix A are presented the tables of sensitivity analysis that derive from Aspen and through these, 

the graphs on the respective chapter are done. 

Table 8: Inlet temperature of HTF of external heater vs. inlet volumetric flow rate of HTF of the same source. 

Cases Temperature 

(°C) 

Volumetric Flow 

Rate (l/min) 

1 86 13.4859 

2 87 7.87102 

3 88 5.31069 

4 89 4.15743 

5 90 3.27721 

6 91 2.68891 

7 92 2.28051 

8 93 1.98462 

9 94 1.75822 

10 95 1.57878 

11 96 1.4327 

12 97 1.31134 

13 98 1.19025 

14 99 1.11661 

15 100 1.04538 

16 101 0.969798 

17 102 0.917577 

18 103 0.859429 

19 104 0.813741 

20 105 0.780055 

21 106 0.738655 

22 107 0.706285 

23 108 0.67196 

24 109 0.643374 

25 110 0.620884 

26 111 0.594545 

27 112 0.572983 

28 113 0.550371 

29 114 0.530312 

30 115 0.514889 

31 116 0.496712 

32 117 0.481297 

33 118 0.465288 
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34 119 0.450613 

35 120 0.439217 

 

 

Table 9: Inlet temperature of HTF of external cooler vs. inlet volumetric flow rate of HTF of the same source. 

Cases Temperature 

(°C) 

Volumetric Flow 

Rate (l/min) 

1 20 0.376026 

2 21 0.384162 

3 22 0.392339 

4 23 0.401448 

5 24 0.410614 

6 25 0.420885 

7 26 0.430992 

8 27 0.44303 

9 28 0.454269 

10 29 0.467044 

11 30 0.479561 

12 31 0.494743 

13 32 0.509433 

14 33 0.524388 

15 34 0.541568 

16 35 0.560486 

17 36 0.57862 

18 37 0.599946 

19 38 0.623203 

20 39 0.645682 

21 40 0.672575 

22 41 0.702267 

23 42 0.730846 

24 43 0.765796 

25 44 0.805027 

26 45 0.842569 

 

Table 10: Total mass flow of SrCl2·8NH3 vs. inlet volumetric flow rate of external heater and cooler. 

Cases Total Mole 

Flow (kmol/hr) 

Mass flow 

(FS1) (l/min) 

Volumetric Flow 

Rate (l/min) 

1 0.0036 1.02072 0.271574 

2 0.00396 1.10593 0.299124 

3 0.00432 1.21151 0.325666 

4 0.00468 1.30427 0.352684 

5 0.00504 1.3993 0.379786 

6 0.0054 1.49277 0.406941 
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7 0.0055872 1.56344 0.421191 

8 0.00576 1.64988 0.434097 

9 0.00612 1.72421 0.461249 

10 0.00648 1.82973 0.4884 

11 0.00684 1.92514 0.515548 

12 0.0072 2.02524 0.542695 

 

Table 11: Temperature of absorption vs. outlet volumetric flow rate of HTF of external cooler. 

Cases Temperature 

(°C) 

Volumetric Flow 

Rate (l/min) 

1 74 0.48498 

2 75 0.47118 

3 76 0.456826 

4 77 0.444459 

5 78 0.431642 

6 79 0.421147 

7 80 0.410091 

8 81 0.399135 

9 82 0.389517 

10 83 0.379604 

11 84 0.371932 

 

Table 12: Temperature of inlet HTF of external heater vs. outlet volumetric flow rate of HTF of the same 

source. 

Cases Temperature 

(°C) 

Volumetric Flow 

Rate (l/min) 

1 86 13.6385 

2 87 7.74948 

3 88 5.30704 

4 89 4.1588 

5 90 3.27637 

6 91 2.68913 

7 92 2.28045 

8 93 1.98464 

9 94 1.75822 

10 95 1.57878 

11 96 1.4327 

12 97 1.31134 

13 98 1.19025 

14 99 1.11661 

15 100 1.04538 
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8.2 Appendix B 

The following equations can be used to calculate the outlet/discharge temperature of compressor that 

used in the system. The following equation is proper only for one stage of compression. 

𝑇2 − 𝑇1 =
𝑇1

𝜂𝑆𝐶
[(

𝑝1

𝑝2
)

𝜅𝑐−1
𝜅𝑐

− 1] 

 

(38) 

 

Where, T1 and T2 are the inlet and outlet temperatures (K), ηsc is the isentropic efficiency and p1 and p2 

are the inlet and outlet pressures (bar) of compression. The ratio of the specific heat, kc= CP/CV, is a 

factor in adiabatic engine processes that determines the speed of sound in a gas. The value of this ratio 

is 1.66 for an ideal monatomic gas and 1.4 for air, which is predominantly a diatomic gas. The value of 

kc for the case of ammonia is 1.32 [33]. 

When the pressure difference between the two different half cycles of the system (i.e. absorption and 

desorption) is too high (i.e. 0.2 bar to 14 bar for the alternative system), the system needs multi stages 

of compression. Each stage contains a compressor to increase the pressure by a bit (i.e. according to 

pressure ratio-Equation (39)) and a cooler to cool down from the outlet temperature after the compressor 

until 10 °C above the ambient (Equation (40)). 

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑅𝑎𝑡𝑖𝑜 =
𝑝1

𝑝2
 (39) 

𝑇𝑜𝑢𝑡𝑙𝑒𝑡,𝑖𝑛𝑡𝑒𝑟𝑐𝑜𝑜𝑙𝑒𝑟= T𝑎𝑚𝑏𝑖𝑒𝑛𝑡+10°C (40) 

The discharge temperature of the compressor should be maximum at 150 °C due to the construction 

characteristics of the compressor. The ratio of pressure is needed and can be calculated by the ratio of 

the pressure inlet divided by the pressure outlet when the temperature in within the previous limitation. 



TRITA ITM-EX 2019:74

www.kth.se


