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Abstract  

In the thesis, the study is carried out, focusing on the objectives related to design of   

DEMOnstration Balance of Plant (DEMO BoP), as well as on plant performance and operation 

challenges. The scope of the work is the study of transient behaviour of DEMO BoP energy 

transfer chain through the simulations using MATLAB/Simulink. For this purpose, a vast 

analysis of design and operational parameters of DEMO BoP is carried out, including Primary 

Heat Transfer System (PHTS), Intermediate Heat Transfer and Storage System (IHTS) and 

Power Conversion System (PCS), which are used as input simulation data. In DEMO IHTS 

system, HITEC molten salt (MS) is applied as both heat transfer fluid and sensible thermal 

energy storage medium. In the thesis, an extended literature survey of HITEC properties is 

performed. A set of functional relations, which describe temperature dependence of HITEC 

thermo-physical parameters, is defined for novel customized MATLAB® module. A model, 

which describes mass and heat transfer phenomena in thermal storage tank, is reviewed. The 

results are applied for development of novel customized MATLAB® module for simulation of 

heat losses to environment from thermal storage tanks. The results of simulations of temporal 

evolution of MS temperature inside thermal storage tanks, as well as heat losses to environment, 

are evaluated through comparison with numerical data, known from literature survey. The 

simulation models for DEMO PHTS-IHTS and DEMO PCS systems are developed. For these 

models, MATLAB Library standard, as well as customized modules are applied. The 

modules´ governing equations and corresponding assumptions are discussed. The results of 

simulations are used for optimization of design of thermal storage tanks, as well as for study of 

interplay between storage tank geometrical parameters and MS properties. The simulations of 

temporal evolution of mass and heat flows in DEMO PHTS-IHTS and DEMO PCS systems 

during fusion reactor cycling operation are carried out. The study is extended with simulation 

of temporal evolution of mechanical power output downstream DEMO PCS steam turbines. 

The results of simulations using MATLAB/Simulink are evaluated and verified through the 

comparison with the data from quasi-stationary simulations. The verification shows good 

correlation between simulated parameters´ values. Finally, MATLAB/Simulink simulation 

model for DEMO BoP energy transfer chain is developed. The novelty consists in coupling of 

DEMO PHTS-IHTS and DEMO PCS models through thermal ports. The obtained results of 

numerical simulations confirm the ability of the developed MATLAB/Simulink model to be 

applied for the study of transient behaviour of DEMO BoP energy transfer chain on behalf of 

operation stability.   
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Kurzfassung  

In der Doktorarbeit liegen die Schwerpunkte auf dem Design, sowie auf der Anlagenleistung 

und den betrieblichen Herausforderungen von DEMOnstration Balance of Plant (DEMO BoP) 

für die Fusionstechnologie. Das Ziel der Arbeit ist die Untersuchung des transienten Verhaltens 

der Energieübertragungskette von DEMO BoP mittels MATLAB/Simulink. Für das 

Simulationsmodell des Primärwärmeübertragungssystems (PHTS), des Zwischenwärme-

übertragungs- und Speichersystems (IHTS), sowie des Energieumwandlungssystems (PCS), 

wurde eine umfassende Studie der Design- und Betriebsparameter, die als 

Simulationsdateninput gelten, durchgeführt. HITEC-Salzschmelze wurde als Wärme-

übertragungsflüssigkeit sowie als ein sensibles Wärmeenergiespeichermedium für                            

DEMO ITHS ausgewählt. Dafür wurde eine erweiterte Literaturrecherche zu den Eigenschaften 

der Salzschmelze erbracht. Eine Reihe von analytischen Gleichungen, die die 

Temperaturabhängigkeit von thermophysikalischen Parametern des HITEC beschreiben, wurde 

definiert und in einem neuen angepassten MATLAB®-Modul eingeführt. Ein                                   

geeignetes Modell wurde entwickelt, welches die Massen- und Wärmeübertragungsphänomene 

im thermischen Energiespeicherbehälter beschreibt. Ein neuartiger MATLAB®-Modul wurde 

zur Simulation von Wärmeverlusten aus dem Speicherbehälter an die Umgebung entwickelt. 

Die Simulationsergebnisse zur Wärmeübertragung aus dem Speicherbehälter an die Umgebung 

wurden mit bekannten Literaturdaten verglichen und evaluiert. Die Simulationsmodelle von 

DEMO PHTS-IHTS- und DEMO PCS-Systemen wurden mit MATLAB/Simulink entwickelt. 

Zur Modellentwicklung wurden sowohl Standardmodule der MATLAB-Bibliothek, als auch 

die selbst neuangepassten MATLAB®-Module eingesetzt. Dabei liegt der Schwerpunkt auf der 

Beschreibung der entsprechenden Randbedingungen für die physikalischen Modelle, sowie der 

maßgeblichen Gleichungen. Die Simulationen wurden zur Optimierung des Designs der 

thermischen Energiespeicherbehälter verwendet. Der Zusammenhang zwischen geometrischen 

Parametern der Speicherbehälter und den Eigenschaften der Salzschmelze wurde untersucht. In 

DEMO PHTS-IHTS und DEMO PCS-Systemen wurden Simulationen zur zeitlichen 

Entwicklung von Massen- und Wärmeströmen während des zyklischen Fusionsreaktorbetriebes 

durchgeführt. Die Ergebnisse wurden zur Berechnung der mechanischen Leistung hinter den 

DEMO PCS-Dampfturbinen herangezogen. Die Daten aus MATLAB/Simulink-Modellen 

wurden mit Daten aus quasi-stationärem Simulationsmodell verglichen.  Die Verifizierung der 

jeweiligen Simulationsdaten zeigt eine Übereinstimmung zwischen den Ergebnissen von 

dynamischer und quasi-stationärer Modellierung. Abschließend wurde das 
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MATLAB/Simulink-Modell zur Untersuchung des transienten Verhaltens der 

Energieübertragungskette von DEMO BoP entwickelt. Die Neuartigkeit des Modells entsteht 

in der Modellenkopplung der DEMO PHTS-IHTS mit DEMO PCS mittels thermischer 

Anschlüsse der entsprechenden Module. Im Hinblick auf die Betriebsstabilität, bestätigen die 

Ergebnisse der numerischen Simulationen die Eignung des entwickelten MATLAB/Simulink-

Modells für die Untersuchung des transienten Verhaltens der Energieübertragungskette von 

DEMO BoP.  
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a, b Radius m 

B Thickness m 
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d Distance m 
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Ė Energy flow rate W 
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f Function, Darcy friction factor -, - 
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k Thermal conductivity  W/(m∙K) 
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P, p Pressure, power Pa (bar), W 

S Area  m² 

s, sec Second - 

W Watt - 

Whth Watt-hour-thermal - 

Q Thermal energy, heat J 

Q̇ Thermal energy flow  W 

q Specific heat loss per area, condenser heat duty W/m², kW 

t Time sec, hour, day 

s Auxiliary transition function - 

SD Specific dissipation - 

T Temperature °C, K 

u Specific internal energy J/kg 

U Internal energy   J 
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Ẇ Work flow, mechanical power J/s, W 
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1      Introduction  

From 1970 onwards, energy demand in the world has rapidly grown, being satisfied mainly by 

fossil fuels [1-4]. Nowadays, world’s actions are crucial to create a sustainable energy system, 

in which renewable energy sources, that proved long-term security of supply, have to replace 

fossil fuels [5-9]. In Germany, the strategic transformation of energy system is focused on the 

development of decarbonized multi-modal energy system with variable renewable energy 

sources and system integration. This development demands comprehensive multiple view over 

the infrastructure and components, stability and controllability, reliability, safety, economic 

viability, environmental compatibility, legislation, as well as social and ethical aspects [10-17].  

Being a part of strategic development, the Energy System Integration 2050 (ESI 2050), a joint 

initiative of research field energy of Helmholtz Association in Germany, is aimed on the 

improvement of understanding of energy systems and development of technological solutions 

for use by politics and industry [8]. The initiative focuses on the integration of relevant 

technology elements into energy system and addresses those aspects of energy system that make 

all individual components to form a whole [18-27].  

To provide zero-carbon emissions, large-scale expansion of renewable technologies has to be 

realized [4, 28]. In this way, wind and solar energy underbid fossil-fuel power                                          

plants [18, 28, 29]. Nuclear energy remains a low-carbon option for generating electricity with 

significant gains [2].  

Fusion energy opens possibilities to provide a cost-efficient and sustainable solution to 

European and global energy needs [30]. Fusion, as a based-load energy generation option, is 

expected to contribute to decarbonization and climate change mitigation measure from its 

market penetration after 2050 [3, 5, 31-35]. 

 

1.1 Road map for Fusion Power Plant 

The European Commission proposal for EURATOM programme in Horizon 2020 states an 

ambitious roadmap to fusion electricity (see Fig. 1.1). The International Thermo-

nuclear Experimental Reactor (ITER) and DEMOnstration Fusion Power Plant (DEMO FPP) 

are some of its key facilities [36]. The scope of ITER, which is one of the most ambitious energy 

projects, is to build world’s largest TOKAMAK reactor to prove the feasibility of fusion as a 

large-scale energy source [37]. 
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Fig. 1.1: The European Fusion Roadmap [36]. 

ITER is the first fusion device designed to produce net fusion power of 500 MW over a 

significant long pulse with only about 50 MW input heating power, injected to heat the plasma. 

It is expected that most of important milestones, which should be achieved by putting ITER 

into operation, should provide ground for many systems, materials and technologies, needed 

for development of commercial scale fusion reactors [32, 38-40]. 

Aside to ITER, the research work is underway on the conception of next-stage machine - 

DEMOnstration Fusion Power Plant, which has to upgrade all technologies to the level of 

performance, reliability and efficiency required for production of electricity [37]. DEMO FPP 

is considered as a decisive step between ITER and commercial Fusion Power Plant [41, 42]. 

DEMO FPP has to demonstrate all technologies for construction of a commercial Fusion Power 

Plant, including an adequate level of availability. DEMO FPP requires innovations in material 

technologies, integration design of largest components with lowest cost, simple manufacturing 

as well as standardization of parts, high level of component reliability, maintainability and 

inspectability [26, 29]. The safety credit needs to be given to the systems, structures and 

components [43-45]. Integrated analysis is necessary for comprehensive identification of 

hazards and safety functions [46, 47].  

The conceptual DEMO projects, such as Korean-DEMO and EU-DEMO, are under 

consideration [41, 42]. Korean-DEMO construction is expected to be completed by 2037 and 

to be used as a component test facility during its 1st operation phase, which is projected up to 

2050. During the 2nd phase, most in-vessel components have to be replaced for full steady-state 

operation and electricity generation. A central requirement to EU-DEMO is to produce net 

electricity to external grid predictably in the range of 300-500 MW.  
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1.2 DEMOnstration Balance of Plant 

The DEMOnstration Balance of Plant (DEMO BoP) is an engineering term, comprising all 

supporting and auxiliary systems, which are needed for energy conversion and delivering       

[40, 48]. The objectives of DEMO BoP development are to design an environmentally sound, 

viable, flexible and stable energy system by integrating individual technologies [33, 45, 47-54].  

The schematic view of the interface of DEMOnstration Balance of Plant systems is presented 

in Fig. 1.2. The large number of system interdependencies give rise to a high degree of                

DEMO BoP complexity, what strongly influences on plant design, safety and maintainability, 

and demands large-scale investigations of DEMO BoP during pre-conceptual design [38, 55]. 

Here, any effort to reduce the complexity of DEMO BoP has a beneficial return on system 

design, operation safety, plant availability, power grid stability and costs [46, 56-60]. 

 

 

Fig. 1.2: Interface of the systems of DEMOnstration Balance of Plant with Helium Cooled 

Pebble Bed Indirect Coupling Design (ICD) concept:  BB - Breeding Blanket, ESS - Energy 

Storage System, VV - Vacuum Vessel, VVPSS - Vacuum Vessel Pressure Suppression                            

System [51, 55]. 
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The schematic view of DEMO BoP electrical system is presented in Fig. 1.3. Major consumers 

are the cooling and cryogenic systems for helium breeding blanket model, requiring 80% of 

total power demand between 120-250 MW. The Pulsed-Power Electrical Network, which is 

identified with the Coil Power Supply and Heating Power Supply systems, supplies pulsed 

loads that requires time-changing power during plasma operation. Turbine Generator Electrical 

Network provides large pulsed power, which is needed to supply the superconducting coils, and 

connects DEMO power train to external grid.  

 

 

Fig. 1.3: DEMO BoP electrical distribution system [56].  

 

The schematic view to DEMO BoP ICD concept is presented in Fig. 1.4. The concept includes 

fusion reactor TOKAMAK as a heat source, Primary Heat Transfer System (PHTS), 

Intermediate Heat Transfer and Storage System (IHTS), Power Conversion System (PCS) and 

plenty of auxiliary equipment [51-56]. The transitions between plasma operation states, hence 

pulse-to-dwell and dwell-to-pulse, are the most challenging issues for coupling between DEMO 

Primary Heat Transfer System and Power Conversion System [5]. Previously for DEMO BoP, 

Direct Coupling Design (DCD) and Indirect Coupling Design (ICD) concepts are proposed (see 

Appendix A.1) to identify the main requirements and feasible architectures [38, 51, 55]. DCD 

and ICD concepts are studied, based on feasibility, applicability, integrity, performance and 

safety consequences, as well as the costs, which are taken into account. 



 

5 
 

 

Fig. 1.4: Scheme of DEMO BoP design concept [33]. 

 

The main requirements are considered here, namely to avoid disconnection from the grid for 

pulse-dwell transitions and to reduce the impact of frequent temperature transients to structures. 

The study shows that ICD concept provides the accumulation of thermal power during plasma 

pulses that is released further to DEMO PCS during dwell operation [55]. DEMO IHTS is used 

to smooth the generated pulsed plasma power, ensuring continuous conversion process with 

stable production of electricity and long plant lifetime. The use of DEMO IHTS allows the 

electrical generators to operate in steady state without any interruptions and fluctuations during 

plasma phase [40, 41, 47].  

In DEMO BoP (see Fig. 1.4), the fusion reactor operates in a cycle mode. A single operation 

cycle includes pulse (7200 sec) and dwell (600 sec) time intervals. Dwell time is needed for 

removal of ash and dust from fusion reactor chamber, as well as for loading of central                

solenoids [52]. Breeding Blanket (BB) system surrounds the plasma and is responsible for heat 

extraction due to cooling mechanism, to absorb the energy from neutrons produced within 

plasma by nuclear fusion reaction. The blanket system removes heat at an adequate 

thermodynamic efficiency that requires the coolants to be used at high temperature and              

pressure [26]. The cooling of blanket with helium is the preferable solution, which relies on 

chemical and radiological gas inertness at high temperature [61-63].  
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Helium Cooled Pebble Bed (HCPB) consists of lithiated ceramics as solid breeder, beryllium 

pebbles as neutron multiplier, and EUROFER as structural material, which consists of reduced-

activation ferritic-martensitic steel. HCPB uses as a coolant high-pressure helium at 8 MPa. 

The coolant removes heat from plasma and deposit volumetrically in the surrounding in-vessel 

structures, what covers 80% of total fusion power. The rest of fusion power with additional, 

auxiliary heating power of ~100 MW is deposited as surface heat by plasma-facing                

components [51-54, 56, 61, 64].  

Breeding Blanket system is segmented into eight loops, each providing heat transfer into two 

sectors through top/upper ports, what offers benefits, referred to safety, maintenance and 

component size [26, 55]. Each loop incorporates two helium blowers. Helium flows through 

heat exchangers (HXs), ensuring heat transfer from fusion reactor blanket walls to Thermal 

Energy Storage (TES) system [61-63, 65-69].  

DEMO IHTS stores thermal energy from BB PHTS during pulse time, manages inlet 

temperature to BB PHTS through the HX secondary-side inlet temperature, and transfers 

thermal energy to pre-heater/steam generator/super-heater, as requested by DEMO PCS. 

During dwell operation, the mass flow rate of heat transfer fluid (HTF) is adjusted to the need 

of BB decay heat removal using a dedicated small pump [47, 55].  

Power Conversion System follows DEMO IHTS and is coupled through the generator to 

electrical grid. In DEMO PCS, heat is transferred to steam generator [70]. Secondary heat 

sources, such as Vacuum Vessel (VV), Divertor Cassettes (DIV-Cas) and Divertor Plasma 

Facing Units (DIV-PFU) are used for heating feedwater on return line to steam generator       

(Fig. 1.4). To increase the power output, two fluid re-heaters are installed between steam 

turbines. Subsequently, steam is returned back into the circuit through condenser.  

Quasi-stationary simulations of DEMO BoP are previously carried out using EBSILON code, 

which is a simulation tool for thermodynamic cycle processes [84, 97-101]. The code system 

library contains the components for power plant processes, as well as material data library, 

including the parameters of heat transfer fluids [102]. DEMO BoP main operational parameters, 

calculated through EBSILON, are joined in Appendix A.2, Table A2.1. The schemes of quasi-

stationary simulation model of DEMO BoP, that is substantial for fusion reactor pulse and dwell 

operation, are presented in Appendix A.2, Fig. A2.1 and Fig. A2.2.  
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1.3   DEMOnstration Intermediate Heat Transfer and Storage System                   

design concept  

1.3.1 Storage of thermal energy 

In order to store an excess amount of hot heat transfer fluid, the Thermal Energy Storage system 

is applied. The operation of TES system depends on heat transfer fluid (HTF) properties, on 

design of storage system and its integration. TES technologies can exploit the storage of thermal 

energy in form of thermochemical, latent or sensible heat storage. Thermochemical heat storage 

is based on heat capacity and its change as a function of temperature, being accompanied by 

chemical reaction [71]. To store thermochemical energy, elevated HTF temperature is used to 

promote a reversible, endothermic reaction. The absorbed thermal energy is stored as chemical 

bonds within reaction products. The reverse exothermic process can be induced through 

catalysis, when energy needs to be recovered [72]. For latent heat storage, heat from HTF 

induces a phase change in the material to store energy isothermally at transition temperature, 

undergoing a solid-liquid transition. For sensible heat storage, it is characteristic that thermal 

energy in HTF is used to heat a single-phase material to a defined temperature or thermal energy 

is retained within an excess volume of HTF [73]. As sensible heat storage materials remain in 

a single phase during operating temperature range, the charging and discharging processes are 

completely reversible for unlimited cycles. Sensible heat storage is the simplest method to store 

thermal energy, especially for medium-size systems [73-79]. For DEMO IHTS operating 

temperatures, see Fig. 1.5, the gravimetric storage density for sensible heat storage is expected 

to be lower than for thermochemical heat storage and higher than for latent heat storage [71].  

 

Fig. 1.5: Gravimetric storage density as function of maximum storage temperature [71]. 
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1.3.2 DEMO IHTS two tank design concept 

In the current work, the focus of the study relies on DEMO BoP ICD concept with IHTS, which 

includes two thermal storage tanks. In the applied approach, the heat transfer fluid for                  

DEMO PHTS differs from HTF for DEMO IHTS and the heat transfer fluids are not in direct 

contact [73, 80, 81]. The applied approach supposes heat transfer to the second HTF for thermal 

storage in a separate loop, involving corresponding heat exchangers.  

A two tank storage concept involves the use of a hot and a cold tank with HTF inside at its 

highest and lowest temperatures [74, 75, 77-80, 82-85]. TES system comprises heat exchangers, 

pipelines as well as pumps, which ensure the flow of heat transfer fluid between thermal storage 

tanks through heat exchangers [78, 79, 86-94]. In comparison with thermocline single tank TES 

design (see Appendix A.3), two tank TES concept, being commercially proved, ensures higher 

thermal energy conversion efficiency and promises more effective performance.  

The two tank TES design concept  [95, 96] is known to be tested at Demonstration Solar Tower 

Plant Project „Solar Two” (see Appendix A.4). The two tank TES design concept has been also 

applied at Solar Energy Generating Systems (see Appendix A.4), which is an ultimate parabolic 

trough power plant, that comprises parabolic trough collectors with the tracking system, 

receiver, heat transfer medium with thermal storage, steam turbine and electric generator [92]. 

The Solar Energy Generating System applies mineral oil as heat transfer fluid [92].  The steam 

generator converts thermal energy into pressure energy of a gaseous medium, steam turbine 

converts pressure energy into rotational kinetic energy, and electrical generator converts 

rotational energy into electrical energy [95]. The use of two tank oil thermal storage system 

allows power plant to shift electric power generation from periods, when solar energy is 

available, to periods, when the utility’s peak electric demand occurs.  

The ICD two tank TES system is applied for DEMO IHTS (see Fig. 1.4), whose concept enables 

both long-term storage of HTF in hot thermal storage tank and usage of hot HTF loop 

circulation for steam generation. In DEMO PHTS, thermal energy is transferred in heat 

exchangers from the first HTF (helium) to the second HTF (molten salt), which circulates in 

DEMO IHTS. DEMO IHTS includes cold and hot thermal storage tanks filled with the heat 

transfer fluid, which is also used as sensible heat storage medium, as well as corresponding 

pipelines and pumps. During dwell operation of fusion reactor, hot HTF is pumped from DEMO 

IHTS hot thermal storage tank through DEMO PCS SG stage heat exchangers into cold thermal 

storage tank, hence high temperature steam is produced, ensuring continuous                                   

turbine operation [47, 70].  
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1.4  Scope and tasks of the thesis  

The scope of the thesis is to study the transient behaviour of DEMOnstraton Balance of Plant 

energy transfer chain through the simulation using MATLAB/Simulink.  

Two main objectives are in focus. The first one is the operation stability of DEMO BoP. Here, 

the application of ICD concept, which includes two tank IHTS system, is a decisive condition. 

The second object is the simulation of transient behaviour of DEMOnstration Balance of Plant 

energy transfer chain. In the study, the simulation model of DEMO BoP energy transfer chain 

begins with PHTS heat exchangers and ends at outlet of PCS steam turbines. Electrical 

generators are outside the frame of simulation tasks.  

For the study, MATLAB/Simulink code is applied for simulation of temporal evolution of 

mass and heat flows. The advantage of MATLAB® tool is the usage of tool-boxes for modelling 

of technical systems. Simulink, which is a data flow graphical programming language tool, 

contains a vast nomenclature of modules, which enables to model the devices and units of real 

dynamic systems. For models’ development, proper modules are connected into diagrams 

according to their functions. After numerical simulations, the results get transferred into 

MATLAB® workspace for post-processing and visualization. It is necessary to underline, that 

MATLAB/Simulink has not been known to be used previously for dynamic simulation of 

mass and heat transfer in DEMOnstration Balance of Plant.  

In the current work, for DEMO IHTS system HITEC molten salt is selected as both heat transfer 

fluid and sensible heat storage medium. The MATLAB/Simulink Library has no kind of 

module, which simulates HITEC thermo-physical properties. Therefore, an extended analysis 

of HITEC properties and their temperature dependence is a prerequisite for selection of 

functional relations, which should be introduced in a novel customised MATLAB/Simulink 

module. 

Regarding the simulation of DEMO BoP energy transfer chain, the DEMO PHTS-IHTS and 

DEMO PCS models using MATLAB/Simulink should be developed and correspondingly 

coupled. Referring to MATLAB/Simulink Library, there is no module, in which heat transfer 

among three phases, specifically between HITEC, water and vapor, is modelled. Hence, for 

DEMO PHTS-IHTS model output, where heat transfer takes place in DEMO IHTS-PCS heat 

exchangers, the HXs are modelled by usage of Specific Dissipation Heat Transfer (SDHT) 

modules. For DEMO PCS model input, where heat transfer takes place in a pre-heater (PH), 
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steam generator (SG) and super-heater (SH), the steam generator is modelled as a two-phase 

fluid constant volume chamber, and pre-heater and super-heater are modelled as a two-phase 

fluid pipes. The connection between the output of DEMO PHTS-IHTS model and the input of 

the DEMO PCS model is realized through the thermal ports of corresponding modules.   

To reach the scope, the following tasks of the thesis have been formulated:  

1. To analyze HTFs properties with focus on HITEC molten salt and to define functional 

relations for simulation of temperature dependence of HITEC thermo-physical 

parameters using novel customized MATLAB module.  

2. To develop a model and to simulate heat losses to environment for DEMO IHTS thermal 

storage tanks and pipelines. 

3. To define DEMO BoP design and operational parameters used as input data for 

numerical simulation through MATLAB/Simulink.  

4. To develop the simulation models and to study the temporal evolution of mass and heat 

flows in the DEMO PHTS-IHTS and DEMO PCS systems.  

5. To develop the MATLAB/Simulink model for DEMO BoP energy transfer chain, 

focusing on temporal evolution of mass and heat flows during pulse and dwell operation 

of fusion reactor. 

Chapter 2 includes the results of literature survey of the properties of various heat transfer 

fluids. HITEC molten salt (MS), which is in the focus of study, is used for DEMO IHTS system 

as both heat transfer fluid and sensible thermal energy storage medium. The chapter includes 

an extended analysis of HITEC thermo-physical properties, as well as MS thermal and chemical 

stability and compatibility with constructive materials. The chapter maintains the results of 

analysis of functional relations, which describe thermal evolution of HITEC thermo-physical 

parameters. A set of analytical correlations is selected for novel customized MATLAB 

module. The sensibility of simulated HITEC thermo-physical parameters in dependence of MS 

temperature is discussed.   

Chapter 3 overviews the heat transfer model for a thermal storage tank, including governing 

equations. The chapter includes the description of MATLAB®/Simulink simulation model of 

DEMO IHTS thermal storage tank, as well as overview of a novel customized MATLAB 

module for simulation of heat losses to the environment.  

Chapter 4 defines the design and operational parameters of DEMO IHTS thermal storage tanks, 

which are applied for numerical simulations. The chapter presents the results of study of the 



 

11 
 

interplay between molten salt properties and storage tank geometry. The influence of tank 

height and thermal insulation material thickness on heat losses to environment is studied, using 

simulations with novel customized MATLAB® module. The results of simulations are 

evaluated through comparison with the data, known from literature survey. 

Chapter 5 involves a vast analysis of design and operational parameters of DEMO PHTS-IHTS 

and PCS systems, which are introduced as input data in MATLAB/Simulink simulation 

models. The chapter contains the description of developed DEMO PHTS-IHTS and DEMO 

PCS models. The simulation model of DEMO PHTS-IHTS system includes DEMO PHTS 

HXs, cold and hot thermal storage tanks, pipelines, corresponding modules for control of heat 

losses to environment, two fixed-displacement pumps and DEMO PCS SG stage, which 

includes PCS PH-SG-SH heat exchange modules. Regarding DEMO PCS system, the Rankine 

Cycle model from MATLAB Library is selected. The newly proposed simulation model 

differs from the Library model by modelling of DEMO PCS steam generator as a two-phase 

fluid constant volume chamber. The DEMO PCS pre-heater and super-heater are modelled as 

two-phase fluid pipes.  

Chapter 6 refers to simulation study of temporal evolution of mass and heat flows in DEMO 

PHTS-IHTS and DEMO PCS systems. The simulation of temporal evolution of HITEC filling 

level in thermal storage tanks is carried out for fusion reactor single cycle and multi-cycle 

operation. The study is continued with simulations for DEMO PCS system, focusing on 

temporal evolution of liquid volume fraction in steam generator, as well as on temporal 

evolution of mass and heat flows during pulse and dwell operation of fusion reactor. The study 

includes the data of simulation of temporal evolution of mechanical power output downstream 

DEMO PCS steam turbines. The results of simulations are evaluated and verified through 

comparison with numerical data from quasi-stationary simulations using EBSILON.  

The chapter 7 is directed to simulation of DEMO BoP energy transfer chain, those model is 

realized through the coupling of DEMO PHTS-IHTS and DEMO PCS models using 

corresponding modules thermal ports. The chapter includes the scheme and the description of 

developed model, as well as the results of simulation of temporal evolution of mechanical 

power output. The chapter’s last paragraph is devoted to coupling of DEMO FPP to external 

electrical grid.  

Chapter 8 summarizes main conclusions of the thesis and gives an outlook towards prospective 

simulation studies.  
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2    Simulation of HITEC molten salt properties  

2.1  Properties of heat transfer fluids 

Regarding DEMO IHTS system, an extended literature survey of properties of various heat 

transfer fluids is carried out [86, 103- 132]. The review, those results are presented in Table 2.1 

and Table 2.2, shows water to be the lowest priced heat transfer fluid. However, water is not 

suitable to be used as HTF in the DEMO PHTS-IHTS system.  

Thermal oils are more suitable for long-term operation at high temperatures. For example, 

thermal oil Therminol® VP-1, an eutectic mixture of 73.5% diphenyl oxide (C12H10O) and 

26.5% diphenyl (C12H10), can be heated up to 663 K and used in both liquid and vapor                     

phase [107]. However, complex handling, special requirements of components and safety 

concerns due to flammability limit oil application. Low boiling temperatures, as well as 

chemical instability at elevated temperatures, have a negative impact and reduce the favorability 

of thermal oils [115].  

Liquid metals can be effectively used for heat transfer [115-132]. Alkali metals are 

characterized by low density, low melting point, low viscosity and high thermal conductivity. 

The use of sodium can reduce static load of TES system and energy consumption for heating 

up thermal storage tanks. Nevertheless, the contact of sodium with oxygen results in a violent, 

exothermic reaction [133]. If water or humid air is added, then NaOH and H2 are formed, thus 

in reaction with oxygen can cause explosions. At T < 388 K sodium reacts with oxygen, forming 

an oxide layer without further consecutive reactions [134]. Na2O is formed at 388 < T < 573 K, 

as well as Na2O2 is formed at higher temperatures. The choice of structural materials is limited 

by their compatibility with liquid sodium and operation temperatures [106, 135-139].  

Molten salts are preferable HTF candidates for various TES systems [107]. Due to usage of 

molten salts, thermal energy can be stored as sensible, latent, or even a combination of both 

heats [140]. Molten salts, which technically are a class of ionic liquids, exhibit properties that 

are important for operation safety and engineering. Ability for effective heat transfer and low 

costs make molten salts attractive for large-scale applications. Molten salts are solid-state at 

standard temperature and pressure, entering liquid phase at elevated temperatures. They have 

low viscosity and vapor pressure, high density and thermal conductivity, as well as large 

specific heat capacity, see Table 2.2 [74, 108, 109, 134, 140-155]. 
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HTF Advantages Disadvantages 

Water Low cost: 10-4  $/kg 

High specific heat capacity 

Needs high pressure tank 

High pressure steam 

Risk of corrosion 

Oils Low calorific capacity 

Few hours need to load storage tank 

Low cost: 0.3 $/kg 

Attractive storage price: 4.2 $/kWhth 

Low range of temperatures 

Low thermal conductivity 

Thermal decomposition 

Development of mixtures 

At high temperatures:  

- high vapour pressure  

- expensive pressure-

holding storage tank  

Flammable product 

Fluid metals 

(Na, Pb, Sn)  

High charge cycle resistance 

Small load cycles time 

Large usable temperature range 

High chemical stability  

High boiling point  

High thermal storage density  

Sodium:  

Low porosity filler material 

Best calorific capacity 

High discharge efficiency 

Requires lower pumping 

power 

High melting points                     

Require heating system 

  

Sodium: 

Risk of reactions with air/water  

Required safety concept  

High price per kWh: 21 €/kWh 

Molten salts Larger usable temperature 

range 

High calorific capacity  

High thermal storage density 

Accessible price: 0.5-2.6 €/kg 

High heat conductivity 

Low melting point 

High boiling point 

Compatibility to alloys 

High melting point 

Limited material 

compatibility 

Moderate thermal stability  

Dissociation reaction  

Require safety measures  

Need heating to reach melting point  

Solidification problems 

Require more pump power as Na 

Lower discharge efficiency as Na 

Less thermal efficiency as Na 

 

Table 2.1: Characteristics of heat transfer fluids [106-119]. 
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HTF Tmin,op (Tm),°C Tmax,op (Tvap),°C , kg/m³ k, W/(m·K) cp, J/(kg·K) cp·ρ, kWh/(m³·K) 

Water 50 (0) 140 (100) 1000 0.67 4180 1.161 

Mineral oil 200 300 770 0.12 2600 0.556 

Synthetic oil 250 350 900 0.11 2300 0.575 

Silicone oil 300 400 900 0.10 2100 0.525 

Sodium (97.8) 883 968 141  1230 0.307 

Nitrite salts 250 450 1825 0.57 1500 0.760 

Nitrate salts 265 565 1870 0.52 1600 0.831 

Potassium nitrate (334) (750) 2110 0.50 1560 0.914 

Sodium nitrate (306) (380) 2260 0.50 1365 0.857 

Sodium carbonate (851) (1600) 2530 5.0 276 0.194 

Carbonate salts 450 850 2100 2.0 1800 1.050 

Na2CO3–K2CO3–Li2CO3 398 1027 1848 0.47 1612 0.827 

 

Table 2.2: Thermo-physical parameters of heat transfer fluids [80, 106-119].  
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Low viscosity affects positively the velocity distribution in pipes, though reducing pump power 

consumption [156-159]. Large specific heat capacity allows reduction of MS mass that is 

important for cost-effective design solutions [141, 160]. In comparison to thermal oils, MSs are 

denser, can be directly stored and are accessed at near-ambient pressure. MSs can retain more 

energy per volume than oil-based HTFs. Molten salts are cheaper than thermal oils.  

The biggest challenge of molten salts is their high melting temperature, what leads to 

complications related to freeze protection of TES equipment. High melting temperatures 

require an enhanced heat insulation of equipment to avoid damages due to salt                         

solidification [142]. To maintain MS temperature above its melting point, a heating system is 

usually applied using a fossil fuel burner or electrical heat tracing [143]. 

An important factor is the compatibility of molten salts with constructive materials [86, 87, 

118-121, 146, 149, 150, 161-164]. The material type, processing, surface finishing and 

chemical composition, molten salt chemical stability, impurities and operating temperature 

have an impact on the corrosion. The intrinsic corrosion is driven by a difference in free energy 

of formation among molten salt constituents and the most susceptible transition metal corrosion 

products. The corrosion through oxidizing contaminants takes place due to residuals, water, 

oxides and dissolved oxidizing metal salts. Differential solubility and deposition occur due to 

thermal gradients in MS, forming a metal ion concentration cell. Galvanic corrosion takes place, 

when materials with different electrochemical potentials are in electrical contact with molten 

salt, driving the oxidation of anode material. The dissolved contaminants increase both 

oxidation potential probability and corrosion rate [119]. The soluble oxide ions aggravate 

corrosion process at high temperatures [122, 123].  

The thermal stress is of major importance in terms of stress corrosion cracking of steels in 

contact with molten nitrate melts. Leaks could occur due to corrosion of highly stressed, 

hairpin-shaped steam tubes, manufactured from mild steel [125]. Incoloy800 can form a                 

multi-layer, highly protective oxide structure. Salt contaminants can oxidize the constituents of 

structural alloys [119, 139]. The insoluble products tend to plug valves, pipes and heat transfer 

surface, consequently. The trace moisture in the melt enhances the corrosion [124].  

Chrome steel and nickel-chrome alloys can form complex corrosion products, which are more 

corrosion resistant than simple iron oxides [126, 127]. The problems can appear, if molten alkali 

nitrate salts constitute a corrosion system in combination with metal parts [111]. 
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2.2 Properties of HITEC molten salt  

In the study, HITEC molten salt is applied in DEMO IHTS system. HITEC is an eutectic ternary 

mixture of sodium nitrate, potassium nitrate and sodium nitrite in wt.% proportion of                   

7% NaNO3 - 40% NaNO2 - 53% KNO3 [142, 146, 149, 157, 162, 165-168]. Since 1937, HITEC 

is used as a reactant in various technological processes, such as preheating, high temperature 

distillation, rubber curing, rotational molding and so forth [161, 168]. It is commercially 

available and sold under the trade name by Coastal Chemical Company [157]. MS has a crystal 

structure, and it is produced in either powder or granular form [157, 169, 170]. HITEC is 

available in almond shaped briquettes, containing no anti-caking agents. HITEC has a solidified 

structure, is non-fouling, nonexplosive and nonflammable. It is hygroscopic. To prevent caking, 

HITEC needs to be stored in a dry place. HITEC is characterized by low maintenance and 

operation costs. The price of 0.93 $/kg for HITEC molten salt is lower than of sodium with 

2 $/kg [80, 157]. Regarding storage costs, in comparison with sodium (~21 $/kWhth), HITEC 

can be get at rather reduced price of ~10.7 $/kWhth [159].   

Literature survey of HITEC thermo-physical properties is carried out, with focus on MS melting 

point, maximum operating temperature, heat capacity, density, dynamic viscosity and thermal 

conductivity (see Table 2.3). The review shows that HITEC melting point of Tm = 415 K is 

~11% higher than sodium melting point of Tm = 371 K [157, 167]. HITEC density of                                    

 = 1935 kg/m³ is practically double as high as density of liquid sodium of   = 968 kg/m³ (see 

Table 2.2 and Table 2.3). For HITEC, the storage capacity of 0.756 kWh/(m³·K) is over 2 times 

higher than for liquid sodium with value of 0.307 kWh/(m³·K). For equivalent operating 

temperatures, to store same energy amount, HITEC requires a lower thermal storage volume 

than liquid sodium [108, 119, 140, 142, 144, 146, 149, 171, 172]. In comparison to liquid 

sodium, HITEC has lower discharge and thermal efficiency. Similar to liquid sodium, HITEC 

evolves no toxic vapors at T < 823 K [147, 149, 157, 175, 176]. HITEC molten salt is 

characterized by low vapor pressure [158, 177]. MS dynamic viscosity decreases with growing 

temperature [87, 162, 165, 175, 178-182]. In ref. [119, 131, 158, 181, 183, 184], HITEC specific 

heat capacity of cp = 1560 J/(kg∙K) is given, what is 21% higher than for sodium value of                     

cp = 1230 J/(kg·K). In ref. [185] is shown, that MS specific heat capacity varies between                      

1.37-1.48 kJ/(kg∙K), with a standard error of 0.01-0.95 kJ/(kg∙K), for the augment in 

temperature from 473 K up to 543 K. For the range of 560 < T < 670 K, the temperature 

dependence of HITEC surface tension ([N/m]) can be described as                                                                      

γ = 0.14928 − 0.556 ∙ 10−4 · T, with an uncertainty in value of ±10% [119, 186, 187].  
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Table 2.3: HITEC molten salt thermo-physical parameters.  

Reference Melting 

 point, °C 

Max. operating 

temperature, °C 

Melting  

enthalpy, J/g 

Heat capacity, 

      kJ/(kgK) 

Density, 

 kg/m³ 

Dynamic    

viscosity, 

mPas 

Thermal     

conductivity, 

W/(mK) 

166 142 450  1.560 1890 (260°C) 

1680 (540°C) 

4.3 (400°C) 

1.2 (540°C) 

0.61 

191 142 530-590  1.549 1695 (538°C) 1.24 (538°C) 0.57 

126 142 625 (degradation) 58.52 1.56 (400°C) 1790 (400°C) 1.3-1.6 

(400°C) 

0.51-0.61    

(400°C) 

170 

 

142 454  1.30 1980  0.48-0.50 

1.50 1682 (538°C) 1.24 (538°C) 0.571 

119 142 535  1.56 (300°C) 1640 (300°C) 3.16(300°C)  

152 142 450-540 60 1.54 (400°C) 1790 (400°C)   

135   81 1.34   0.44 

192       0.52 (150-250°C) 

118       0.5-0.6 (150°C) 

129 149 538     0.60 (242-365°C) 

193 142   1.56   0.48 

194 142 550  1.40 (solid) 

1.56 (liquid) 

  0.7 

146 149 450-500  1.5617    

177 142 450-600  1.50-1.56    

130 142 535  1.57 (300°C)    

195 140 450-500  1.56    

163 142  56.8     

126 139 <550 59.1     

132 142 538      

121 142 535      

176 142 454-538      

186 142 520      
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HITEC electrical resistivity is ~1.7 m. Its coefficient of linear thermal expansion in the                   

solid-state is equal to 5.1310-5 °C-1. For HITEC volumetric thermal expansion coefficient, the 

value is given by 3.62910-4 °C-1. MS isothermal bulk modulus is 1.72 GPa [143, 157, 175, 182, 

188]. At high temperatures, electrical properties of HITEC molten salt can prohibit the usage 

of hot-wire method for measurement of thermal conductivity [109, 189]. For HITEC thermal 

conductivity coefficient, the value of k = 0.44 W/(m∙K) is measured in ref. [190], when MS 

temperature approaches solidification point. In ref. [86], for temperature range of                         

423 < T < 523 K, the thermal conductivity coefficient is calculated as k = 0.52 W/(m∙K).                  

In ref. [144], this parameter tends to increase with rising temperature from 423 K to 873 K.      

In ref. [180], thermal conductivity is indicated as an average value of k = 0.48 W/(m∙K), with 

a standard deviation of 0.046 W/(m∙K). 

 

 

2.3   Stability and compatibility of HITEC molten salt  
 

2.3.1 Thermal and chemical stability of HITEC molten salt  

The stability of HITEC molten salt depends on oxide ion concentration, furthermore on 

operating and decomposition temperature, partial pressure, cover gas composition and water 

vapor concentration [111, 122, 125, 126, 131, 157, 164, 165, 178, 179, 196, 197]. HITEC is 

chemically and thermally unstable at T > 873 K [447]. In ref. [171], a rapid decomposition of 

salt mixture at 883 K is reported. With growing temperature above the decomposition level, 

MS average mass loss rate increases [144, 191, 198-202]. The decomposition of nitrites causes 

formation of oxides in the salt melt. In ref. [111] is shown that the 1st decomposition reaction 

with nitrite formation is quicker compared to the 2nd decomposition reaction with nitrogen or 

nitrogen oxide release. At high temperatures, HITEC can change the composition from          

53% KNO3 - 40% NaNO2 - 7% NaNO3 to 52% KNO3 - 28% NaNO2 - 18% NaNO3 - 2% Na2O. 

In this case, MS melting point rises from 415 K to 438 K [119]. The mass losses of alkali metal 

nitrate salts upon heating may occur due to nitrite and alkali metal oxide formation in the melt. 

Additionally, oxygen, nitrogen or nitrogen oxides release can result in MS mass losses due to 

vaporization of nitrates. Ref. [194] shows that in steam generator loop, running at temperature 

of 811 K, decomposes ~0.5% of NaNO2 per day, according to reaction of                                                         

5 NaNO2 → 3 NaNO3 + Na2O + N2. Thermal decomposition of alkali metal nitrates results in 

formation of nitrite ions and gaseous products such as NO, NO2, N2O2, N2O3, N2O4, N2O5. The 

results of long-term tests at T = 823 - 873 K prove the gain of weight up to 5% wt. due to 
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oxidation reactions [82, 111, 173]. At 923 K, the weight loss is indicated with 60%. In             

ref. [142], the weight loss is measured of ~1.48% at 773 K and ~19.12% at 823 K, accordingly. 

After long-term test at 773 K, nitrite concentration decreases by 7%. After long-term tests at 

823 K, nitrite concentration declines by 10%. At T > 1073 K, the reactions can be so quick, that 

MS appears to boil, because of evolution of nitrogen and NOx. If HITEC gets in contact with 

air at T > 623 K, nitrite can slowly oxidize by atmospheric oxygen [123]. HITEC can chemically 

react with organic materials and metals [163]. Organic liquids and vapors, being introduced 

into molten salt, do not react with MS, but can burn at its surface in air, when they gain access 

to oxygen [111]. The absorption of CO2 and water vapor, that forms alkali metal hydroxides, 

can alter and decompose the salt mixture [126, 173, 203]. The reactions with CO2 and H2O, as 

well as the change of molten salt composition, increase MS melting temperature, though 

changing corrosion potential and characteristics of HITEC molten salt. 

 

2.3.2 Compatibility of HITEC molten salt with constructive materials 

At operating temperatures below 723 K, the equipment is usually manufactured from mild 

carbon steel, due to economic aspects. The corrosion rates are tolerated, as equipment can be 

depreciated over short time periods [161]. Carbon steel does not possess the requisite strength, 

what is required for long operation at elevated temperatures [119, 161]. In case of HITEC, the 

use of cast iron equipment is not recommended due to embrittlement processes of metal and 

fissure formation. Plain carbon steel can be used to handle with HITEC, though the corrosion 

rate rises appreciably [86, 157, 198]. At high temperatures, Incoloy 800, SS 347 or similar steels 

have to be selected as constructive materials [76, 157, 163, 175]. The exposure of Incoloy 800, 

stainless steel SS 304, SS 304L and SS 316 to thermal convection of draw salt at 648 - 873 K, 

under argon atmosphere, can result in thin oxide films on alloys and some dissolution of                

chrome [119, 204]. Impurities degrade the adhesion of oxide scale to metal surface and cause 

spalling of oxide layer, making possible corrosion attack of the base material [119, 124, 170, 

176-178]. Corrosion is not a concern, when Hastelloy 6 and C 276 are used, being in contact 

with molten salt [125]. Carbon and Cr-Mo steels can be used at T < 723 K [203, 204]. To ensure 

long-term operation at high temperatures, nickel or austenitic stainless steels need to be              

applied [127, 203, 205]. The alloys form protective Cr-oxide and Ni-oxide films in addition to 

Fe-oxide. HITEC is well compatible with low-alloyed carbon steel, Cr-Mo steel (Cr content up 

to 9 wt.%), stainless Cr-Ni steel (with and without Mo, Nb, Ti), as well as                                                                    

Ni-alloys (Alloy 800) [110, 119, 176, 178, 193, 195].  
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2.4 Simulation of thermo-physical properties of HITEC molten salt 

In MATLAB Libraries, no kind of module is available for numerical simulation of                       

thermo-physical properties of HITEC molten salt [102, 206, 207]. Hence, the analysis of 

temperature dependent functional relations is a prerequisite for selection of correlations, which 

have to be introduced into a novel customized MATLAB module for simulation of HITEC 

thermo-physical parameters.  

An extended literature survey is carried out for functional relations, which describe the 

temperature dependence of HITEC density [kg/m³], see Table 2.4. The results of simulations 

(see Fig. 2.1) show that the data for functional relations (2.2)-(2.6) coincide with each other, 

predicting a linear decrease in MS density by rising operating temperature. The eq. (2.1) 

underestimates MS density. The eq. (2.3) is similar to eq. (2.2) and shows the function ρ(T), in 

which the temperature is given in degree Celsius. 

 

Table 2.4: Functional relations for temperature dependence of HITEC density. 

 
Fig. 2.1: Calculated temperature dependence of HITEC density.  
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Temperature Functional relation Equation Reference 

T, K  = 1938 − 0.732 ∙ (T − 200) (2.1) 82 83, 208-210 

T, K ρ = 2080 − 0.733 ∙ (T − 273.15) (2.2) 144, 211 

T, °C  ρ = 2084 − 0.732 ∙ T (2.3) 212 

470≤T≤870, K ρ = 2293.6 − 0.7497 ∙ T (2.4) 119 

T, K ρ = 2279.799 − 0.7324 ∙ T (2.5) 180 

420≤T≤800, K ρ = 2280 − 0.732 ∙ T (2.6) 181, 183 
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To select the analytical correlation for customized MATLAB module, functional relations are 

compared to each other. Molten salt densities 2 and 4-6, which correspond to eqs. (2.2) and 

(2.4)-(2.6), are calculated for identical MS temperatures, where the correlation (2.5) is taken as 

reference one. To compare with, the non-dimensional parameter ∆ρ =
ρi−ρ5

ρ5
 is calculated, 

where i = 2, 4, 6 correspond to MS density, being calculated with eqs. (2.2), (2.4) and (2.6),                   

see Fig. 2.2. Finally, the correlation (2.5) is selected for novel customized MATLAB module. 

 

 
 

Fig. 2.2: Comparative diagrams for density difference according to eqs. (2.2) and (2.4)-(2.6). 

 

The results of simulations for HITEC density are validated through comparison (see Fig. 2.3) 

with experimental data from literature survey (see Table 2.3). The calculated values (dashed 

line) fit close and even match exactly to most of experimental values (black dots). The 

temperature dependence of molten salt density, see Fig. 2.3, tends to be a declining function 

with increasing MS temperature.  

Exponential as well as 2nd and 3rd order polynomial correlations are used to describe 

temperature dependence of HITEC dynamic viscosity, see Table 2.5. For T < 600 K, eqs. (2.13) 

and (2.14) show lower values than eqs. (2.7), (2.8) and (2.10)-(2.12). For T > 600 K, except of 

eq. (2.14), the results of simulations practically coincide with each other. Equations (2.8) and 

(2.9) differ only by temperature unit T, being introduced either in °C or K. 

-0.1

0

0.1

0.2

0.3

0.4

400 500 600 700 800 900

D
en

si
ty

 d
if

fe
re

n
ce

 ∆
ρ
, 

 %

Temperature, K

∆ρ Eq. (2.2)-(2.5) ∆ρ Eq. (2.4)-(2.5) 

∆ρ Eq. (2.6)-(2.5) 



 

23 
 

 

Fig. 2.3: Comparison between simulated and experimental data for HITEC density, dashed 

line – calculated values according to eq. (2.5), black dots – experimental data from Table 2.3. 

 

Table 2.5: Functional relations for temperature dependence of HITEC dynamic viscosity. 

1600

1700

1800

1900

2000

400 500 600 700 800 900

D
en

si
ty

 ρ
, 
k
g
/m

³

Temperature, K

Temperature Functional relation Equation Reference 

T, K µ =
eb+e−b

eb−e−b − 0.999,    b = 5.9 ∙
T−9.638

990.362
 

(2.7) 144, 211 

T=247-500°C μ = e[−4.343−2.0143∙(lnT−5.011)] (2.8) 82, 83, 149, 150, 

102, 208, 209, 

213 

T, K  µ = e[−4.343−2.0143∙((ln(T−273)−5.011))] (2.9) 180, 210 

T=150-500°C μ = T−2.104 ∙ 105.7374 (2.10) 149, 150 

T=147-422°C 
μ = 1.149 ∙ e

[−
810.896
T+273

+
7.806∙105

(T+273)2]
 

(2.11) 149, 150 

T=182-507°C 
μ = 67.57 ∙ 10−3 ∙ e

2247.11
T+273  

(2.12) 149, 150 

T=184-482°C 
μ = 0.5631 ∙ e

[
−146.9794

T+273
+

57.4265∙104

(T+273)2 ]
 

(2.13) 149, 150 

T=250-450°C 
μ = 0.75484 ∙ e

6418
R∙(T+273) 

(2.14) 146, 149, 150 

Remark: In eqs. (2.13) and (2.14), the dynamic viscosity is in mPa∙s, in other equations the 

dynamic viscosity is in Pa∙s. 
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According to ref. [180], equation (2.9) is the most representative correlation, which is used for 

numerical simulation of HITEC dynamic viscosity, in temperature range of                                      

525 < T < 773 K with 3.65% deviation from the mean value. Consequently, eq. (2.9) is selected 

for MATLAB customized module. The temperature dependent function  = f(T) is shown           

in Fig. 2.4.  

  

Fig. 2.4: HITEC dynamic viscosity as function of MS temperature. 

Referring to HITEC kinematic viscosity  =
µ

ρ
 [m²/s], its temperature dependence can be 

defined using corresponding data for HITEC density and dynamic viscosity, being calculated 

by the quotient between eq. (2.9) and eq. (2.5) for selected operating temperatures. 

The temperature dependence of HITEC specific heat capacity cp [kJ/(kg∙K)] is described by 

eqs. (2.15)-(2.17), see Table 2.6. A linear increase in specific heat capacity with rising 

temperature is described by eq. (2.15). However, this correlation is related to the temperature 

range below HITEC molten salt melting point. The numerical data, calculated using eq. (2.17), 

lie well above the experimental data, known from Table 2.3. Hence, for the simulations using 

the customized MATLAB® module, the eq. (2.16) is selected. It is a linear decreasing functional 

relation. The diagram for temperature dependence of MS specific heat capacity cp = f(T), 

calculated according to eq. (2.16), is presented in Fig. 2.5.  

For the temperature range of 410 < T < 820 K, the temperature dependence of HITEC 

volumetric heat capacity, which is a product given as β = ρ ∙ cp, can be calculated using molten 

salt numerically simulated values for  and cp, see eq. (2.5) and eq. (2.16), respectively. 
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 Temperature Functional relation Equation Reference 

T<140°C cp = 1.0184 + 2.6618 ∙ 10−3 ∙ T (2.15) 133, 214 

413 <T<903, K cP = 1.560 − (T − 273.15) ∙ 10−3 (2.16) 211 

426<T<776, K cp = 5.806 − 10.833 ∙ 10−3T + 7.2413 ∙ 10−6 ∙ T2 (2.17) 119 

 

Table 2.6: Functional relations for temperature dependence of HITEC specific heat capacity. 

 

Fig. 2.5: HITEC specific heat capacity as function of MS temperature. 

 

 

Table 2.7: Functional relations for temperature dependence of HITEC thermal conductivity. 
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T>260°C k = 0.421 − 6.53 ∙ 10−4 ∙ (T − 260) (2.18) 82, 83, 157, 

210, 212 

100<T<500°C k = a + b ∙ T + c ∙ T2                              

a=0.78, b=-1.2510-3, c=1.610-6 

(2.19) 109 

140<T<630°C k = 0.78 − 1.25 ∙ 10−3 ∙ T + 1.6 ∙ 10−6 ∙ T2 (2.20) 144 

170<T<510°C k = 0.78 − 1.25 ∙ 10−3 ∙ (T + 273) + 1.6

∙ 10−6 ∙ (T + 273)2 

(2.21) 194, 211 

147≤T<263°C k = 2.2627 − 0.01176 ∙ T + 2.551 ∙ 10−5

∙ T2 − 1.863 ∙ 10−8 ∙ T3 

(2.22) 181, 183 

263≤T<527°C k = 0.7663 − 6.47 ∙ 10−4 ∙ T (2.23) 181 
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The analytical correlations for HITEC thermal conductivity are presented in Table 2.7. The 

calculations according to eq. (2.18) show a linear decrease in k for T > 260 °C. The data for      

eq. (2.18) and eq. (2.22) coincide well for T > 263 °C. The eqs. (2.19)-(2.21) show the tendency 

of growing thermal conductivity with increasing temperature. The eqs. (2.22) and (2.23) can be  

used for simulation of the temperature evolution of HITEC thermal conductivity. The eq. (2.22) 

is useful for temperatures T=200-270 °C, what corresponds to temperature interval between 

MS critical temperature of Tcr=200 °C and MS operating temperature in the cold tank                

Tcold tank=270 °C. The eq. (2.23) well describes the function k = f(T) in the interval of operating 

temperatures Tcold tank  T  Thot tank, where Thot tank=465 °C. The temperature evolution of the 

function k = f(T) calculated according to eqs. (2.22) and (2.23) is shown in Fig. 2.6.  

 

Fig. 2.6: HITEC thermal conductivity as function of MS temperature.                                      

 

2.5 Sensitivity of simulated parameters on HITEC molten salt temperature 

The selected equations for HITEC thermo-physical parameters are introduced into novel 

customized MATLAB®/Simulink module, which specifies thermal liquid settings for 

simulation of temperature dependent HITEC thermo-physical properties.  

The analysis of simulated HITEC thermo-physical properties, in dependence on MS operating 

temperature, shows that with increasing molten salt temperature, the absolute values of defined 

HITEC thermo-physical parameters decrease (see Table 2.8). Further, HITEC dynamic 

viscosity is most sensitive to the change in MS operating temperature.  
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HITEC molten salt Density Dynamic 

viscosity 

Specific heat 

capacity 

Thermal 

conductivity 

 

Increase in MS temperature from 

T1 = 543 K up to T2 = 738 K 

Parameter absolute value 

Decreases Decreases Decreases Decreases 

Percent of change 

7.6% 66% 15.1% 21.9% 

  

Table 2.8: Sensitivity of HITEC molten salt parameters with the change of MS temperature. 

Having constant MS mass, with growing HITEC temperature, the volume of molten salt in 

storage tank increases. By increase in MS operating temperature from T1 = 543 K up to                    

T2 = 738 K, the relative value of MS density, given as ρrel =
ρT2

ρT1

, linearly decreases, and the 

relative value of molten salt volume, given as Vrel =
VT2

VT1

, linearly increases (see Fig. 2.7). For 

defined temperature interval, the relative increase in HITEC volume in hot thermal storage tank 

is 8.2% (see Table 2.9). As conclusion, thermal expansion of HITEC has to be considered for 

the design and safe operation of thermal storage tanks. The overview of percentage of the 

change in relative values of mass and heat transfer parameters for MS temperature growing 

from T1 = 543 K up to T2 = 738 K is summarized in Table 2.9. 

 

 

Fig. 2.7: Dependence of HITEC relative density and volume with increasing MS temperature. 
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Parameter Equation Increase in MS temperature 

from T1=543 K up to T2=738 K 

Parameter absolute value 

Molten salt volume VT =
m

ρT
 Increases 

Molten salt velocity in a pipeline 
vT =

ṁ

ρT ∙ S
 

Increases 

Stored energy E = m·cp·ΔT; 

ΔT = T2 − T1 

Decreases 

Reynolds number 
Re =

4 ∙ ṁ

π ∙ μT ∙ Dpipe
 

Increases 

Prandtl number Pr =
cpT

· μT

kT
 

Decreases 

Percentage of change for relative value 

Molten salt relative volume  
Vrel =

VT2

VT1

=


T1

ρT2

 
Increase with 8.2% 

Molten salt relative velocity in a 

pipeline 
vrel =

vT2

vT1

=


T1

ρT2

 
Increase with 8.2% 

Stored energy relative value 
Erel =

ET2

ET1

=
cpT2

cpT1

 
Decrease with 15.1% 

Relative value of Reynolds number 
Rerel =

ReT2

ReT1

=


T1


T2

 
Increase with 199% 

Relative Prandtl number 
Prrel =

PrT2

PrT1

 
Decrease with 78% 

Remark: lch - characteristic linear dimension with respect to the object, Dpipe – circular pipe diameter  
 

Table 2.9: Sensitivity of mass and heat transfer parameters with the change of MS temperature. 

With increase/decrease in MS operating temperature, the value of stored energy 

correspondingly vice versa decreases/increases, what has to be taken into consideration for 

design of DEMO PHTS-IHTS and DEMO IHTS-PCS heat exchangers. For defined temperature 

interval between T1 = 543 K and T2 = 738 K, with increase in MS temperature, the percent of 

relative value change for stored energy Erel is 15.1% (see Table 2.9). HITEC molten salt flow 

rate through the pipeline is calculated as ṁ = ρT ∙ vT ∙ S, where S is given by cross section of a 

circular pipe. It is stated that with increase in MS temperature, the velocity vT of molten salt 

increases too.  

For defined temperature interval between T1 = 543 K and T2 = 738 K, the percentage of change 

of MS relative velocity is 8.2% (see Table 2.9). The Reynolds number increases and the 

Prandtl number decreases with increase in MS operating temperature. Consequently, from the 

point of view of DEMO IHTS pumps’ operation stability, the effect of increasing/decreasing 

MS velocity in pipelines during increase/decrease in HITEC operating temperature needs to               

be considered.  
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2.6 Conclusions 

The literature survey shows that thermal oils, liquid metals and molten salts can be used as heat 

transfer fluids in various TES systems.  

The ability to ensure effective heat transfer makes molten salts attractive for application as 

thermal energy storage medium at high operating temperatures.  

For DEMO IHTS system, HITEC molten salt is selected as both heat transfer and sensible 

thermal energy storage medium. HITEC molten salt is nontoxic, non-fouling, nonexplosive and 

nonflammable, what ensures DEMO IHTS operation safety.  

The analysis of functional relations, which describe thermal evolution of HITEC                            

thermo-physical parameters, is carried out.  

A defined set of correlations is selected for novel customized MATLAB module, which is 

developed for simulation of temperature dependent thermo-physical parameters of HITEC 

molten salt.  

Using experimental data from literature survey, as well as the results of numerical simulations 

through MATLAB®/Simulink, following assumptions are formulated for development of 

simulation model of DEMO IHTS thermal storage tanks:  

• Maximum operating temperature of HITEC molten salt has to be below the 

temperature, when MS thermal degradation begins.  

• To avoid molten salt crystallization, MS minimum operating temperature has to be 

higher than HITEC melting point.  

• HITEC molten salt is free of impurities.  

• HITEC molten salt is chemically stable in the range of operating temperatures.  

• An inert gas has to be used as cover gas in DEMO IHTS thermal storage tanks.  

• There has to be no leakage in thermal storage tanks. 

• There has to be no direct contact of MS with ambient environment.  

• There has to be no contact of molten salt with other heat transfer fluids.  

• Constructive material for DEMO IHTS thermal storage tanks and periphery equipment 

has to be compatible with HITEC molten salt. 
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3   Simulation model of DEMO IHTS thermal storage tank 

3.1 Heat transfer model of thermal storage tank 

A model of heat transfer is discussed in ref. [190], being focused on a CSP thermal storage tank. 

Here, the mass and energy balance for control volume in terms of net mass flow, net enthalpy, 

net heat flow Q̇net and net work flow Ẇnet is given in following  

ṁ = ṁin − ṁout,                                                      (3.1) 

U = m ∙ u,                                                             (3.2) 

dU

dt
= ṁin ∙ hin − ṁout ∙ hout + Q̇net + Ẇnet,                                (3.3) 

where m indicates control volume mass, ṁin and ṁout are entering and leaving mass flows,    

hin is specific enthalpy entering the control volume, hout is specific enthalpy leaving the control 

volume, U is total internal energy, and u is specific internal energy of control volume. The eqs. 

(3.1)-(3.3) are worthy too for modeling of gas in thermal storage tank above MS level.  

 

Fig. 3.1: Model scheme of thermal storage tank with molten salt and cover gas. 

The model, which is applied in the current study, is shown in Fig. 3.1. It corresponds in main 

positions to the model, described in ref. [190]. It is assumed that solar irradiation thermal inertia 

and its contribution to thermal resistance are negligible. Hence, in the model the influence of 

solar irradiation on heat transfer in thermal storage tank is not taken into consideration [190]. 
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Also it is assumed, that no natural convective air-cooling system is used to cool the concrete 

footprint. Neither conductive heat losses from concrete footprint into the soil, no natural 

convective heat losses from concrete footprint to ambient air are assumed. Explicit modelling 

of heat transfer from concrete to the ground and ambient air is left aside.  

For simulation of storage tank roof and bottom, the planar conduction model is applied, which 

consists of a single element in direction normal to heat conduction. In the model, heat transfer 

is characteristic for two lateral wall parts, i.e. one for wetted wall and one for non-wetted wall. 

Heat conduction in vertical direction is not considered, since only one-dimensional heat 

conduction equations are applied [190]. The convection and radiation models form the interface 

between MS control volume, tank gas control volume, tank thermal insulation and the 

environment.  

The convective heat transfer between MS inventory and tank’s inner steel surfaces is described 

by natural convection correlations, using Nusselt number Nu, given as  

Nu = f(Pr, Gr),                                                       (3.4) 

Pr =
µ∙cp

k
  and  Gr =

g∙β∙(Tsurface−T∞)∙L3

2  ,                                 (3.5) 

where Pr and Gr are Prandtl and Grashof numbers, µ is dynamic viscosity, cp is specific heat 

capacity at constant pressure, k is thermal conductivity, g is acceleration due to gravity,  is 

volumetric thermal expansion coefficient, Tsurface is surface temperature, T∞ is bulk temperature, 

L is characteristic length and  is kinematic viscosity [190].  

Taking equations for a vertical plate, the average natural convective heat transfer coefficient 

between molten salt and tank’s vertical inner steel wall gas can be calculated as   

Nu =
h∙L

k
= 0.68 ∙ Pr1/2 ∙

Gr1/4

(0.952+Pr)1/4  for 10 < Gr < 108,                    (3.6) 

Nu =
h∙L

k
= 0.13 ∙ (Gr ∙ Pr)1/3 , for Gr > 109,                               (3.7) 

where h is heat transfer coefficient [190]. Equation (3.7) is used for turbulent flow region. To 

get a continuous transition between the correlations in transition region, the transformation  

h = s ∙ hlaminar + (1 − s) ∙ hturbulent,                                   (3.8) 

is used, where s = f(Gr) is an auxiliary transition function, which returns the value 1 and 0 for 

either laminar or turbulent regions for Grashof numbers [190]. Using the correlation for 
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horizontal and relatively cool plates facing upwards [190], the average natural convective heat 

transfer coefficient between MS and tank’s steel bottom has to be calculated as  

Nu =
h∙L

k
= 0.27 ∙ (Gr ∙ Pr)1/4 , for 105 < Gr < 1010.                         (3.9) 

Assuming a very thin plate with negligible mass and inconsiderable thermal resistance between 

MS and cover gas, the control volumes are linked with the natural convection heat transfer 

correlation for a relatively cool surface, facing downwards for MS control volume, and another 

correlation for a relatively hot surface, facing upwards for gas control volume [190]. The 

correlations for the Nusselt number are given as  

Nu =
h∙L

k
= 0.54 ∙ (Gr ∙ Pr)1/4 , for 105 < Gr < 107,                            (3.10) 

Nu =
h∙L

k
= 0.15 ∙ (Gr ∙ Pr)

1

3 , for 107 < Gr < 1010.                             (3.11) 

The temperature of an imaginary thin plate represents MS surface temperature. The equations 

can be applied to interfaces at tank’s inner roof surface, as a relatively cool plate facing 

downwards, and a non-wetted part of tank’s inner wall as a relatively cool vertical plate [190]. 

According to ref. [190], for heat exchange through the radiation between MS surface and non-

wetted parts of tank’s inner steel jacket it is assumed, that gas above MS level neither emits nor 

absorbs radiation in specified operating temperature range. Heat transfer by radiation includes 

its heat transfer between MS surface and tank’s inner roof surface of circular planar shapes, as 

well as heat transfer between MS surface and tank’s non-wetted inner wall surface of cylindrical 

shape. The tank’s inner steel surface is treated as gray one. Likewise in ref. [190], the total 

emissivity of stainless steel surface is set to value of 0.3. As molten salt appears nearly 

transparent to infrared radiation, MS surface is treated as a quasi-black body with emissivity 

close to 1.0 and almost all incoming radiation is absorbed by liquid, either at surface or in deeper 

fluid zones [190]. The MS surface emissivity is set to value of 0.95. The shape-factor between 

MS surface and tank’s inner roof surface is defined by the correlation for two parallel disks 

having unequal radii and distance d apart with centers on the same normal to their planes [190]:  

F1−2 =
1

2∙a2 ∙ (d2 + a2 + b2 − √(d2 + a2 + b2)2 − 4 ∙ a2 ∙ b2),                     (3.12) 

where a and b are radii of a smaller and a larger disk, respectively. In the model, the disks are 

defined of equal radii, i.e. equal to tank’s inner radius [190]. 



 

34 
 

In ref. [190], the coupling to environment is stated by convective and radiative heat exchange 

between tank’s outer surface and environment, which depends on wind speed, as well as 

ambient air temperature Tair. The convective part is divided further into heat transfer through 

natural and forced convection. Average convective heat transfer coefficient between tank’s 

outer surface and ambient air is obtained as 

h = s ∙ hnatural + (1 − s) ∙ hforced ,                                    (3.13) 

where s = f (
Gr

Re2
) is transition function, which is specifically defined as 

s = 0 for 
Gr

Re2
< 0.7, and s = f (

Gr

Re2
) for 0.7 ⩽

Gr

Re2
⩽ 10, and s = 1 for 

Gr

Re2
> 10.   (3.14) 

For a vertical flat plate, which is exposed to natural convection as well as to forced parallel 

horizontal flow, forced convection dominates for values Gr/Re2 < 0.7, whereas natural 

convection dominates for value Gr/Re2  > 10. Between the values of 0.7 and 10, heat transfer 

occurs through mixed convection, where heat transfer coefficient is obtained through 

superposition correlations that even consider flow directions of natural convective, as well as 

forced convective fluid streams. In the model, the modelling of mixed convection region is left 

aside [190]. At vertical outer surface, natural convective heat transfer coefficient hnatural is 

defined by eq. (3.8) for a vertical wall. Average forced convective heat transfer coefficient hforced 

at vertical outer surface is determined, taking the Nusselt number correlation for cross flow 

over a cylinder, which is valid for the product of RePr  > 0.2 [190], resulting in  

Nu =
h∙L

k
= 0.3 +  

0.62∙Re
1
2∙Pr

1
3

(1+(0.4
Pr⁄ )

2
3)

1
4

∙ (1 + (Re
282000⁄ )

5

8)

4

5

,  Re =
w∙D


.           (3.15) 

At roof’s outer surface, average natural convective heat transfer coefficient hnatural is obtained 

by applying the Nusselt number correlation for relatively hot surfaces, facing upwards [190]. 

Average forced convective heat transfer coefficient hforced at roof’s outer surface is calculated, 

giving the correlations for a horizontal plate, which is exposed to forced parallel fluid flow, as 

Nu =
h∙L

k
= 0.664 ∙ Re1/2 ∙ Pr1/3 , for Re < 5 ∙ 105,                       (3.16) 

Nu =
h∙L

k
= 0.15 ∙ 0.664 ∙ Re0.8 ∙ Pr

1

3, for 0.6 ⩽ Pr ⩽ 60 and 5 ∙ 105 ⩽ Re ⩽ 107.   (3.17) 

For radiative heat transfer, at tank’s outer surface the long wave radiation heat exchange with 

environment is considered [190]. In the model, for outer roof surface black, the body 
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temperature is set to sky temperature Tsky. At vertical outer wall surface, the black body 

boundary temperature is set to ambient air temperature Tamb. In current model, the following 

equivalence Tsky = Tamb is assumed. Hence, the following equations are made up  

Q̇radiation,roof = Aroof ∙ σ ∙ εsurface ∙ (Tsurface
4 − Tsky

4 ),                           (3.18) 

Q̇radiation,wall = Awall ∙ σ ∙ εsurface ∙ (Tsurface
4 − Tamb

4 ),                           (3.19) 

where Aroof and Awall describe top surface area and circumferential area of the cylinder, 

respectively,  is given as Stefan-Boltzmann constant (W/m²·K4), Tsurface is set as surface 

temperature, Tsky is indicated as sky temperature and Tamb as ambient air temperature.  

 
 

3.2 MATLAB/Simulink model of DEMO IHTS thermal storage tank  

The simulation model of DEMO IHTS thermal storage tank, which is developed using 

MATLAB/Simulink [33], is schematically presented in Fig. 3.2. The module                                    

“Thermal Liquid (TL)” is applied for simulation of thermal storage tank, described as a thermal 

liquid container with variable fluid volume. The thermal storage tank possesses inlet and outlet 

ports A and B. Ports V, L, T and H are integrated for regulation of liquid volume, as well as for 

the level, temperature and heat losses to environment. Through port T, tank internal temperature 

is evolved over time. The pressure at tank inlet is the sum of constant tank pressurization, being 

specified in the module dialog box, and hydrostatic pressure due to inlet height. The governing 

correlations for mass, momentum and energy conservation laws, which are presented in                   

Table 3.1, correlate with the equations (3.1) - (3.3). 

 

Fig. 3.2: Scheme of simulation model of DEMO IHTS thermal storage tank [33]. 
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Title Governing equation Equation 

number 

Remark 

Tank fluid volume V = m
ρ⁄  (3.20) Tank fluid volume is calculated, coming from total 

fluid mass at each time step. 

Mass conservation  ṁ =  ṁA (3.21)  

 Momentum conservation  pA + pdyn = pRef + ρg(z – zA) 

 

(3.22) If  ṁA ≥ 0,   pdyn=0 

If  ṁA ≤ 0,   pdyn =
ṁA

2

2ρASA
2 

Energy conservation  ṁ(cp − hα)∆T =  ĖA −  ṁAh + Q̇ (3.23)  

Abbreviations ρ - fluid density 

m - fluid mass 

ṁ - net mass flow rate into tank  

ṁA - mass flow rate into tank through inlet A  

pA - fluid pressure at inlet A 

pRef - constant tank pressurization  

pdyn - dynamic pressure  

z - tank level or height relative to tank bottom 

zA - tank inlet elevation relative to tank bottom  

ρA - liquid density at inlet A 

SA - tank inlet area 

g - gravitational constant 

cp - fluid thermal capacity  

α - fluid isobaric bulk modulus  

T - fluid temperature  

ĖA - energy flow rate into tank through port A 

h - fluid enthalpy  

Q̇ - thermal energy flow rate into tank through port H 

Assumptions: 

• Absolute pressure of tank fluid volume is assumed as constant, being equal to the value, which is specified in module dialog box.  

• Tank elevation head affects only inlet pressure calculations. 

• Fluid momentum is lost at tank inlet due to sudden expansion into tank volume.  

• Once molten salt with a certain kinetic energy enters in tank, the fluid expands and loses almost all its dynamic energy.  

 

Table 3.1: Governing equations for model of thermal storage tank, simulated as a thermal liquid container with variable fluid volume [215]. 
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The “Mass & Energy Flow Rate Sensor” module represents an ideal sensor that measures mass 

and energy flow rates through thermal liquid node. The orientation of ports A and B establishes 

the measurement sign, which is positive for the flow from port A to B. Ports M and Phi are  

physical signal ports, which output the measurement data for mass and energy flow rates, 

respectively [215]. Across the sensor, no change in pressure or temperature is perceived.  

The novel customized MATLAB module for numerical simulation of HITEC thermo-physical 

properties (see chapter 2, §.2.4) is integrated into simulation model, shown in Fig. 3.2.  

To simulate the heat losses from DEMO IHTS thermal storage tanks to environment, a novel 

customized MATLAB module is developed, see Fig. 3.3. The constellation of customized 

module corresponds to the model, presented in Fig. 3.1. The model includes the modules [182, 

215], which are categorized by conductive, convective and radiative heat transfer. 

 

Fig. 3.3: Customized module for heat losses to environment from a thermal storage tank. 

 

For simulations, the already existing MATLAB/Simulink Library modules are applied, 

reducing the programming effort of modelling [215]. In the modules, terminals A and B are 

thermal conserving ports, which are associated with material layers. The equations, which 

govern the operation of the modules, are presented in Table 3.2.  
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Module Schematic view Governing equation Equation 

number 

Description 

Conductive 

heat transfer 
 

Q̇cond = k ·
A

B
· (TA − TB) 

(3.24) Module represents heat transfer by conduction between two 

layers of the same material.  

Governing equation: Fourier's law. 

Convective 

heat transfer 
 

Q̇conv = h · S · (TSA − TSB) (3.25) Module describes heat transfer by convection between two 

bodies by means of fluid motion.  

Governing equation: Newton law of cooling. 

Radiative heat 

transfer 
 

Q̇rad = σ · AS · TS
4 

Q̇rad = σ ∙ ε ∙ AS ∙ (TS1
4 − TS2

4 ) 

(3.26) 

(3.27) 

Module describes heat transfer by radiation between two 

bodies.  

Governing equation: Stefan-Boltzmann law. 

Abbreviations Q̇ - heat flow 

k - thermal conductivity  

A - area normal to heat flow direction 

B - layer thickness  

TA and TB – layers’ temperatures  

h - convective heat transfer coefficient  

S - surface area in contact with fluid  

TSA and TSB - temperatures on and far from the surface 

TS - surface temperature 

 - Stefan-Boltzmann radiation constant 

AS - emitting body surface area 

ε - surface emissivity 

Remark:  

• For two surfaces with , ε and AS, if the 1st surface is characterized by TS1 and the 2nd one by TS2, further condition is given by TS2>TS1 and air is 

enclosed between the surfaces. Radiation heat flow is calculated with eq. (3.26). 

 

Table 3.2: Simulation modules for conductive, convective and radiative heat transfer [215]. 
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For the running of simulations, the MATLAB/Simulink variable-step solver is applied, which 

includes a minimum and maximum step size for the model by implementing trapezoidal rule 

using free interpolant. The implicit solver is better fitted for continuous models, as it varies the 

step size during the simulation process by reducing its value, in order to increase the accuracy, 

when the states of dynamic model change rapidly during zero-crossing events. The solver 

default error is at 0.001 and the computed state is accurate to within 0.1%.  
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3.3 Conclusions 

 

The heat transfer model for thermal energy storage tank is reviewed, taking into consideration 

the results of prior study, discussed in ref. [190].  

The governing equations, which describe the heat transfer inside thermal storage tank and heat 

losses to environment, are analyzed, being in the focus of study.  

MATLAB/Simulink simulation model of DEMO IHTS thermal storage tank is developed. 

Thermal storage tank is modelled as a thermal liquid cylindrical container with variable fluid 

volume.  

A novel customized MATLAB module for numerical simulation of HITEC thermo-physical 

properties is integrated into DEMO IHTS thermal storage tank simulation model.  

For simulation of heat losses to environment from DEMO IHTS thermal storage tank, a novel 

customized MATLAB module is developed. The modules involve the governing equations, 

related to convective, conductive and radiative heat transfer.  
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4 Temporal evolution of DEMO IHTS thermal storage                                

tank parameters 

4.1 Design parameters for simulation model of DEMO IHTS thermal               

storage tanks  

In the simulation model for DEMO IHTS, the cold thermal storage tank, as well as the hot one, 

is specified as a thermal-insulated flat dome cylinder-shape container with diameter D and 

height H [84, 99, 100, 190]. The main parameters of DEMO IHTS thermal storage tanks are 

joined in Table 4.1 and in Appendix A.5, Table A5.3. 

 Parameter Hot tank Cold tank 

Tank total wall thickness, m 0.045 

Tank thermal storage capacity, MWth 426 

Tank inlet and outlet diameter, m 1.4 

Steel SS 1.4301 thermal conductivity, W/(m·K) 22  

Concrete thermal conductivity, W/(m·K) 1.7 

HITEC mass, kg 5.04106 

HITEC average mass flow rate, kg/s 7330 

HITEC temperature at surface, K 733 538 

HITEC temperature at bulk, K 738 543 

Argon thermal conductivity, W/(m·K) 0.0354 0.0296 

Average wind velocity, m/s  5 

Air temperature at tank wall surface, K 338 

Ambient temperature outside the tank, K 298 

Ambient pressure outside the tank, Pa 101325 

Insulation layer material ProRox® WM950 KlimaRock® 

Insulation thermal conductivity, W/(m·K) 0.146  0.114  

 

Table 4.1: Technical parameters of DEMO IHTS thermal storage tanks [33, 84, 99, 182]. 

The tank bottom construction consists of a single-layer steel and another insulation layer. The 

concrete footprint is 0.5 m thick with an area of ~2550 m². Thermal storage tank is 

manufactured from stainless steel SS 1.4301 [77, 88, 216, 217]. For tank steel floor, roof and 

lateral wall, the corrosion allowance of 0.02 m is considered [33, 84, 212]. The total thickness 

of steel layer is 0.045 m. The density of steel amounts to 7900 kg/m³ at 293 K. Steel thermal 

conductivity of 22 W/(mK) is taken at 773 K. Cold storage tank is thermal insulated with 
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KlimaRock® and hot storage tank with ProRox® WM950, respectively [212]. The thickness of 

insulation material is 0.3 m and its density is 60 kg/m³. The thermal conductivity for ProRox® 

WM950 at 773 K is given by 0.146 W/(mK) and for KlimaRock®  by 0.114 W/(mK). The 

simulated critical MS temperature of Tcr = 473 K is taken, that is higher than HITEC melting 

temperature of Tm = 415 K. Molten salt maximum operating temperature lies at Tmax = 738 K. 

The modelling of electrical heat tracing of thermal storage tanks is excluded. HITEC is 

incompressible and only temperature dependence of MS thermo-physical parameters is 

considered. In thermal storage tank, HITEC bulk temperature lies 5 K higher than MS surface 

temperature. Molten salt is not contaminated. There appear no chemical reactions between MS 

and environment. Inside thermal storage tank, homogeneous molten salt temperature is 

considered, what assumes that even in offline mode of storage system, heat losses to 

environment offer enough driving force to establish a characteristic natural convection flow 

profile within the storage tank [190].  

In simulations, MS filling level in storage tank varies between 5-95%, depending on pulse or 

dwell operation period. The height of MS pump inlet varies between 0.1-0.7 m, what defines 

the MS mass, which can’t be pumped out of storage tank [190, 218]. The storage tank is divided 

in two sections, which correspond to HTF and gas control volumes. Argon is used as a cover 

gas in the tank dome. Inside storage tank, cover gas is over-pressurized. The thermal 

conductivity of argon is k = 0.0354 W/(mK) at 773 K. It is assumed that heat loss induced 

velocity profile inside the tank provides a good mixing of gas, ensuring a homogeneous 

temperature distribution. Ambient temperature of 298 K is taken. Average wind speed is 5 m/s. 

For insulation layer, the maximum temperature of 313 K outside the tank’s walls is chosen.  

 

4.2  Interplay between molten salt filling level and thermal storage tank 

geometry  

For DEMO IHTS thermal storage tank, which is a thermal-insulated cylindrical container with 

a flat dome, the specific area and tank height can be calculated as   

 

SH =
π∙Droof

2

4
+

π∙Dbottom
2

4
+ π ∙ Dins ∙ H = 

π∙Droof
2

2
 (1 +

2∙H(Droof+2∆Dins)

Droof
2 ),           (4.1) 

H = Hwet + Hnw and Droof = Dbottom                                       (4.2) 
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where Droof, Dbottom and Dins describe diameters of roof, bottom and thermal insulation, Dins  is 

thickness of thermal insulation material, H is height of tank, and Hwet and Hnw are heights of 

wet and non-wetted tank lateral wall, respectively. 

Assuming that heat losses through the tank bottom are considerably lower than through the roof 

[219, 220], given as Qloss,bot << Qloss roof and Disol << Droof, the specific surface area is                    

calculated as   

SH  
π∙Droof

2

4
+ π ∙ Dins ∙ H

π∙Droof
2

4
 (1 +

4∙H

Droof
),                              (4.3) 

SH = SH,wet + SH,nw
π∙Droof

2

4
 (1 +

4∙Hwet

Droof
+

4∙Hnw

Droof
),                         (4.4) 

SH,wet  πDroofHwet   and   SH,nw  
π∙Droof

2

4
 (1 +

4∙Hnw

Droof
).                     (4.5) 

Regarding only tank lateral wall, the equations for SH,wet and SH,nw can be written as 

SH,wet  πDroofHwet    and    SH,nw  πDroofHnw.                         (4.6) 

The quotient between specific surface area of non-wetted and wetted lateral walls of thermal 

storage tank can be defined as 

SH,nw

SH,wet
=

H−Hwet

Hwet
=

H

Hwet
− 1.                                             (4.7) 

Focusing on stability and safety of operation, the height Hwet of wetted lateral wall of DEMO 

IHTS thermal storage tank has to be smaller than total tank height H tank, independently of 

TES operation conditions. The value of SH.nw/SH.wet should be 0.11  SH.nW/SH.wet  0.33 

assuming the filling level of thermal storage tank between 75% and 90%. Here the thermal 

expansion of the molten salt with increase in operating temperature has to be taken into 

consideration. There should be also enough space above the level of molten salt inside the 

storage tank to ensure the maintenance of necessary measurement equipment inside the tank 

space. The last but not least, the geometry of the thermal storage tanks is a decisive factor, 

which defines the mechanical stability and maintenance costs of the corresponding 

construction, as well as heat losses to the environment.  

The analysis of design parameters shows that thermal storage tanks with various diameters D 

and heights H possess same inner volume, see Fig. 4.1. For instance, thermal storage tanks with 

D1  = 21 m and H1  = 10 m, or D2 = 25 m and H2 = 7.1 m, or D3 = 28 m and H3 = 5.6 m have 

similar volume of V = 3460 ± 20 m³. Previously modelled tank with D = 23.8 m and H = 7.8 m 
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has a volume of V = 3468 m³ [84, 99, 100]. The storage tanks with same volume possess 

different area of lateral wall, floor and roof. For example, a tank with D1 = 21 m and H1 = 10 m 

has floor and roof area of 346 m² and lateral wall area of 659 m². Thermal storage tank with 

D3 = 28 m and H3 = 5.6 m has floor and roof area of 615 m² and lateral wall area of 492 m².  

 

Fig. 4.1: Storage tank volume for variable diameter and height. 

For constant diameter with growing tank height, the area of tank lateral wall linearly increases, 

see Fig. 4.2. For constant height, the increase in tank diameter has a more pronounced impact 

on tank total area than the increase in height at constant diameter, see Fig. 4.3. For simulations, 

the cold and hot storage tanks with D = 24 m and H = 7.5 m are selected. These tanks have floor 

and roof area of ~452 m². Their lateral wall area of ~565 m² is with ~3.1% smaller than the 

lateral wall area of ~583 m2 for a storage tank with D = 23.8 m and H = 7.8 m, which has been 

previously modelled [84, 99, 100]. 

The influence of HITEC temperature on storage tank parameters is studied for molten salt mass 

of 5106 kg and 6106 kg, respectively. The results of calculations are presented in Table 4.2. 

For MS mass of 5106 kg and operating temperature of 543 K, HITEC volume in cold storage 

tank amounts to 2657 m³. Due to thermal expansion, assuming the operating temperature of  

738 K, molten salt volume in hot storage tank reaches the value of 2875 m³. 
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Fig. 4.2: Storage tank lateral wall area for variable diameter and height. 

 

 Fig. 4.3 Storage tank total area for variable diameter and height. 
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Parameter Temperature, K 

415 473 543 573 738 763 

HITEC density, kg/m³ 1975 1933 1882 1860 1739 1721 

Molten salt mass of 5106 kg 

HITEC volume, m³ 2531 2586 2657 2688 2875 2906 

Increase in MS volume*, m³ 0 55 126 157 34 375 

Increase in MS volume*, % 0 2.17 4.98 6.20 13.6 14.8 

*In comparison to V=2531 m³ 

Molten salt mass of 6106 kg 

HITEC volume, m³ 3037 3104 3188 3226 3450 3486 

Increase in MS volume**, m³ 0 67 151 189 413 449 

Increase in MS volume**, % 0 2.2 4.97 6.22 13.6 14.8 

**In comparison to V=3037 m³ 

Difference in MS volume for molten salt mass of 5106 kg and 6106 kg 

Increase in MS volume***, m³ 506 573 657 695 919 955 

Increase in MS volume***, % 20 22.64 25.6 27.5 36.3 37.7 

***In comparison to V=2531 m³ 

 

Table 4.2: Volume of HITEC molten salt for variable operating temperature. 

 

Taking into account the tank filling level of 75%, the volume of cold and hot tank each should 

be 3543 m³ and 3833 m³, respectively. For filling level of 90%, the volume of cold and hot 

storage tank decreases to 2952 m³ and 3194 m³, correspondingly. For given HITEC mass of  

5106 kg, the increase in temperature from 415 K up to 763 K results in growing MS volume 

with 14.8% due to thermal expansion from 2531 m³ up to 2906 m³. For given MS mass of 

6106 kg, MS volume rises from 3037 m³ up to 3486 m³. The comparison between MS volume 

of molten salt mass m = 5106 kg at 415 K and m = 6106 kg at 763 K (V5000  = 2531 m³ versus 

V6000  = 3486 m³) shows an increase in MS volume of 37.7%. Subsequently, the consecutive 

change of molten salt volume with increase in MS temperature is a critical factor for design and 

operation safety of DEMO IHTS thermal storage tanks. 

Regarding Table 4.3, the simulations are carried out for various MS operating temperature and 

tank height. At this sight, the cases 1c and 2c are for cold storage tank and the cases 1h and 2h 

are for hot storage tank. In case 1c, tank height is 7.5 m and for case 2c it is 8.4 m, obtaining a 

height growth of 12%. Coming to case 1h, the height of storage tank is 7.5 m and for case 2h it 

is 10 m, receiving a height growth of 25%. Referring to case 1c, MS temperatures of 573 K and 

543 K are applied. For case 1h, the simulations are carried out for MS temperatures of                

763 K and 738 K, respectively.  
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      Parameter       Cold storage tank       Hot storage tank 

Case 1c Case 2c Case 1h Case 2h 

HITEC temperature, K 573 543 543 763 738 738 

Tank height, m 7.5 7.5 8.4 7.5 7.5 10 

HITEC molten salt mass of 5106 kg 

HITEC volume, m³ 2688 2657 2657 2906 2875 2875 

Tank volume, m³ 3393 3393 3800 3393 3393 4523 

HITEC/tank volume, % 79.5 78.3 69.9 85.6 84.7 63.6 

HITEC molten salt mass of 6106 kg 

HITEC volume, m³ 3226 3188 3188 3487 3450 3450 

Tank volume, m³ 3393 3393 3800 3393 3393 4523 

HITEC/tank volume, % 95.1 94 83.9 102.8 101.7 76.3 

 

Table 4.3: Ratio between the volume of HITEC molten salt and storage tank volume. 

 

Parameter Cold tank Hot tank 

Case 1c Case 2c Case 1h Case 2h 

Inner diameter, m 24 24 

Height, m 7.5 8.4 7.5 10 

Lateral wall area, m² 565.5 633.3 565.5 754 

Tank volume, m³ 3393 3800 3393 4523 

Tank wall thickness, m 0.045 0.045 

Mass of tank bottom, kg 160824 160824 

Mass of tank roof, kg 160824 160824 

Mass of lateral wall, kg 100609 112683 100609 134146 

Total mass of tank, kg 422257 434331 422257 455794 

Volume of roof insulation, m³ 136 136 

Volume of lateral wall insulation, m³ 85.5 95.8 85.5 114 

Total volume of insulation*, m³ 221.5 231.8 221.5 250 

Total mass of insulation*, kg 13290 13860 13290 15000 

Remark: * Volume of thermal-insulation material both for tank lateral wall and roof 

 

Table 4.4: Comparative data for DEMO IHTS thermal storage tanks. 
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In cold tank, for HITEC mass of 5106 kg and tank height of 7.5 m, the decrease in MS 

temperature from 573 K to 543 K corresponds to a decline of 1.2% in MS volume and the ratio 

of HITEC volume to tank volume reduces from 79.5% to 78.3%. Assuming cold tank height of 

7.5 m and TMS = 573 K, by increase in MS mass up to 6106 kg, molten salt volume of 3226 m³ 

increases nearly up to tank upper level.  

In hot storage tank with H = 7.5 m and TMS = 763 K, by increase in MS mass up to 6106 kg, 

HITEC volume rises over tank upper limit volume with ratio of 102.8%. With decrease in 

molten salt temperature from 763 K to 738 K, the ratio of MS volume to hot tank volume again 

is over 100%, presenting the value of 101.7%. The results of calculations indicate that a rise in 

thermal storage tank height from 7.5 m up to 8.4 m increases the tank mass by 2.86% as well 

as the mass of insulation material by 4.2%, see Table 4.4. With increase in height of tank up to 

10 m, the mass of tank and thermal insulation increases with 7.94% and 12.9%, respectively. 

Consequently, to enable safe operation of DEMO IHTS, it is preferable to select a taller storage 

tank, including buffer space, to prevent any kind of tank damage or bursting due to thermal 

expansion of HITEC molten salt.   

 

4.3 Heat losses to environment from thermal storage tanks  

The simulations of temporal evolution of HITEC molten salt temperature drop in cold and hot 

storage tanks with D = 24 m and H = 7.5 m are carried out for variable tank height and thermal 

insulation thickness. HITEC mass of 5.04·106 kg as initial condition is taken. In cold storage 

tank, the initial HITEC operating temperature is 573 K and in hot storage tank it is 763 K. 

Ambient conditions remain constant. For the thermal storage tanks, no external electrical heat 

tracing is applied.  

The simulations are evolved for variable thickness of tank thermal insulation between                                   

0.2-0.5 m. In cold storage tank with an insulation thickness of 0.2 m, see Fig. 4.4, MS critical 

temperature of 473 K is reached after 19 days. The increase in insulation thickness up to 0.5 m 

results in rising time up to 45 days. For cold storage tank with selected insulation thickness of 

0.3 m, the curve for MS temperature drop from 573 K to 473 K can be described, using 

Microsoft Excel linear approximation equation  

Tcold = -3.4218·t + 567.71,                                             (4.8) 

with residual value of R² = 0.9937.  
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Fig. 4.4: Temperature drop inside cold storage tank for various thermal insulation thickness.  

 

In hot storage tank with an insulation thickness of 0.2 m, HITEC needs 29 days to reach its 

critical temperature and 80 days are required, if insulation material thickness is 0.5 m (Fig. 4.5). 

For hot storage tank with selected insulation thickness of 0.3 m, the curve can be approximated 

through simulation using Microsoft Excel by the following function 

Thot = 0.1059·t2 – 10.934·t + 753.08,                                     (4.9)   

with the residual value of R² = 0.9984.   

The results of simulation of temperature drop in dependence of tank height are presented in   

Fig. 4.6 and Fig. 4.7. For cold tank, the curves 1 and 2 correspond to case 1c (see Table 4.3). 

The calculated dependences can be approximated using 2nd grade polynomic curves through 

simulation using MS Excel. For example, for cold tank the approximation correlation for      

curve 2 (Fig. 4.6) is as following 

T = 0.0715·t2 – 5.7574·t + 542.82,                                       (4.10) 

with the residual value of R² = 1.   
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Fig. 4.5: Temperature drop inside hot storage tank for various thermal insulation thickness.  

 

 

Fig. 4.6:  Temperature drop inside cold storage tank with various tank height. 
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Fig. 4.7:  Temperature drop inside hot storage tank with various tank height. 

 

At MS operating temperature of 543 K, the increase in height of cold storage tank from 7.5 m 

up to 8.4 m results in decrease in cooling time of storage tank from 14.5 days to 10.5 days, 

before HITEC reaches its critical temperature Tcr = 473 K (see Fig. 4.6). Same tendency is 

observed for hot storage tank, whereas the curves 4 and 5 correspond to case 1h, see Fig. 4.7 

and Table 4.3. The decrease in MS temperature from 763 K to 738 K results in reduction in 

time of MS cooling from 44 days to 42 days, before HITEC molten salt reaches its critical 

temperature. For simulation at initial temperature of 738 K, the increase in tank height from      

7.5 m to 10 m leads to reduction of MS cooling time from 42 to 33 days, correspondingly. 

The simulations using MATLAB®/Simulink show that the increase in thickness of thermal 

insulation decreases the temperature drop per day, what results in reducing specific heat losses 

per area. The increase in height of thermal storage tank enhances molten salt cooling. Thermal 

storage tank filling level and heat losses through wet and non-wet tank lateral walls play here a 

major role. In simulations using MATLAB®/Simulink, unchangeable ambient conditions are 

used. Nevertheless, the fluctuations of ambient temperature, wind velocity, solar irradiation, 

etc., are important factors, those influence on specific heat losses per area from thermal storage 

tanks has to be taken into consideration for prospective research studies.  
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4.4 Evaluation and validation of simulation model for heat losses to    

environment 

The results of simulation using developed MATLAB®/Simulink model for heat losses to 

environment (see chapter 3) are compared with the simulation data for the model, which is 

discussed in ref. [190]. The ref. [190] includes the comparison of numerical results and 

experimental data for inventory temperature drop in the CSP thermal storage tanks, measured 

at a commercial parabolic trough collector plant. In the ref. [190], the performed comparison is 

not seen as the validation of simulation model, because neither the environmental boundary 

conditions, nor real storage tank construction details are known. 

Similar to ref. [190], in the current study, the validation of developed MATLAB®/Simulink 

simulation model for heat losses to environment from thermal storage tanks is not suitable too 

due to lack of data concerning experimental studies with DEMO IHTS storage tanks. For 

verification of the developed MATLAB®/Simulink simulation model, in the current study, 

similar to  ref. [190], the simulations are carried out for 6-day temperature drop in thermal 

storage tanks for defined temperature conditions. For MATLAB®/Simulink simulations, see 

Fig. 4.4 and Fig 4.5, storage tanks diameter of 24 m and tanks height of 7.5 m are taken. 

Thermal insulation thickness is 0.3 m. The data for thermal insulation materials are joined in 

Table 4.1. HITEC molten salt mass is 5.04106 kg. The specific area of storage tank roof and 

bottom is ~452 m² and the area of tank lateral wall is ~565 m². The initial HITEC temperature 

in cold storage tank is 573 K, and in hot storage tank it is 763 K. The simulations for storage 

tanks are carried out for tanks´ upper filling level with molten salt, e.g. over 80% in cold tank 

and over 86% for hot tank, respectively (see Table 4.3).  

The results of simulations using MATLAB/Simulink are compared qualitatively with the 

numerical data, presented in the ref. [190], taking into consideration the temporal evolution of 

molten salt temperature in thermal storage tanks. The change of MS temperature due to cooling 

phenomena in DEMO IHTS thermal storage tanks is visualized in Fig. 4.8. The equations (4.8) 

and (4.9) are used to describe the temperature drop of HITEC molten salt in cold and hot storage 

tanks, correspondingly. For DEMO IHTS, the temperature drop rate for cold tank, which is full 

with molten salt, is T/t  3.4 K/day and for full hot tank it is T/t  10.3 K/day, respectively 

(see Fig. 4.9). As for data from ref. [190], for defined tanks geometry and operation conditions 

the MS temperature drop rate of T/  1.1 K/day for full hot tank and T/  5.4 K/day for 

the empty cold tank is obtained. Both data from ref. [190] and current simulation results show 

practically a linear decrease in MS temperature for the first 6 days of simulations.    



 

53 

 

 

Fig. 4.8: Change of molten salt temperature in storage tanks due to cooling phenomena. 

 

 

Fig. 4.9: Temperature drop of molten salt in dependence of simulated time interval. 
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The mean heat losses flow from thermal storage tank are calculated as  

Q̇loss =
m∙cp∙∆T

t
,                                                        (4.11) 

where m describes mass of molten salt in thermal storage tank, cp is temperature dependent 

specific heat capacity of HITEC and T is temperature drop for a time interval t.  

In current study, HITEC specific heat capacity is calculated using novel customized 

MATLAB module, see chapter 2, Table 2.6. For cold storage tank the temperature drop rate 

of T/t  3.4 K/day is taken. Considering these conditions, according to eq. (2.16), MS 

specific heat capacity changes from 1260 J/(kg·K) to 1286 J/(kg·K). Respectively, for 

calculation with eq. (4.11), for cold storage tank, HITEC mean value of cp = 1273 J/(kg·K) is 

taken. For hot storage tank the temperature drop rate is T/t  10.3 K/day. According to                    

eq. (2.16), for these conditions the MS specific heat capacity changes from 1080 J/(kg·K) to 

1142 J/(kg·K). Hence, for hot storage tank, for calculation with eq. (4.11), the MS mean value 

of cp = 1111 J/(kg·K) is chosen.  

The simulation data of mean heat losses per day for cold and hot storage tanks are presented in 

Fig. 4.10. The values of specific heat losses per area are presented in Fig. 4.11, whereas in 

calculations the area is taken as the sum of the area of tank roof and lateral wall.  

 

Fig. 4.10: Simulated transient heat loss per day for cold and hot storage tanks. 
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Fig. 4.11: Simulated transient heat loss per area from cold and hot storage tanks per day. 

 

In DEMO IHTS full hot tank, the decrease in heat losses is more pronounced (702 kW after 

the 1st day and 667 kW after 6th day), than in the full cold tank, which remains practically 

constant at 254 kW for each day. The decrease in heat losses from the hot tank can be 

explained through the decrease in volume of molten salt in the tank due to MS cooling and 

growing value of SH.nw/SH.wet, see eq. (4.7).  

As for simulation data from ref. [190], the heat losses from the loaded system for full hot tank 

(T = 659 K) decrease from 275 kW on the 1st day to 265 kW for the 6th day. For empty cold 

tank (T = 565 K), these simulated values are 190 kW after the 1st day and 165 kW after the 

6th day. The main conclusion of the comparative study is that both simulation models similar 

describe qualitatively the temporal evolution of molten salt temperature in thermal storage tanks 

and the temporal evolution of heat losses to the environment. The difference in absolute values 

between MATLAB®/Simulink data and the simulation results from ref. [190] can be explained 

due to difference in initial data, which are introduced into the models, such as geometrical 

parameters of thermal storage tanks, molten salt thermo-physical properties, as well as 

environmental conditions. 
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4.5 Conclusions 

The design and operational parameters of DEMO IHTS thermal storage tanks are defined, 

including tank’s geometry, properties of constructive and thermal insulation materials, as well 

as environmental conditions.  

For cold storage tank, HITEC molten salt minimum temperature Tmin = 543 K is taken, being 

higher than MS melting point. For hot storage tank, MS maximum temperature of                                    

Tmax = 738 K is selected, which is lower than temperature of MS thermal degradation.  

The interplay between storage tank parameters and MS filling level is studied using 

MATLAB®/Simulink simulations. The results are used to specify the storage tank geometry 

and operational parameters, which have to be applied for modelling of DEMO PHTS-IHTS 

system.  

Simulations are carried out to study the influence of tank height and thermal insulation material 

thickness on heat losses to environment from DEMO IHTS thermal storage tanks.  

The results of numerical simulations using MATLAB®/Simulink are evaluated through 

comparison with the data, known from literature survey (see ref. [190]). A good, qualitative 

correlation between the results of simulations is observed.  
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5  Simulation model of DEMO PHTS-IHTS and DEMO PCS 

systems 

The development of simulation models demands the knowledge of DEMO BoP technical data. 

With this purpose, a vast study of design and operational parameters of DEMO BoP systems, 

shown in Fig. 5.1, is carried out. The operational and design parameters are presented in 

Appendices A.5 and A.6. DEMO PHTS main parameters, as well as the data for corresponding 

heat exchangers, are presented in Appendix A.5, Table A5.1 and Table A5.2. The main 

parameters for DEMO IHTS and DEMO PCS are highlighted in Appendix A.5, Table A5.3 and 

Table A5.4, correspondingly. The technical data for DEMO Primary Heat Transfer System  and 

DEMO Intermediate Heat Transfer and Storage System are presented in Appendix A.6,                  

Table A6.1 and Table A6.2, correspondingly. The Table A6.3 and Table A6.4 include the 

design and operational parameters of DEMO Power Conversion System.  

 

Fig. 5.1: Schematic view of DEMO BoP energy transfer chain [55]. 

The forthcoming paragraphs are focused on development of DEMO PHTS-IHTS and DEMO 

PCS simulation models, involving the description of applied modules and governing equations. 

5.1 Development of DEMO PHTS-IHTS simulation model  

The scheme of DEMO PHTS-IHTS simulation model, presented in Fig. 5.2, includes two 

thermal storage tanks and six pipelines with modules for simulation of heat losses to 

environment, two fixed-displacement pumps, eight heat exchangers (HXs) of DEMO PHTS 

system and single PCS steam generator (SG) stage. For the model, following assumptions are 

formulated: i) HITEC properties are simulated by novel customized MATLAB module; ii) 

storage tanks, pipelines and pumps are heated up to their operating temperature; iii) pipelines 

are filled continuously with HITEC molten salt [84, 182]; iv) at the beginning of simulation, 

the filling level of molten salt in cold storage tank is at maximum.
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Fig. 5.2: Simulation model of DEMO PHTS-IHTS system [33, 221].
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In DEMO IHTS, molten salt is pumped via pump 1 from cold storage tank through PHTS 

OB/IB HXs into hot storage tank. HITEC gets heated, ensuring thermal energy transport into 

hot storage tank [33, 221]. Molten salt is pumped with pump 2 from hot storage tank through 

PCS SG HXs into cold storage tank. Pipeline 1 connects pump 1 with DEMO PHTS HXs. 

Pipeline 2 connects DEMO PHTS HXs with hot storage tank. Pipeline 3 is used for connection 

of hot storage tank with pump 2, as well as pipeline 4 connects pump 2 with PCS SG stage. 

Pipelines 5 and 6 are installed between PCS SG and cold storage tank, as well as between cold 

storage tank and pump 1, respectively.  

Throughout pulse operation, molten salt mass flow through pump 1 is higher than through   

pump 2. For cold storage tank, molten salt outlet flow is higher than its inlet flow. Hence, during 

pulse operation, MS filling level in cold storage tank continuously decreases. In hot storage 

tank, HITEC mass flow is divided into two parts. The first part (ṁpart 1) remains in hot storage 

tank, what results in growing MS filling level. The second part (ṁpart 2) gets pumped via                 

pump 2 through the PCS SG HXs, thus returning to cold storage tank.  

During dwell operation, HITEC molten salt, which is stored in hot storage tank during pulse 

operation, is pumped with pump 2 at high flow rate. HITEC flows through PCS SG stage, where 

heat transfer between MS and water takes place. Thus, HITEC molten salt, whose temperature 

is reduced, flows to cold storage tank. During dwell operation, MS filling level in hot storage 

tank decreases, yet in cold storage tank it increases.  

 

5.2   Modules of DEMO PHTS-IHTS simulation model 

5.2.1 Thermal liquid pipeline module 

The governing equations for pipeline module are presented in Table 5.1. This module, presented 

in Fig. 5.3, possesses ports A and B, through which HITEC flow enters and exits the pipeline. 

An intermediate node I is used for segmented pipeline [215]. Being segmented, the pipeline 

contains more than one fluid volume and is treated as an assembly of smaller pipelines, whereas 

each pipeline is associated with a separate instance of module. Through port H, the module 

controls the temperature across the pipeline. By discretization, mass and energy flows, as well 

as momentum balance equations, are calculated for each segment. The total mass, momentum 

and energy accumulation are determined as sums over their volumes. During flow of molten 

salt through the pipelines, friction losses occur along the pipeline walls, which are defined as 

pressure loss, being described by eqs. (5.8) and (5.9) for turbulent flow, see Table 5.1 [215]. 



 

60 

 

Title Governing equation Equation  Remark 

Mass balance ṁA + ṁB = 0 (5.1)  

Momentum balance  pA − pB = ∆pf + ρIg∆z (5.2) It is expressed by pressure differential over the 

pipe, which occurs due to pressure at pipe ports, 

friction at pipe wall and hydrostatic changes 

due to any change in elevation. 

pf = ∆pfA + ∆pfB  (5.3) 

∆z = zA − zB (5.4) 

pI =
1

2
∙ (pA + pB)  (5.5) 

pA − pI = ∆pfA + ρIg
∆z

2
  and  pB − pI = ∆pfB − ρIg

∆z

2
 (5.6) 

Pressure drop due to 

friction losses 
∆pfA =



2∙D2S


L

2
ṁA  and  ∆pfB =



2∙D2S


L

2
ṁB,                                 (5.7) For laminar flow, where  = 64. 

∆pfA =
1

2∙ρIS
2  (

f∙
L

2

D
+ Closs,total) ṁA|ṁA|  

(5.8) For turbulent flow. 

∆pfB =
1

2∙ρIS
2  (

f∙
L

2

D
+ Closs,total) ṁB|ṁB|  

(5.9) 

Energy balance ĖI = ĖA +  ĖB + ĖH −  ṁI · g · Δz (5.10)  

Mass and energy flow in 

internal node I 
ṁI = 

ṁA + ṁB 

2
   and  EI = ρI · uI · V (5.11) Calculated in potential energy term. 

Abbreviations ṁA- mass flow rate at port A 

ṁB- mass flow rate at port B 

pA - pressure at port A  

pB - pressure at port B 

pI  - pressure at internal node I  

pf - pressure differential due to viscous frictions  

I - HITEC density  

g - gravitational acceleration  

z - elevation differential between ports A and B 

Ė - energy accumulation rate  

ĖA, ĖB and ĖH - energy flow rates through ports A, B and H  

uI - specific internal energy of fluid at node I  

V - internal volume of pipe 

Closs,total - loss coefficient  

 - HTF kinematic viscosity  

- laminar friction constant  

D - pipe hydraulic diameter  

f - Darcy friction factor  

L - effective length of pipe 

Assumptions and simplifications: 

• HITEC molten salt is treated as an incompressible HTF, hence its mass within the pipeline does not change with pressure, and for HTF the inertia is ignored.  

• Wall of conduit is rigid. 

Table 5.1: Governing equations for thermal liquid pipeline module [215]. 
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Title Governing equation Equation  Remark 

Heat losses via 

conduction 

and 

convection 

EH = Qcond + Qconv (5.12) Heat transfer between pipelines and environment. 

Qcond =  
kI ∙  SH

D
· (TH − TI) 

(5.13) 

 

Qconv =  cp,Avg · |ṁAvg| · (TH − TA) ·

                                [1 − exp (
h·SH

cp,Avg·|ṁAvg|
)]    

(5.14) 

 

h =  
NuAvg∙kAvg

D
  (5.15) 

Nusselt 

number for 

turbulent flow 

NuAvr =
f

8⁄ ∙ (Re − 1000) ∙ Pr

1 + 12.7 ∙ (f
8⁄ )

1/2
(Pr2/3 − 1)

 

 

(5.16) 

 

 

 

Parametrization is provided for heat transfer between MS and pipeline 

wall.  

For turbulent flow, average Nusselt number is calculated using 

Gnielinski correlation.  

Average Darcy friction factor is calculated according to Haaland 

correlation. 
f = [−1.8 ∙ log10 (

6.9

Re
+ (

ϵR

3.7 ∙ D
)

1.11

)]
−2

 
(5.17) 

Heat transfer 

coefficient for  

turbulent flow 

h = hN ∙
DN

1.8

D1.8
∙

ṁAvr
0.8

ṁN
0.8  

(5.18) 

 Nominal surface area of pipe wall:  SHN =  √
4∙S

D
· L.                                                            

For rigid wall:  h = hN ∙
ṁAvr

0.8

ṁN
0.8 . ṁAvr =

ṁA + ṁB

2
 

(5.19) 

 

hN =  
ṁN · cpN 

SHN
ln (

THN − TInN

THN − TOutN
) 

(5.20) 

Abbreviations kI - HITEC thermal conductivity in node I  

SH - surface area of pipe wall 

D - pipe diameter  

TH - pipe wall temperature  

TI - HTF temperature in pipe internal node I 

cp, Avr - HITEC specific heat capacity 

TA - HTF inlet port temperature  

h - heat transfer coefficient of pipe 

ṁAvr and ṁN - average and nominal mass flow rates through pipe  

NuAvr - average Nusselt number in pipe  

kAvr - average thermal conductivity of HTF of entire pipe 

Re and Pr - Reynolds and Prandtl numbers  

f - average Darcy friction factor 

R - absolute roughness of pipe internal surface  

THN, TInN and ToutN - nominal wall, inflow and outflow temperatures 

SHN - nominal wall surface area 

Assumption: For rigid pipeline, nominal diameter is equal to pipe diameter. 

Table 5.2: Governing equations of pipeline module for heat losses to environment [215].
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Fig. 5.3: Pipeline module for heat losses to environment.  

For every pipeline, a novel module for heat losses to environment is applied, see Fig. 5.3 and 

Table 5.2, where heat transfer takes place through convection between HITEC molten salt and 

pipeline walls and through conduction from pipeline walls and thermal insulation to 

environment [220].  

 

5.2.2 Fixed-displacement pump module 

The fixed-displacement pump module (see Fig. 5.4) models a pump with a constant volumetric 

displacement, which extracts power from mechanical rotational network and delivers it to 

hydraulic, isothermal liquid network. The governing equations for fixed-displacement pump 

module are joined in Table 5.3 [215, 222]. The design and operational parameters of                      

pumps 1 and 2, see Fig 5.2, are joined in Appendix A.6.  

              

Fig. 5.4: Fixed-displacement pump module with working mode diagram. 

   

The terminals A and B describe pump inlet and outlet. Signal ports M and Phi report mass and 

energy flow rates. Mechanical, rotational conserving ports R and C are associated with the shaft 

and casing of the pump.  
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Title Governing equation Equation  Remark 

Energy balance ĖA + ĖB + Phydro = 0 (5.21) Module associates mechanical work done 

by the pump with an energy exchange. 

Pump hydraulic power 
Phydro = ∆p ∙

ṁ

ρ
 

(5.22) A function of pressure difference between 

pump ports. 

Mechanical power due to torque Pmech = τ ∙ ω (5.23)  

Mass flow rate ṁ = ṁIdeal − ṁLeak (5.24)  

ṁIdeal = ρDω (5.25) 

Driving torque τ = τIdeal + τFriction (5.26)  

τIdeal = D ∙ ∆p (5.27) 

Analytical parametrization:  

leakage flow 
ṁLeak =  

KHP · ρAvg · ∆p

μAvg
 

(5.28) Hagen-Poiseuille coefficient  

KHP =  
D · ωNomμNom · (1 − ηv,Nom)

∆pNom
 

Analytical parametrization:  

friction torque  
τFriction =  τ0 + KTP · |∆p| · tanh

4ω

(5e − 5) · ωNom
 

(5.29) 

Abbreviations ĖA and ĖB - energy flow rates at port A and port B 

Phydro - pump hydraulic power 

ω - shaft angular velocity 

ṁ - actual mass flow rate 

ṁIdeal and ṁLeak - ideal and internal leakage mass flow rates 

ṁLeak - internal leakage mass flow rate 

τ - actual driving torque 

τIdeal and  τFriction - ideal driving torque and friction torque 

ρ - HTF average density at thermal liquid ports A and B  

D - displacement parameter 

Δp - pressure gain from inlet to outlet, where KHP is                                

Hagen-Poiseuille coefficient for laminar pipe flows  

μAvr - HTF average dynamic viscosity  

KTP - specified value of friction torque 

τ0 - specified no-load torque  

ωNom - specified nominal shaft angular velocity  

μNom - specified nominal dynamic viscosity  

ηv,Nom - specified value of volumetric efficiency  

ΔpNom - specified value of nominal pressure drop corresponding 

to specified nominal conditions 

Assumptions and simplifications: 

• Module treats the pump as a quasi-steady component and pump wall is rigid. 

• Effects of fluid inertia, elevation and external leakage are ignored. 

Table 5.3: Governing equations for fix-displacement pump module [215]. 
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Pressure gain from port A to port B is positive, if the angular velocity at port R is positive 

relative to port C. Through port A, the pump is connected with the sensor, which measures mass 

and energy flow rates in HTF network. Pump is coupled with port R to ideal angular velocity 

source block. Through port S, the control signal is applied, which drives the source [215]. There 

is no change in pressure or temperature perceived across the sensor.  

According to “pump control” module, the controller working mode depends on pressure gain 

∆p = pB − pA from port A to port B and angular velocity ω = ωR − ωC, where R and C are 

absolute angular velocities at ports R and C [215]. There are four modes of operation                 

(see Fig. 5.4). Quadrant 1 represents the forward pump mode for specified case of DEMO IHTS 

pumps 1 and 2, in which positive shaft angular velocity causes a pressure increase from port A 

to port B. Quadrant 2 represents the reverse motor mode, in which the flow from port B to 

port A causes a pressure decrease and a negative shaft angular velocity. Quadrant 3 represents 

the reverse pump mode, in which negative shaft angular velocity causes the pressure increase 

from port B to port A. Quadrant 4 represents the forward motor mode, in which flow from 

port A to port B causes the pressure decrease and a positive shaft angular velocity. 

The pump model accounts power losses due to leakage and friction. Leakage is internal and 

occurs only between pump inlet and outlet. The module computes the leakage flow rate and 

friction torque, using “analytical parameterization data” case, displayed in Table 5.3. The input 

efficiencies are provided by mechanical and volumetric efficiencies directly by physical signal 

input ports. The input losses are given by mechanical and volumetric losses directly through 

physical signal input ports. Mechanical loss is defined as internal friction torque and volumetric 

loss is described as internal leakage flow rate.  

 

5.2.3 PHTS Inner Blanket/Outer Blanket Loops module 

The PHTS Outer Blanket/Inner Blanket (OB/IB) Loops module with heat exchanger modules 

is shown in Fig. 5.5. DEMO PHTS design and operational parameters are summarized in 

Appendix A.6.  

DEMO PHTS OB and IB Loops are modelled with a set of parallel installed heat exchangers, 

which have similar design configuration. The heat exchanger module models the heating of 

fluid through heat conduction over a wall. Helium is used for heat transfer to molten salt in 

DEMO PHTS-IHTS heat exchangers [84]. For simulations, constant heat capacity of helium is 

considered. Gas mass flow is divided uniformly between heat exchangers.  
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Fig. 5.5: Scheme of PHTS Outer Blanket/Inner Blanket Loops module with heat exchangers.  
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Gas input temperature lies at 793 K, whereas gas leaves DEMO PHTS HXs at 573 K. HITEC 

molten salt and helium do not mix with each other. The module, presented in Fig. 5.6, which 

controls the heat transfer between thermal liquid networks for helium and HITEC, includes 

Simple Heat Exchange Interface (TL) and Specific Dissipation Heat Transfer (SDHT) modules, 

whose governing equations are joined in Table 5.4 and Table 5.5 [215]. Ports A1 and B1 are 

conserving ports, which are associated with HX inlet and outlet. Port CP2 is for isobaric specific 

heat of helium. Port M2 is for entrance mass flow rate of helium. Port H2 is for inlet temperature 

of helium. The data regarding pressure losses, thermal effects and initial conditions are 

integrated in HXs modules. The rate of heat transfer is positive, when the temperature for the 

first fluid is higher than for the second one. 

 

Fig. 5.6: Module for control of heat transfer between different thermal liquid networks [215]. 

 

Controlled Temperature Source module represents an ideal energy source in a thermal network. 

It maintains the controlled temperature difference, regardless of heat flow rate of helium. The 

temperature difference is set by signal port S. A positive temperature difference gives that the 

temperature at port B has to be greater than at port A. Pulse Generator module generates square 

wave pulses. Output signal is generated in a specified time-based mode and is based on 

simulation running time for cycling operation of fusion reactor. Pulse type for HXs is time-

based with respective demand to simulation time, which takes place over a specific time span 

of 7200 sec for pulse and 600 sec for dwell operation.  

The sensors in the simulation model, see Fig. 5.2, 5.4 and 5.5, are used to control mass and heat 

flows. Heat flow rate sensor represents an ideal heat flow meter, converting heat flow passing 

through the meter into a control signal, which is proportional to the flow. Regarding process 

control measurement, sensors’ signal ports M and Phi report mass and energy flow rate. Ports 

A and B are thermal conserving ports in positive flow direction from port A to port B. Port H 

is a physical signal port that outputs heat flow value. There is no change in pressure or 

temperature across the sensors.  
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Titel Governing equation Equation  Remark 

 

Heat exchange module 

 

 Module models pressure drop and temperature change in a gas, as 

it traverses the length of a thermal interface such as that provided 

by a heat exchanger. 

Mass balance 
ṁA + ṁB =

M

p
∙

dp

dt
+

M

T
∙

dT

dt
 

(5.30) Compressibility of gas is considered, what means that mass inside 

the interface can change with pressure and temperature. 

Energy balance 
ĖA + ĖB + QH =

M

p
∙

dp

dt
+

M

T
∙

dT

dt
 

(5.31) Rate of energy accumulation in internal fluid volume of interface is 

equal the sum of energy flow rates through all the ports. 

Momentum balance pA − pB = ∆pA − ∆pB (5.32) Overall pressure drop from one gas port to other is calculated from 

individual pressure drops from each gas port to internal fluid 

volume. ∆pA = pA − p  and  ∆pB = pB − p (5.33) 

Abbreviations M - mass of fluid volume of thermal interface 

p - internal fluid pressure 

T - internal fluid temperature 

ṁA - mass flow rate through gas port A  

ṁB - mass flow rate through gas port B 

E - total energy in internal fluid volume of thermal interface 

ĖA and  ĖB - energy flow rates through gas ports A and B  

Q̇H - heat flow rate through thermal port H 

pA and pB - fluid pressures at gas ports A and B 

∆pA and ∆pB - pressure drops from gas ports A and B to internal fluid volume 

Assumptions and simplifications: 

• Heat transfer across thermal interface is ignored. 

• Pressure drop is calculated as a function of mass flow rate from tabulated data, which are specified at reference pressure and temperature. 

• No work is done on or by fluid inside the interface. 

• Effects of pressure drop are ignored. 

 

Table 5.4: Governing equations for Simple Heat Exchanger Interface module [215]. 
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Titel  Governing equation Equation  Remark 

 

Heat transfer module 

 

 Module models heat transfer between two fluids, which are 

controlled by the signals, with these providing each the 

entrance mass flow rate and isobaric specific heat. 

Heat transfer rate Q̇ = SD ∙ (T1,in − T2,in) (5.34) Heat flows from warmer fluid to cooler fluid. Heat flow rate 

is positive if fluid 1 enters at a higher temperature than    

fluid 2.  

Specific dissipation SD = SD(ṁ1, ṁ2) 

 

(5.35) 

 

Obtained from specified tabulated data at given mass flow 

rates. 

Maximum heat transfer rate SDmax = min(C1, C2) 

C∗ = ṁ∗ ∙ cp,∗ 

(5.36)  

(5.37) 

Whenever heat flow rate exceeds the maximum value, a 

warning is issued. 

Constraint on maximum 

heat transfer rate 

Q̇ = SDmax ∙ (T1,in − T2,in) for SD > SDmax 

Q̇ = SD ∙ (T1,in − T2,in) otherwise 

(5.38) It is implemented in form of a piecewise function. 

Abbreviations Tin - fluid entrance temperature 

ṁ - entrance mass flow rate 

C∗- thermal capacity rates of controlled fluid 

cp,∗- isobaric specific heat of fluid 

Assumptions and simplifications:  

• Rate of heat transfer is calculated from specific dissipation, a parameter specified in tabulated form as a function of entrance mass flow rates.  

• When entrance temperatures differ by one degree, the specific dissipation quantifies the amount of heat exchanged between fluids per unit of time.  

• Pressure loss and other aspects of flow mechanics are ignored.  

 

Table 5.5: Governing equations for Specific Dissipation Heat Transfer module [215].
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5.2.4 PCS steam generator module  

According to DEMO IHTS model, as shown in ref. [100], PCS SG has been previously split in 

two levels, by connection in series. Subsequently, PCS SG model has been modified, where the 

steam generator concept has been reduced to a single SG2 level [84]. The large differences of 

vapor mass flow inside SG components, considering usual initial design with huge difference 

span between mass flows of 223-842 kg/s, are reduced to an average value of 719 kg/s in a 

single SG2 stage. 

The scheme of the developed PCS SG module is presented in Fig. 5.7. For heat transfer from 

hot molten salt to water, single steam generator SG2 stage design concept is applied. The stage 

is modelled with a set of HXs modules, represented by pre-heater (PH), steam generator (SG) 

and super-heater (SH) [182]. Those design and operational parameters are listed in Appendix 

A.6. In the model, the heat is not taken into consideration, which comes from the phase change 

inside steam generator on water/steam side. Inside heat generator module, an entire temperature 

difference ∆T is estimated between steam inlet and HITEC outlet temperature.  

 

Fig. 5.7: PCS SG2 module with pre-heater, steam generator and super-heater [182],                                 

extended with control sensors for mass and energy flow rates. 
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5.3   Development of DEMO PCS simulation model 

The scheme of DEMO PCS simulation model is presented in Fig. 5.8. It differs from the original 

MATLAB Library Rankine Cycle model, see Appendix A.7, by replacement of steam boiler 

with coupling of PCS pre-heater, steam generator and super-heater to PH, SG and SH modules 

from the side of  DEMO IHTS model. This presumes the support with initial data for convective 

heat transfer by coupling of DEMO PCS model with DEMO PHTS-IHTS model, where HITEC 

temperature at PCS SG stage inlet is given as heat input source. Besides SH, SG and PH 

modules, the model includes a high pressure (HP) and a low pressure (LP) steam turbine, two 

steam re-heaters SR1 and SR2, a steam condenser (SC), as well as one feedwater (FW) pump. 

 

 

Fig. 5.8: Scheme of simulation model for DEMO PCS.  

Generator 
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The components of DEMO PCS system are discussed in ref. [47, 53, 84, 98, 223]. The design 

and operational parameters of DEMO PCS, used for MATLAB®/Simulink numerical 

simulations, are presented in Appendix A.5, Table A5.4, and in Appendix A.6, Table A6.3 and 

Table A6.4.  

To reduce the complexity, the proposed DEMO PCS simulation model contains only primary 

systems. The drain, supplemental FW heaters and PCS pumps, deaerator, as well as secondary 

heat sources, which are in this case the divertor and vacuum vessel pump with a supplemental 

heat exchanger, are excluded. Throttle, check and extraction valves for DEMO PCS are 

excluded too, as no offers for such specific regulation and process control are known to be yet 

available on the current industrial market. A two-phase fluid network is chosen with water and 

steam as two-phase heat transfer fluids. Regarding mass flow at inlet/outlet of the components, 

the customized module for water/steam properties is fitted to DEMO PCS operation conditions. 

Considering identical inlet/outlet medium, the re-heaters are modelled as thermal two-phase 

fluid pipes. The length of pipes in pre-heater and super-heater is equal to the length of a simple 

fluid pipe. Heat transfer is applied only through convection. For each PCS HX, a heat transfer 

module with corresponding temperature source is given. The volume of condensed water is 

calculated as the product of volumetric flow rate and corresponding time interval. This refers 

to time of 7200 sec for pulse operation during a single operation cycle. The initial liquid volume 

fraction of 0.7 in SG module is considered. The secondary inlet temperature of water is used as 

a coolant input source. The secondary inlet temperature of HITEC is assumed as initial heat 

input source.  

 

5.4  Modules of DEMO PCS simulation model 

5.4.1 Steam generator module 

The coupling of PCS pre-heater, steam generator and super-heater modules is schematically 

presented in Fig. 5.9. Dash lines represent the fluid flow, solid lines represent convective heat 

flow between the components, and dash-point lines are used to connect the control sensor for 

maintaining liquid volume fraction in PCS SG. Referring to steam properties module, water 

and steam parameters for various temperature and pressure are used in form of vectors and 

matrices. The normalized and specific internal energy is given in vector form. Water and steam 

properties are listed in Appendix A.6, Table A6.3. The liquid level inside PCS SG module is 

specified as volume fraction inside the saturated chamber and is equal to the quotient of water 

amount and total fluid volume.  
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Fig. 5.9: Scheme of coupling of PCS pre-heater, steam generator and super-heater modules.  

The mass of fluid in saturated fluid chamber varies with density, which comes with the property 

that in a two-phase fluid the form is generally considered as a function of pressure and 

temperature. The fluid enters, when pressure at inlet rises above that in the chamber, and exits, 

when pressure gradient is reversed. The volume of chamber is fixed in spite of fluid 

compressibility, when its mass changes with pressure and temperature.  

Pre-heater is used to raise the temperature of feedwater to saturation level. Steam generator is 

used for generation of saturated steam. Super-heater is applied for steam generation with respect 

to mechanical power production [215, 218-220]. The inlet/outlet operating pressure in pre-

heater is 126 bar uniformly. In steam generator and in super-heater, it is 125 bar uniformly. 

HITEC inlet temperature in pre-heater is 609 K, in steam generator it is 699 K and in super-

heater it is 738 K. The volumetric flow inside steam generator is 1.085 m³/s [98]. Total fluid 

volume is calculated by multiplying the volumetric flow with pulse time of 7200 sec. Heat 

transfer area and overall heat transfer coefficients are required for convective heat transfer 

modules, which are coupled to PCS PH-SG-SH modules. Heat transfer rate is proportional to 

the temperature difference, as well as heat transfer coefficient and surface area in contact with 

the fluid. The design and operational parameters of pre-heater, steam generator and super-heater 

are listed in Appendix A.6, Table A6.3 and Table A6.4.  
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Steam generator module is modelled as a chamber with fixed volume of two-phase fluid. 

Through inlet port B, as well as outlet port A, flows a constant volume of saturated fluid in a 

two-phase fluid network, whereas volume is divided into saturated vapor and saturated liquid. 

Here, an unidirectional flux exchange is considered. Operating pressure and temperature are 

based on liquid compressibility and thermal capacity. Port A of SH is connected to saturated 

vapor volume. Fluid leaving port A of SG is always in a saturated vapor state. Port B of SG is 

connected to saturated liquid volume. Fluid entering port B is always in a saturated liquid state. 

The fluid volume can exchange heat with thermal network through port H, which is a thermal 

conserving port associated with fluid temperature inside the chamber. Physical signal port L 

reports the control for liquid volume fraction. Regarding water and steam specific settings, 

MATLAB/Simulink Library implemented data for liquid and vapour properties are               

used [215]. The inlet pressure and temperature are considered as initial conditions                      

(see Appendix A.6, Table A6.3).  

The modules’ governing equations are presented in Table 5.6. The rate of mass accumulation 

in the chamber is equivalent to mass flow rate through ports A and B, which is calculated by         

eq. (5.39), where the left-hand side describes the rate of mass accumulation [215]. The 

smoothing introduces a small numerical error, where the module is adjusted by adding the 

correction term ϵM to mass balance, being calculated according to eq. (5.40). The specific 

volume V v⁄  is defined by water properties module [224]. The characteristic time to equilibrium 

of a phase-change event, that takes place in the chamber, is set to τ = 0.1 sec. The partial 

derivatives in mass balance equation are calculated using finite-difference method to tabulate 

the data in two-phase fluid properties module and to interpolate the results [215]. They are 

smoothed by means of cubic polynomial functions at phase-transition boundaries. These 

functions apply between two-phase mixture and super-heated vapor phase domains, when vapor 

quality is varied in a range of 0.3–0.9 [215, 225]. In our case, liquid volume fraction of 0.7 is 

applied.  

Energy enters and exits the chamber in two ways, namely with fluid flow through ports A and 

B and with heat flow through port H. No work is carried out, neither on nor by fluid inside the 

chamber. The rate of energy accumulation in internal fluid volume is described by eq. (5.42), 

see Table 5.6. Neglecting kinetic energy of fluid, total energy in the chamber is described by 

eq. (5.43). As a boundary condition, fluid specific internal energy of 1500 kJ/kg is taken for the 

chamber. The temperature in interior is equal to that at thermal port. The momentum balance 

in the chamber is described by eq. (5.44), see Table 5.6 [215]. 
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Title Governing equation Equation  Remark 

Chamber 

 

Module models accumulation of 

mass and energy in a chamber, 

containing a fixed volume of 

two-phase fluid. 

Rate of mass 

accumulation 
[(

ρ

p
)

u


dp

dt
+ (

ρ

u
)

p


du

dt
] ∙ V=ṁA + ṁB + ϵM (5.39)  

Correction term 
ϵM =

M − V
v⁄

τ
 

(5.40)  

Fluid mass dM

dt
= ṁA + ṁB 

(5.41)  

Energy balance Ė = ĖA + ĖB + Q̇H (5.42)  

Total energy E = Mu (5.43)  

Momentum 

balance 

p = pA = pB (5.44)  

Abbreviations: 

ρ - density 

p - pressure 

u - specific internal energy 

V - volume 

m ̇ - mass flow rate 

M - fluid mass in the chamber 

ν - specific volume 

τ - characteristic duration of a phase-change event 

 

EȦ - energy flow rate at port A 

EḂ - energy flow rate at port B 

Ė - total energy flow 

Q̇H - heat flow rate 

p - pressure in internal fluid volume 

pA - pressure at port A 

pB - pressure at port B 

 

Assumptions, conditions and simplifications: 

• Flow resistance between inlet and interior of chamber is assumed to be negligible. 

• Pressure in interior is equal to that at inlet of chamber.  

• Thermal resistance between thermal port and interior of chamber is neglected. 

• Temperature in interior is equal to temperature at thermal port. 

• Chamber has a fixed volume of fluid. 

• Kinetic energy of fluid in chamber is negligible. 
 

 

Table 5.6: Governing equations for PCS SG module as a chamber with fixed volume of     

two-phase fluid [215]. 

 
 
 

5.4.2 Pre-heater and super-heater modules 

The pre-heater and super-heater are designed as thermal liquid pipe modules, which model the 

flow dynamics of a two-phase fluid inside a rigid pipe. Pre-heater and super-heater parameters 

are specified in Appendix A.6, Table A6.3 and Table A6.4. The modules’ governing equations, 

as well as the assumptions, are joined in Table 5.7 [215]. The module provides an option to 

model the fluid inertia and resistance to sudden changes in mass flow rate.
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Title Governing equation Equation  Remark 

Thermal liquid pipe 

 

 Module models the flow dynamics of a two-

phase fluid inside a rigid pipe and provides an 

option to model fluid inertia with resistance to 

sudden changes in mass flow rate.  

Energy balance M · u̇I + (ṁA + ṁB)uI = ĖA +  ĖB + Q̇H  (5.45) Heat transfer between pipe wall and internal 

fluid volume is modelled as a convective 

process. 
Heat flow rate Q̇H = hcoeffSsurf(TH − TI) (5.46) 

Heat transfer 

coefficient 

 

 

hcoff
∗ =

kI
∗ ∙ Nu∗

Dh
 

(5.47) Coefficient for subcooled liquid and 

superheated vapor phases - asterisk denotes a 

value specific to phase considered (liquid or 

vapor). 

hcoff
M =

kI,SL
M NuM

Dh
 

(5.48) Coefficient for two-phase mixture: 

subscript M denotes the value specific to two-

phase mixture and subscript SL indicates the 

value obtained for saturated liquid. 

Nusselt number  

Nu∗ =

f
8

∙ (Re∗ − 1000)PrI
∗

1 + 12.7 ∙ √ f
8 (PrI

∗2/3 − 1)

 

(5.49) Liquid-vapor interface for turbulent flow 

according to Gnielinski correlation. 

NuM = 0.05 ∙ [(1 − xI + xI√
vSV

vSL
)]

0.8

PrSL
0.33 

(5.50) Two-phase mixture inside turbulent flow: 

Cavallini and Zecchin correlation, where 

subscript SL denotes a value for saturated 

liquid and subscript SV denotes a value for 

saturated vapor. 

Friction factor 
f = {−1.8 ∙ log10 [

6.9

Re∗
+ (

ϵr

3.7
)

1.11

]}

−2

 
(5.51) For turbulent flow. 

Reynolds number 
Re∗ =

|ṁAvr|DhvI
∗

S · I
∗  

(5.52) Liquid-vapor interface, where subscript Avr 

denotes an average value between the ports. 

Re∗ =
|ṁAvr|DhvSL

S · SL
 

 

  

(5.53) For saturated liquid. 
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Table 5.7, Continued 

Mass balance 
[(

ρ

p
)

u

ṗI + (
ρ

u
)

p
u̇I] ∙ V = ṁA + ṁB + ϵM 

(5.54) ∊M accounts for smoothing of density partial 

derivatives across phase transition 

boundaries. 

ϵM =
1

τ
 (M −

V

vI
) 

(5.55) Constant τ ensures that phase changes do not 

occur instantaneously, introducing a time lag, 

whenever they occur. 

Sum of mass flows Ṁ = ṁA + ṁB (5.56) Total mass flow. 

Momentum balance 
pA − pI =

ṁA

S
 |

ṁA

S
(vI − vA)| + Fvisc.A + IA 

(5.57) In half pipe adjacent to port A. 

IA = m̈A
L

2S
 

(5.58) 

pB − pI =
ṁB

S
 |

ṁB

S
(vI − vB)| + Fvisc.B + IB 

(5.59) In half pipe adjacent to port B. 

IB = m̈B
L

2S
 

(5.60) 

Viscous friction forces 
Fvisc,A

turb =
ṁA|ṁA|fALwffvI

4 ∙ DHS2
 

(5.61) Turbulent flow. Adjustment to port A. 

Fvisc,B
turb =

ṁB|ṁB|fBLwffvI

4 ∙ DHS2
 

(5.62) Turbulent flow. Adjustment to port B. 

Darcy friction factor 

adjusted to port A and 

port B 

f = {−1.8 ∙ log10 [
6.9

ReA
+ (

ϵr

3.7
)

1.11

]}

−2

 
(5.63) Turbulent flow. Adjustment to port A. 

ReA =
|ṁA|DhvI

SvI
 

(5.64) 

f = {−1.8 ∙ log10 [
6.9

ReB
+ (

ϵr

3.7
)

1.11

]}

−2

 
(5.65) Turbulent flow. Adjustment to port B. 

 
ReB =

|ṁB|DhvI

SvI
 

(5.66) 
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Table 5.7, Continued 

Abbreviations M - fluid mass inside pipe 

uI - specific internal energy of fluid inside pipe 

ĖA - energy flow rate into pipe through port A 

ĖB - energy flow rate into pipe through port B 

Q̇H  - heat flow rate into pipe through pipe wall, represented by port H 

hcoeff - average heat transfer coefficient in pipe 

SSurf - pipe surface area 

TH - pipe wall temperature 

TI - temperature of fluid in pipe  

Nu - Nusselt number in pipe 

kI - average thermal conductivity in pipe  

Dh - hydraulic diameter of pipe 

f - friction factor of pipe 

Re - Reynolds number  

PrI - Prandtl number 

r - roughness of pipe 

S - cross-sectional area of pipe 

vI - specific volume 

I - kinematic viscosity 

xI - vapor quality 

ρ - fluid density 

pI - pressure inside pipe 

V - fluid volume in pipe 

ṁA - mass flow rate into pipe through port A 

ṁB - mass flow rate into pipe through port B 

∊M - correction term  

τ - phase-change time constant 

pA and pB - pressures at port A and port B 

νA and νB - fluid specific volumes at port A and port B 

Fvisc,A and Fvisc,B - viscous friction forces in half pipe adjacent 

to port A and port B 

IA and IB - fluid inertia at port A and port B 

L - pipe length 

fA - Darcy friction factor for turbulent flow in half pipe 

adjacent to port A 

fB - Darcy friction factor for turbulent flow in half pipe 

adjacent to port B 

Assumptions and simplifications: 

• Dynamic compressibility and thermal capacity of fluid are assumed as non-negligible.  

• Pipe wall is rigid. 

• Flow is fully developed. 

• Effect of gravity is negligible. 

• Heat transfer is calculated with respect to temperature of fluid volume in pipe. 

• In transitional region between laminar and turbulent flow, a cubic polynomial function blends the Nusselt number, what ensures a smooth transition 

between different flow regimes.   

 

Table 5.7: Governing equations for rigid conduit of fluid flow in two-phase fluid systems, representing the pre-heater and super-heater modules [215].
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Two-phase fluid conserving ports A and B represent the pipe inlet and outlet. Thermal 

conserving port H represents the pipe wall, through which heat transfer with pipe surroundings 

takes place [215]. In the model, cylindrical pipes are applied and hydraulic diameter is the same 

as pipe’s actual diameter. Cross-section area is constant along the pipe length, which is defined 

as the distance between pipe inlet and outlet. With default of fluid inertia, the modelling is 

turned off. This setting is appropriate, when pressure forces, driving the flow, far exceed the 

inertial forces acting on the flow. 

The internal surface roughness enables the calculation of friction factor, adjusted to port A and 

B, in the turbulent flow regime according to Darcy’s law, see eq. (5.51) and eqs. (5.63)-(5.65). 

Energy and mass conservation eqs. (5.45) and (5.54) are defined, respectively. Momentum 

conservation eqs. (5.57)-(5.60) are presented for every half of pipe adjacent to inlet and outlet, 

correspondingly. Heat transfer is calculated with respect to temperature of fluid volume in the 

pipe. Heat transfer between pipe wall and internal fluid volume is modelled as a convective 

process, see eqs. (5.46)-(5.48). In Table 5.7, eqs. (5.49) and (5.50) are defined predominantly 

for turbulent flow conditions.                     

 

5.4.3 High-pressure and low-pressure steam turbines with re-heater modules 

The single steam turbine stage (see Fig. 5.10) includes high-pressure (HP) and low-pressure 

(LP) turbines with steam re-heaters SR1 and SR2 in-between [84]. The governing equations for 

steam turbine module are joined in Table 5.8. The steam turbine design and operational 

parameters as input data are listed in Appendix A.6, Table A6.3 and Table A6.4. 

 

 
 

Fig. 5.10: Sketch of a single steam turbine stage. 
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Title Governing equation Equation  Remark 

Module 

 

Module models a turbine in 

a two-phase (2P) fluid 

network. 

Mass balance ṁA + ṁB = 0 (5.67) Stationary condition. 

Energy 

balance 

ĖA + ĖA − Pfluid = 0 (5.68) Pfluid is determined from 

change in total fluid specific 

enthalpy.   Fluid work Pfluid = ṁA∆htotal (5.69) 

Corrected 

mass flow rate mȦ √
TA

Tcorr
= ṁcorr

pA

pcorr
 

(5.70)  

Corrected 

speed 
ωcorr =

ω

√
TA

Tcorr

 (5.71)  

Shaft torque  
τ =


mech

ṁA∆htotal

ω
 

(5.72)  

Steam flow 

rate 
ṁsteam = 

pin

√Tin
√1 − (

pout

pin
)

2
                                      

(5.73) It is characterized by 

Stodola’s cone law. 

Turbine shaft 

power PS = ṁsteamcpTin [(
pout

pin
)

n−1
n

− 1] 

(5.74) See [249]. 

Abbreviations: 

ṁA - mass flow rate at port A 

ṁB - mass flow rate at port B 

ĖA - energy flow rate at port A 

ĖB - energy flow rate at port B 

Pfluid - work done by fluid  

TA - temperature at port A 

Tcorr – correct adjusted temperature  

ṁcorr – correct adjusted mass flow rate 

pA - pressure at port A  

pcorr – corrected pressure   

 

Δhtotal - total change in fluid specific enthalpy 

ηmech - mechanical efficiency 

ω - relative shaft angular velocity 

pin and pout - pressure at inlet and outlet  

Tin - steam temperature at inlet of turbine 

χ - swallowing capacity of a turbine as coefficient of 

turbine that is determined during design calculation 

PS - steam turbine shaft power  

n = 1.25 - polytropic index for steam 

cp - specific heat capacity of steam 

Assumptions and simplifications: 

• Module assumes that superheated fluid enters the inlet. 

• Shaft does not rotate under reversed flow conditions. 

• Reversed flow from port B to port A is outside of typical turbine operation mode and may not return 

accurate results.   

 

Table 5.8: Governing equations for steam turbine module [215]. 

 

For running of simulations, the turbine rotation speed of 3000 rpm is chosen. The HP and LP 

steam turbines input temperatures are 719 K and 579 K, respectively. The inlet/outlet fluid flow 

area of turbines is calculated using industrial design data for inlet/outlet turbine diameters. The 

pressure and temperature data are based on compressibility and thermal capacity of vapor 

volume. The pressure ratio is defined as the ratio between turbine inlet and outlet pressure. The 

re-heaters are modelled as thermal liquid pipes. 
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Ports A and B are related to re-heater’s inlet and outlet. Port H corresponds to thermal 

conserving port for its pipe wall. Other ports A and B are two-phase fluid conserving ports, 

associated with steam turbine inlet and outlet. Ports R and C are mechanical, rotational 

conserving ports. The fluid, which flows from port A to port B, generates the torque. 

Port R reports the shaft torque and angular velocity relative to port C, which represents the 

turbine casing. In our case, the fluid flow from port A to port B drives a positive rotation of    

port R relative to port C. Mechanical conserving port R of torque sensor is coupled to 

conserving terminal R of HP and LP steam turbines. The shaft speed output is connected to 

physical signal port S of an ideal angular velocity source. The torque, relative to shaft speed, is 

measured at sensor port T, whereas the measured torque and shaft speed are converted into 

mechanical power by the conversion factor, following the “gain” module.  

 

5.4.4 Steam condenser module 

The scheme of steam condenser module is shown in Fig. 5.11. The governing equations are 

presented in Table 5.9. The required water and steam properties are listed in Appendix A.6, 

Table A6.3, and the modelling parameters of steam condenser are joined in Appendix A.6, 

Table A6.3 and Table A6.4.   

 

Fig. 5.11: Scheme of steam condenser module. 

 

Ports A and B are two-phase fluid conserving ports, which are connected to saturated vapour 

volume. Port L controls the liquid volume fraction. Port H is thermal conserving port associated 

with fluid temperature inside the chamber. The steam in the condenser is condensed over the 

pipes, through which cold water flows. Steam is condensed and collected at the bottom in a hot 

well. The condenser pipes are split into three parts, namely at inlet of the condenser in touch 

with the steam, within the condensate, and then again in contact with steam at outlet of the 

condenser. The thermal energy of steam is exchanged with coolant temperature by means of 

convective heat transfer module. The coolant temperature of the condenser depends on ambient 

temperature level, what influences the heat losses [228]. 
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Title Governing equation Equation  Remark 

Energy balance qhd = fcm ∙ γ (5.75) Heat of steam is 

equal to heat 

transferred to 

cooling water. 

 

qhd = Htc ∙ [
Tolt − Tcilt

ln
TCD − Tcilt
TCD − Tolt

] 

(5.76)  

 dTolt

dt
=

Fcwm

Mcwm
(Tcilt − Tolt) +

qhd

Mcwm ∙ Ch
 

(5.77)  

Mass balance dPr

dt
=

SrTCD

Vc
(Fsteam − fcm) 

(5.78) Based on 

constant volume 

assumption. 

Abbreviations: 

qhd - condenser heat duty   

fcm - mass flow rate   

 - steam latent heat 

Htc - heat transfer coefficient (overall)/heat transfer 

area  

Tolt - cooling water outlet temperature  

TCD - condensation temperature  

Tcilt - inlet temperature of cooling water 

 

Fcwm - cooling water flow rate   

Mcwm – hold-up (cooling water mass)   

Ch - cooling water heat capacity   

Pr - condenser pressure   

Sr - gas constant  

Vc - volume of condenser   

Fsteam - flow rate of steam  

 

Table 5.9: Governing equations for steam condenser module [215, 226, 227]. 

 

5.4.5 Feedwater pump module 

The feedwater (FW) pump module is presented schematically in Fig. 5.12. The design and 

operational parameters are listed in Appendix A.6, Table A6.3 and Table A6.4. The FW pump 

is installed between steam condenser and pre-heater (see Fig. 5.8). For numerical simulations, 

the inlet/outlet cross-sectional area of 0.16 m² is taken, inlet/outlet volumetric flow rate is           

0.712 m³/s and medium fluid velocity is 4.48 m/s.  

 

Fig. 5.12: Feedwater pump module with control function unit 
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The controlled mass flow rate source, representing the FW pump for DEMO PCS, defines an 

ideal mechanical energy source in a two-phase fluid network, in which no irreversible losses 

are assumed, and no heat exchange is considered with the environment [215]. Regulated water 

mass flow is determined by fluid density.  

Positive mass flow rate in FW pump comes from port A to port B. Water mass flow rate is 

controlled at pump inlet through the signal, being applied at pump port M.  

The difference between pump outlet and inlet pressure is given as  

ρAver =
ρA+ρB

2
,                                                         (5.79) 

where A and B is fluid mixture density at port A and B, respectively, and Avrg is average 

density of the fluid mixture.  

Mechanical work is calculated by  

Wmech =  ṁ
pB−pA

ρAver
,                                                         (5.80) 

where pA and pB are given as pressures at ports A and B, as well as ṁ is defined as FW mass 

flow rate [215].  

The FW pump control system contains a proportional integral (PI) controller with pump lag 

unit, whose technical data are listed in Appendix A.6, Table A6.4.  Regarding the control circuit 

of FW pump, steam generator liquid level is applied as input data [225]. It is compared with the 

set value at 0.7 of liquid level in the steam generator, meanwhile the signal is sent to PI 

controller and pump lag of DEMO PCS feedwater pump, which generate a control signal for 

FW mass flow rate.  
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5.5 Conclusions 

The simulation models of DEMO PHTS-IHTS and DEMO PCS systems are developed using 

MATLAB/Simulink.  

DEMO PHTS-IHTS model includes PHTS OB/IB HXs, cold and hot thermal storage tanks and 

pipelines with corresponding novel customized modules for simulation of heat losses to 

environment, two fixed-displacement pumps and a single PCS SG stage with PH-SG-SH heat 

exchanger modules. The simulation model excludes any kind of fittings like valves and 

auxiliary control equipment, due to lack of such data bank on current industrial market. 

For DEMO PCS model, which is developed using MATLAB®/Simulink, the Rankine Cycle 

model is applied, though the steam generator is modelled as a two-phase fluid constant volume 

chamber. Pre-heater, super-heater, as well as the re-heaters between HP and LP steam turbines, 

are modelled as two-phase fluid pipes.  

The MATLAB/Simulink modules, which are used in DEMO PHTS-IHTS and DEMO PCS 

models, are described. The involved governing equations are tabulated, as well as the design 

and operational parameters, which are applied as input data for the simulations, are highlighted.  
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6   Simulation of temporal evolution of mass and heat flows in 

DEMO PHTS-IHTS and DEMO PCS systems 

6.1 Simulation of temporal evolution of molten salt filling level in                          

DEMO IHTS thermal storage tanks  

Regarding the simulation of HITEC molten salt filling level in DEMO IHTS thermal storage 

tanks, it is assumed that pumps 1 and 2, which are sketched in Fig. 6.1, start their operation at 

simulation time of tsim = 0 sec. A single operation cycle lasts for 7800 sec. Pulse operation takes 

place for 7200 sec and dwell operation lasts for 600 sec.  

The analysis is carried out for four time intervals: 1) t1 = 0-160 sec, 2) t2 = 160-7040 sec,               

3) t3 = 7040-7200 sec, and 4) t4 = 7200-7800 sec (see Table 6.1 and Fig. 6.2-6.4). At the 

beginning of pulse operation, MS mass flow rates through the pumps grow until they reach 

stable operation state. During simulation time between 0-30 sec, the change of MS filling level 

in thermal storage tanks is small, see Fig. 6.2 and Fig. 6.3. Later, during time interval t1, molten 

salt filling level in cold storage tank linearly decreases and in hot storage tank linearly increases.  

During time interval t2, which is characterized by stable operation modus of both pumps 1       

and 2, MS filling level in cold storage tank continues to decrease, whereas MS filling level in 

hot storage tank further increases, what is displayed in Fig. 6.2.  

The time interval t3 corresponds to the transition from pulse-to-dwell. During this time, MS 

mass flow rate through pump 1 decreases and through pump 2 it increases. According to 

simulation data, at time tsim  7080  20 sec, a rather small change of MS filling level is observed 

in both thermal storage tanks. Further, with increase in molten salt mass flow rate through    

pump 2, MS filling level in cold storage tank (see Fig. 6.4) starts to grow according to eq. (6.3), 

see Table 6.1. 

During time interval t4, which corresponds to dwell operation period, a linear increase in MS 

filling level in cold storage tank (see Table 6.1, eq. (6.4)) and linear decrease in MS filling level 

in hot storage tank is observed. During dwell operation, MS mass flow rate through pump 2 is 

considerably higher than through pump 1. During time interval t4, molten salt mass flow rate 

through pump 1 is strongly reduced, even though HITEC is pumped continuously into hot 

storage tank.  
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Fig. 6.1: Sketch of DEMO IHTS operation during pulse time. 

 

Interval Time 

interval  

Cold tank 

filling level 

Change of MS filling level in cold storage tank, 

temporal dependence  

Equation Operation conditions 

1 t1 Hcold,1 Hcold,1 = Hcold,max − vcold,1 ∙ t1 −
1

2
acold,1t1

2                                   (6.1) Increase in HITEC mass flow rate through pumps 1 

and 2, when mass flow rate in pump 1 is higher than 

in pump 2.  

2 t2 Hcold,2 Hcold,2 = Hcold,1 − vcold,2 ∙ t2                                              (6.2) Rather constant MS mass flow rates for pumps 1              

and 2. 

3 t3 Hcold,3 Hcold,3 = Hcold,min + vcold,3 ∙ t3 +
1

2
acold,3t3

2                                  (6.3) Increase in MS mass flow rate through pump 2 and 

decrease in MS mass flow rate in pump 1. 

4 t4 Hcold,4 Hcold,4 = Hcold,3 + vcold,4 ∙ t4                                              (6.4) Rather constant MS mass flow rates for pumps 1                  

and 2. 

Abbreviations: vcold,1 and acold,1 - velocity and acceleration of the change of MS filling level during 1st time interval t1 

vcold,2  - velocity of the change of MS filling level in cold storage tank during 2nd time interval t2 

vcold,3 and acold,3 - velocity and acceleration of the change of MS filling level during 3rd time interval t3 

vcold,4 - velocity of the change of MS filling level in cold storage tank during 4th time interval t4 

Assumptions:  

• Total mass flow rate of molten salt is calculated as ṁ = ṁpart 1 + ṁpart 2 

• Before beginning of the first operation cycle, both pumps 1 and 2 are switched off. 

• During dwell operation, pump 1 works with reduced MS mass flow rate. 

• During pulse operation, pump 2 is used for pumping of HITEC molten salt flowing to DEMO PCS SG HXs.  
 

Table 6.1: Governing equations for temporal evolution of MS filling level in cold storage tank. 
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Fig. 6.2: Simulated temporal evolution of HITEC filling level in cold and hot 

storage tanks during single operation cycle.  

 

Fig. 6.3: Cold storage tank filling level for simulation time 

between 0-160 sec. 

 

 Fig. 6.4: Cold storage tank filling level for simulation time 

between 7040-7200 sec. 
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The temporal evolution of MS filling level in DEMO IHTS storage tanks’ is simulated for 11 

pulse/dwell operation cycles, what corresponds to 1 day of transient fusion reactor operation. 

The comparison between Fig. 6.5 and Fig. 6.2 shows a good cycle-to-cycle repeatability, 

adequate to single operation cycle. 

 

Fig. 6.5: Temporal evolution of HITEC filling level in storage tanks for 11 operation cycles. 

 

During pulse operation, a part of molten salt mass flow ṁpart1 remains in hot storage tank. 

Simultaneously, another part of molten salt flow rate ṁpart2 is pumped via pump 2 back to cold 

storage tank through DEMO PCS SG HXs (see Fig. 6.1). The simulations for temporal 

evolution of MS filling level, see Fig. 6.2, allows the prediction of MS mass flow ṁpart 1. 

According to simulation data, the linear approximation of MS filling level curve for time 

interval t2 gives the value of ṁpart 1 735 kg/s. Analysing the results of simulations, it is 

possible to define the change of HITEC molten salt filling levels in both thermal storage tanks 

as ∆Hcold = Hcold,max − Hcold,min and ∆Hhot = Hhot,max − Hhot,min. Here, the parameters 

Hcold,min, Hhot,min and Hcold,max, Hhot,max are MS minimum and maximum filling levels in cold and 

hot storage tanks, respectively. Assuming constant HITEC molten salt mass, the results of 

simulation show that ∆Hhot > ∆Hcold and 
∆Hhot

∆Hcold
= f (

ρHITEC,cold

ρHITEC,hot
), what correlates well with the 

simulation data for temperature dependent MS density, see chapter 2, §2.3.  
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6.2 Simulation of temporal evolution of mass flow in DEMO PHTS-IHTS 

system 

The results of simulation of temporal evolution of HITEC mass flow in DEMO IHTS cold 

storage tank, for a single operation cycle, are presented in Fig. 6.6. During pulse operation, the 

increase in MS mass flow rate takes place at outlet of cold storage tank, being stabilized after 

160 sec, what correlates well with simulation data for MS filling level, see Fig. 6.2. 

 

Fig. 6.6: Simulated HITEC mass flow at cold tank inlet and outlet for single operation cycle.  

 

For time interval t2, which lasts for 6880 sec, the MS mass flow rate of ṁMS = 6660 kg/s is 

obtained at outlet of cold storage tank, as well as at inlet of hot storage tank. The simulated 

value of HITEC mass flow rate at outlet of hot storage tank, as well as at inlet of cold storage 

tank, is ṁpart 2 = 5920 kg/s. The molten salt mass flow, which remains in hot storage tank, is 

calculated as ṁpart 1 = ṁ − ṁpart 2 = 740 kg/s, what correlates well with ṁpart 1 = 735 kg/s, 

which is defined by linear approximation of simulation curve for temporal evolution of MS 

filling level in hot storage tank for time interval t2  = 160 - 7040 sec, see Fig. 6.2.  

The simulations indicate that during dwell operation the pump 1 continues to pump the molten 

salt into hot storage tank with a mass flow rate of 418 kg/s, what does not exceed the value of 

6.3% from total MS mass flow rate in pump 1 during pulse operation. During time interval t3, 
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the MS mass flow rate through pump 2 quickly increases from mean value 5980 kg/s to                       

8120 kg/s, what takes place during time interval of 7155-7200 sec, see Fig. 6.6. For this time, 

the MS mean mass flow of 7050 kg/s can be estimated. Furthermore, MS flow rate linearly 

decreases during dwell operation from 8120 kg/s at the beginning to 7840 kg/s at the end of 

dwell operation. Hence, for dwell operation the mean flow rate of 7980 kg/s for HITEC molten 

salt is estimated, which is pumped with pump 2. The results of simulations of HITEC mass flow 

at inlet and outlet of cold storage tank for 11 operation cycles are presented in Fig. 6.7.  

 

Fig. 6.7: Simulated HITEC mass flow at cold tank inlet and outlet for 11 operation cycles. 

The simulated data show good temporal repeatability, confirming the ability of developed 

model to predict well the temporal evolution of MS mass flow in DEMO IHTS system for long-

term operation conditions.     

 
 

6.3 Simulation of temporal evolution of heat flow in DEMO PHTS-IHTS 

system   

For simulations, constant helium mass flow rate of 1842 kg/s is taken in PHTS OB/IB HXs. 

Gas specific heat capacity is 5193 J/(kg·K). The difference between gas inlet and outlet 

temperatures is THe  =  220 K. Taking into consideration for heat input the relation  

Q̇He = ṁHe ∙ cp,He ∙ ∆THe,                                                   (6.5) 
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the calculated heat flow rate from helium to HITEC during pulse operation is 2.1 GW.  

The simulation of temporal evolution of heat flow at inlet and outlet of DEMO IHTS hot storage 

tank (see Fig. 6.8) shows that for pulse time during stable operation of pumps, the thermal 

energy flow into hot storage tank is Ėhot,in = 1.76 GW. For corresponding conditions, the 

thermal energy flow rate at outlet of hot storage tank is Ėpart 2 = 1.58 GW and the value 

Ėpart 1 is calculated as 

Ėpart 1 = Ėhot,in − Ėpart 2  = 0.18 GW.                                         (6.6) 

 

Fig. 6.8: Thermal energy flow at inlet and outlet of hot storage tank for single operation cycle. 

 

The simulation graph shows, see Fig. 6.8, that at the beginning of dwell operation, the heat flow 

rate to PCS SG is 2.16 GW and after time interval of ~600 sec it slightly decreases to                         

2.1 GW. These results correlate well with the data, which are calculated by eq. (6.5). During 

dwell operation, in PHTS HXs there is no heat transfer from helium to HITEC.  

According to chapter 5, §5.2.1, the simulation model allows the control of heat losses from 

pipelines to environment. For example, the results of simulation of heat losses to environment 

from pipelines 1 and 2 are presented in Fig. 6.9. The simulations predict mainly heat losses of 

0.085 MW from pipeline 1 with cold molten salt and heat losses of 0.185 MW from                  

pipeline 2 with hot molten salt. The estimated total heat losses of 0.33 MW to environment 

from all pipelines 1-6 are calculated [33].  
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Fig. 6.9: Temporal evolution of heat losses from pipelines 1 and 2 for single operation cycle. 

 

6.4 Simulation of temporal evolution of liquid volume fraction in DEMO PCS 

steam generator  

Referring to simulation of temporal evolution of liquid volume fraction, following steam 

generator parameters are used: heat transfer coefficient of 1698 W/(m²K), heat transfer area of 

7723 m² and SG pipe length of 10.71 m [98]. The total fluid volume is calculated by multiplying 

volumetric flow of 1.085 m³/s with pulse time of 7200 s, or with dwell time of 600 s, 

correspondingly. For pulse and dwell operation, SG fluid volume of 7812 m³ and 651 m³ each 

is selected. Temporal evolution of liquid volume fraction is simulated for SG inlet/outlet at 

variable pressure of pmin/max = 121/125 bar for pulse operation and pmin/max = 134/138 bar for 

dwell operation. The growing pressure supposes an increase in fluid volume, which is 

transformed into steam. During dwell operation, the surges in pressure are due to circulation of 

larger mass flow of hot molten salt. 

The results of simulations of temporal evolution of SG liquid volume fraction for pulse and 

dwell operation are shown in Fig. 6.10 and Fig. 6.11, respectively. SG liquid volume fraction 

is simulated for pulse and dwell time separately. At the beginning of simulations, fluctuations 

of curves take place around SG liquid volume fraction value of 0.7, especially in the first            

30 sec. The simulations show that liquid volume fraction fluctuates regressively between 

minimum and maximum values, with a fluctuation difference of max. ±0.01.  
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Fig. 6.10: Simulated temporal evolution of SG liquid level during pulse operation. 

 

Fig. 6.11: Simulated temporal evolution of SG liquid level during dwell operation. 

 

Focusing only on stable operation conditions, the behavior of simulated curves is analyzed for 

time interval between 30  t  7200 sec for pulse operation, see Fig. 6.10, and between                

7200  t  7800 sec for dwell operation, see Fig. 6.11. For pulse operation, at the beginning of 

simulation, SG liquid volume fraction decreases with 0.5% at pmin = 121 bar and with 1.2% 

at pmax = 125 bar in comparison to initial value of 0.7. At pmin = 121 bar, SG liquid volume 

fraction reaches its constant value of 0.7 after 3000 sec. At pmax = 125 bar, the simulated curve 

appropriates its stability after 3500 sec. At pmin = 134 bar, the simulated value of SG liquid 
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volume fraction reaches its minimum of 0.686 after 7264 sec and the curve reaches its stable 

value of 0.7 at 7550 sec. At pmax = 138 bar, the data for SG liquid volume fraction are rather 

like the data at pmin = 134 bar, reaching minimal value of 0.681 after ~7272 sec. The curve 

reaches the value of 0.7 after 7600 sec. The analysis shows, that in comparison with pulse 

time, during the start-up phase of dwell operation, the increase in pressure results in growing 

amplitude of fluctuations.  

 

6.5 Simulation of temporal evolution of mass flow in DEMO PCS modules 

Referring to simulations, in the steam condenser the volumetric fluid flow of 2.46 m³/s is taken. 

The area of pre-heater is given as 6074 m², area of steam generator is 7723 m², area of super-

heater is given as 5040 m², and area of steam condenser is stated as 61648 m². The inlet pressure 

in HP turbine is 121 bar for pulse operation and 134 bar for dwell operation. The inlet pressure 

in LP turbine is 11 bar both for pulse and dwell operation.  

To control the mass flow rates, sensors S1-S4 are introduced into DEMO PCS model, see                     

Fig. 5.8. The results of simulations of fluid mass flow downstream single PCS PH-SG-SH stage 

for pulse and dwell operation time are presented in Fig. 6.12 and Fig. 6.13, correspondingly. 

 

 

Fig. 6.12: Temporal evolution of mass flow during pulse operation at located sensor S2 

downstream PCS PH-SG-SH module. 
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Fig. 6.13: Temporal evolution of mass flow during dwell operation at located sensor S2 

downstream PCS PH-SG-SH module.  

 

The simulations for pulse and dwell operation are carried out separately to distinguish and to 

analyze better the process flow in evolution of time. At the beginning of simulations, 

fluctuations of simulated curves occur both for pulse and dwell operation. The required time 

for curves stabilization is equal compared to the time of stabilization of simulated curves for 

SG liquid level fraction, which are shown in Fig. 6.10 and Fig. 6.11.  

The character of curves’ fluctuations for SG liquid level fraction, as well as fluid mass flow 

rates, is similar. Considering operation stability, the fluid mass flow rate reaches its stable value 

of 597 kg/s for pulse operation and the value of 578 kg/s for dwell time, what shows a difference 

of 2.5% between simulated data.  

 

6.6 Simulation of temporal evolution of heat flow in PCS PH-SG-SH modules 

The simulation of heat flow requires the knowledge of temperature distribution in pre-heater, 

steam generator and super-heater. For this purpose, temperature difference sensors are 

introduced into the model, shown in Fig. 6.14. Every sensor represents a device that determines 

the temperature difference, measured between two points without drawing any heat.  
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Fig. 6.14: Schema of DEMO PCS PH-SG-SH module with temperature difference sensors. 

 

Thermal conserving port A is associated with sensor positive probe, while port B is associated 

with sensor negative probe. Ports A and B connect two points, where the allocated temperature 

is monitored. In our case, positive direction is determined from port A to port B. Port T is a 

signal port that outputs the temperature difference calculated as ΔT = TA - TB.  

For pulse operation, the results of simulation of temporal evolution of temperature difference 

in PCS PH-SG-SH module are presented in Fig. 6.15.  

 
Fig 6.15: Temporal evolution of temperature difference in PCS PH-SG-SH module at pulse 

operation time interval of 30 ⩽ t ⩽ 7200 sec. 
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The corresponding simulation curves of temporal evolution of heat flow through pre-heater, 

steam generator and super-heater are shown in Fig. 6.16.  During stable operation, the mean 

heat flow rates through pre-heater, steam generator and super-heater are 104 MW, 1424 MW 

and 66 MW, correspondingly. Taking the heat flow rate through SG as reference value, the 

calculated percentage ratios for heat flow through pre-heater and super-heater are 7.3% and 

4.6%, respectively. During pulse operation, simulated total heat flow rate through PCS PH-

SG-SH module is 1594 MW. These data correlate well with heat flow rate of 1580 MW, 

which is calculated at the outlet of IHTS hot storage tank during pulse operation, see Fig. 6.8.  

 

Fig. 6.16: Temporal evolution of heat flow in pre-heater, steam generator and super-heater at 

pulse operation time interval of 30 ⩽ t ⩽ 7200 sec. 

 

The results of simulation of temporal evolution of heat flow in PCS SG for pulse and dwell 

operation are presented in Fig. 6.17. The diagram for pulse operation includes the data for time 

interval between 30 < t ⩽ 7200 sec. The diagram for dwell operation includes the data for time 

interval between 7200 < t ⩽ 7800 sec. For the first 30 sec, which assume the start of simulated 

dwell time for the first operation cycle, constant heat flow rate corresponds to the value 

simulated for pulse operation time at tsim = 7200 sec. During pulse operation, see Fig. 6.16, 

taking stable operation conditions, the heat flow rate is 1424 MW. During dwell operation, the 

curve tends to attain its stable heat flow rate with the value of ~1373 MW, which differs with 

3.6% from the value of heat flow rate at the end of pulse operation time. 
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Fig. 6.17: Temporal evolution of heat flow in PCS SG. 

 

6.7 Simulation of temporal evolution of DEMO PCS mechanical power  

The simulations are carried out for mechanical power output downstream HP and LP steam 

turbines during pulse and dwell operation. The results are presented in Fig. 6.18 in form of a 

joint diagram.  

 

Fig. 6.18: Temporal evolution of mechanical power output downstream the HP and LP              

steam turbines.      
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The curves are joined, showing the results without start-up phase of first 30 sec. At the 

beginning of dwell operation, constant mechanical power output is equal to the value of 

simulated one for pulse operation at 7200 sec. The curves for pulse and dwell operation show 

similar dynamics in their temporal evolution like the curves for PCS SG liquid volume fraction 

(Fig. 6.10 and Fig. 6.11) and heat flow (Fig. 6.17). Mechanical power increases at the beginning 

of simulations. Afterwards follow the fluctuations and, at the end, the stabilization is reached. 

Regarding pulse operation, after regressive fluctuations, mechanical power is stabilized after 

2200 sec at value of 563 MW. For dwell operation, it stabilizes after 370 sec at the value 

of 548 MW. The difference between the values for pulse and dwell operation lies around 2.7%.  

The thermal efficiency can be defined by the equation     


therm

=
Ẇturb,mech

Q̇in
.                                                       (6.7) 

In our case, having Ẇturb,mech = 563 MW (see Fig. 6.18) and Q̇in = 1594 MW (see Fig. 6.16), 

the thermal efficiency of therm  0.354 is calculated, what corresponds well to thermal 

efficiency of 0.35 for Rankine Cycle (see ref. [225]), taken as reference MATLAB® Library 

model, see Appendix A.7.     

 

6.8   Evaluation of the results of numerical simulations 

6.8.1 Verification of simulation data for DEMO PHTS-IHTS model 

The results of simulations using MATLAB/Simulink are evaluated and verified through 

comparison with data of quasi-stationary simulations, using EBSILON® [51, 98, 99, 101]. The 

comparative analysis is feasible due to application of similar DEMO BoP ICD concept, with 

the usage of two tank DEMO IHTS, as well as similarity of most DEMO BoP design and 

operational parameters, which are applied for simulation models as initial data.  

In the simulation models, a single operation cycle for fusion reactor lasts for 7800 sec, e.g.   

7200 sec for pulse operation and 600 sec for dwell operation. During pulse operation, molten 

salt is accumulated in hot storage tank. During dwell operation, MS is pumped through                

DEMO PCS HXs into cold storage tank, ensuring stable operation of DEMO BoP.   

In simulations with EBSILON®, HITECXL molten salt has been used [99], whereas in 

simulations using MATLAB/Simulink, HITEC molten salt is applied. Even though HITECXL 

and HITEC have rather similar properties, the chemical composition differs between the salts. 
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For running of simulations with EBSILON®, constant molten salt specific heat capacity of                      

cp  = 1.56167 kJ/(kg·K) is taken [98]. In simulations using MATLAB/Simulink, HITEC 

specific heat capacity is a temperature dependent parameter. In simulations with EBSILON®, 

for DEMO IHTS pumps stable operation modus is assumed during pulse operation time of  

7200 sec. In MATLAB/Simulink model, for pulse operation, the time interval of 6880 sec is 

considered for stable operation of DEMO IHTS pumps, see Fig. 6.6.  

The simulation with EBSILON® shows molten salt flow rate of ṁpart 1 = 708 kg/s, which 

remains in hot storage tank during pulse operation. Hence, the total mass of molten salt, which 

is accumulated in hot storage tank during pulse operation, is mE = 5097600 kg. Using 

MATLAB/Simulink, the mean MS mass flow rate, which remains in hot storage tank, is                

ṁpart 1 =740 kg/s and the total mass of HITEC, which is accumulated during time interval of 

6680 sec, is m = 5091200 kg. For MATLAB/Simulink model, the analysis of the results of 

simulation (see Fig. 6.6) shows two time intervals, which are characterized by change of MS 

mass flow rates through DEMO IHTS pumps: 0-160 sec and 7040-7200 sec, respectively. In 

time interval of 0-160 sec, at the beginning of simulations, the stabilization of MS mass flow 

rate through the pumps takes place. The results of dynamic simulations indicate that only after     

145 sec MS mass flow rate through the pump 1 overcomes the threshold of 5920 kg/s, what is 

equal to outlet mass flow rate from hot storage tank. In this case, the mass of molten salt, which 

is accumulated in hot storage tank during time interval of 145-160 sec, is amounted to          

5300 kg. Hence, for time interval of 0-7040 sec, the accumulated mass of molten salt in hot 

storage tank is mMS  5096500 kg. During simulated time interval of 7040-7200 sec, due to  

quick increase in MS mass flow through pump 2 and quick decrease in MS flow through       

pump 1, after 7040 sec the income of MS mass into hot storage tank is rather small. Thus, for 

accumulated MS mass, the comparison of the data, which are simulated using EBSILON®              

(mE = 5097600 kg), as well as through MATLAB/Simulink (mMS  5096500 kg), shows a 

difference of 0.02% between the values, without considering MS mass, which is accumulated 

in hot storage tank during operation time interval of 7040-7200 sec.   

The simulations, using MATLAB/Simulink, show the change of MS mass flow rates through 

the pumps during the transience from pulse to dwell operation. The mass flow rate in pump 1 

decreases from 6660 kg/s to 418 kg/s, obtaining a reduction of 93.7%. The rising MS mass 

flow rate from 5920 kg/s to 8120 kg/s in pump 2 is not so pronounced, having a difference of 

~37.2%. In upcoming cycle, during pulse operation, the mass flow rate through pump 1 quickly 

increases from 418 kg/s to 6660 kg/s and in pump 2 it decreases from 7840 kg/s to 5920 kg/s.  
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The results of dynamic simulations using MATLAB/Simulink indicate that from the point of 

view of control, as well as regulation of MS mass flow rates through the pumps during transient 

time intervals, pump 1 is operated at more detrimental conditions than pump 2. Hence, the big 

difference between minimum and maximum HITEC mass flow rates could be critical for 

pumps’ long-term stable operation.  

For time interval of 7201-7800 sec (see Fig. 6.2), the simulations display that at the beginning 

of dwell operation, HITEC mass flow rate at outlet of hot storage tank reaches the value of          

8120 kg/s.  Later, MS mass flow rate through the pump 2 continuously decreases, reaching the 

end value of 7840 kg/s at 7800 sec. Assuming, on the one hand, HITEC mean mass flow rate 

of 7980 kg/s during dwell operation, this value corresponds to pumped MS mass of                             

m1 = 4788000 kg. On the other hand, the simulations (see Fig. 6.4) show that if a linearly 

increase of mass flow rate through pump 2 from 5980 kg/s to 8120 kg/s is supposed for time 

interval of 7155-7200 sec, the mean value of 7050 kg/s for MS mass flow rate could be 

estimated. Multiplying this value with time frame of 45 sec, the value of pumped MS mass of 

m2 = 317250 kg is obtained. Adding m1 and m2, the calculated molten salt total mass reaches 

the value of mtotal = 5105250 kg, which differs with 0.17% from the simulated values of mMS 

and mE, respectively.  

At the beginning, the volume of molten salt in hot storage tank has to ensure the stability of 

DEMO IHTS operation. The simulations show that for stable operation, even before start-up, 

molten salt needs to be redistributed between cold and hot storage tanks. This is important in 

order to ensure the pumping rate of 5920 kg/s through the pump 2 during pulse operation up to 

time of 145 sec, when MS mass flow rate in pump 1 is lower than in pump 2.  

The dynamic simulations of heat losses to environment, see chapter 4, §4.4, indicate that the 

time for molten salt cooling, until HITEC reaches its critical temperature, depends on storage 

tank geometry, thermal insulation properties, as well as operating temperature and mass of 

molten salt, which is stored in the tank. The redistribution of molten salt inside the storage tanks 

decreases the time of MS cooling, until HITEC reaches crystallization point. Therefore, the 

application of electrical heat tracing for DEMO IHTS thermal storage tanks, pipelines and 

auxiliary equipment is mandatory before and during the start-up time, during maintenance 

service of DEMO IHTS, as well as in any other case, when fusion reactor is out of operation.  

Assuming molten salt mass flow rate of ṁ = 6660 kg/s, MS temperature of T1 = 543 K and  

specific heat capacity of cp = 1430 J/(kg·K) at the inlet of PHTS-IHTS HXs, MS temperature 

of T2 = 738 K and specific heat capacity of cp = 1225 J/(kg·K) at the outlet of PHTS-IHTS HXs, 
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with a difference of T = T2 - T1 = 195 K, the simulated energy flow rates reach the values of          

ĖT1
 1.857 GW and ĖT2

   1.675 GW, correspondingly. Taking into consideration the linear 

dependence of HITEC cp(T) on MS temperature, the mean value of energy flow rate to hot 

storage tank can be calculated as Ėmean =
ĖT1+ĖT2

2
  1.766 GW, what corresponds well to the 

simulation data, presented in Fig. 6.8.  

The numerical simulations show that, assuming a constant HITEC mass flow rate and specific 

heat capacity cp as a temperature dependent parameter, the simulated heat flow rate decreases 

from inlet to outlet of DEMO IHTS HXs. This means that in future, if HITEC molten salt should 

be used in DEMO IHTS, an extended experimental study of molten salt properties has to be 

carried out before taking any final decisions. If other functional correlations have to be selected 

for numerical simulation of HITEC thermo-physical properties, this would change the 

simulated values of molten salt mass and heat flow rates, even though the simulation model of 

DEMO IHTS system would remain unchangeable.  

If to assume, that MS specific heat capacity at inlet of DEMO IHTS HXs is cp  1560 J/(kg·K)     

(see Table 2.3) and remains constant with increase in MS temperature, the energy flow rate of 

E ̇  2.026 GW to hot storage tank can be estimated. These data appropriate to the value of 

Ė  2.104.GW, calculated through EBSILON® (see Appendix A.2).   

Taking into consideration any kind of possible heat losses in SDHT modules and the change of 

energy transfer rate regarding temperature dependence of molten salt specific heat capacity, the 

efficiency of energy transfer between DEMO PHTS and DEMO IHTS can be calculated as 


IHTS

=
ĖIHTS

ĖPHTS
=

1.76 GW

2.1 GW
 0.838.                                           (6.8)  

During pulse operation, the accumulation of molten salt in hot storage tank (see Fig. 6.8) results 

in heat flow rate of ĖPCS  1.58 GW towards DEMO PCS. In this case, the efficiency of heat 

transfer is calculated as  


PCS

=
ĖPCS

ĖIHTS
  0.9.                                                      (6.9) 

Coming to MATLAB/Simulink simulation model, the energy flow rate to DEMO PCS can be 

specified as  

ĖPCS = 
IHTS

· 
PCS

· Q̇PHTS  0.75 · Q̇PHTS.                                  (6.10) 
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According to eq. (6.10), it is possible to state that 75% of heat flow is transferred from                

DEMO PHTS to DEMO PCS, considering the calculated thermal efficiency of DEMO IHTS 

and DEMO PCS systems, using equations (6.8) and (6.9).  

 

 

6.8.2 Verification of simulation data for DEMO PCS model 

Regarding MATLAB/Simulink model for DEMO PCS system, a single SG stage with one 

pre-heater and one super-heater is used. The EBSILON® model uses an additional SG stage 

with a supplemental pre-heater and super-heater, as well as secondary heat sources, such as 

deaerator and further PCS pumps.  

In EBSILON numerical code, the steam generator is modelled as a shell-and-tube heat 

exchanger. In MATLAB/Simulink, the steam generator is modelled as a chamber with fixed 

volume of two-phase fluid. 

According to simulation with EBSILON, fixed data are given for stable operation period, 

which lasts for 7200 sec for pulse and 600 sec for dwell operation. For simulation using 

MATLAB/Simulink, the following time intervals are taken into consideration: i) tsim = 30 sec 

since beginning of simulation, at the time where strong fluctuations of curves are finished, see   

Fig. 6.12 and Fig. 6.13, ii) time interval, when DEMO PCS system is in stable operation.  

Referring to simulation data, the fluid mass flow rates during DEMO PCS stable operation are 

lower than the data for tsim = 30 sec, especially, at the beginning of simulations (t < 30 sec), 

when strong fluctuations are observed.   

For simulations using MATLAB/Simulink, the data from process control sensors S1 and S3 

(Fig. 5.8) are used. Sensor S1 is positioned upstream the pre-heater module and sensor S3 is 

installed at the outlet of LP steam turbine. According to the simulation using 

MATLAB/Simulink for pulse operation at tsim = 30 sec, the value for fluid mass flow rate at 

located sensor S1 is 710 kg/s (see Fig. 5.8), whereas fluid mass flow rate, simulated with 

EBSILON, is 719 kg/s [84]. The difference between these values lies within 1.3%. 

MATLAB/Simulink shows for located sensor S3 at tsim = 30 sec the steam mass flow rate of 

660 kg/s. The fluid mass flow rate, simulated with EBSILON, is 667 kg/s. The difference of  

about 1%  is observed between these simulated data.  
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For DEMO PCS stable operation time (see Fig. 6.12), the simulations using 

MATLAB/Simulink show the fluid mass flow rate of 597 kg/s, what is lower than the value 

of 719 kg/s, which is simulated with EBSILON. Referring to control sensor S3, the steam 

mass flow rate is 597 kg/s for simulation using MATLAB/Simulink. The value of 667 kg/s is 

obtained for mass flow rate downstream HP and LP steam turbine through simulation with 

EBSILON. The reason for such difference between the results using MATLAB/Simulink 

and EBSILON can be the adjusting of the solver, as well as modelling boundary and running 

conditions, and the constellation of simulation models.  

Regarding sensor S1 for dwell operation at tsim = 30 sec, the value of 710 kg/s using 

MATLAB/Simulink, is lower in comparison to the value of ~821 kg/s, attained with 

EBSILON. However, for control sensor S1 the values above 800 kg/s are observed during 

time interval at tsim < 30 sec. As for control sensor S3 at tsim = 30 sec, the fluid mass flow rate 

of 655 kg/s for MATLAB/Simulink correlates well with the value  of 638 kg/s, obtained with 

EBSILON. The value of 638 kg/s is attained (see Fig. 6.12) after  tsim = 30 sec. For DEMO 

PCS stable operation, the value of fluid mass flow rate using MATLAB/Simulink model 

remains at level of 578 kg/s with a difference of 9.4% in comparison with the value of                        

638 kg/s, which is calculated with EBSILON. 

The simulation data for “DEMO 1990, EBSILON code” model, calculated for HP steam 

turbine pressure of 110 bar, show thermal efficiency of therm  0.368. The data for            

“DEMO HCPB 2019, EBSILON code” model, calculated for HP steam turbine pressure of 

121 bar, give thermal efficiency of therm  0.361. Using MATLAB/Simulink (see Fig. 6.18), 

the calculation of thermal efficiency at HP steam turbine pressure of 121 bar provides the value 

of therm  0.354, showing a good correlation between these results. 

According to simulation data, see Fig. 6.16, the pre-heater and super-heater can ensure a 

supplementary heat transfer of 170 MW. Assuming DEMO PCS thermal efficiency of           

therm  0.354, from heat input of 170 MW a mechanical power gain of 60 MW can be 

expected. If additional pre-heater and super-heater are applied, then this can increase the 

thermal power output during pulse operation from Pmech,1    671 MW up to Pmech,2    731 MW 

according to EBSILON model [84]. Considering the generator coupling efficiency of 95%, 

according to ref. [59], the active power output of 695 MW can be achieved at electrical 

generator level. With a deviation of 7.3%, for pulse operation period these results correlate 



  
 

105 
 

well with the value of 750 MW, obtained through the quasi-stationary simulations with 

EBSILON®, see Appendix A.6, Table A6.  

Using eq. (6.10), the subsequent equation follows  

Pmech = 
therm

∙  
IHTS

∙ 
PCS

∙ Q̇ PHTS.                                   (6.11) 

Hence, the mechanical power is Pmech  0.266Q̇ PHTS, reaching the value of Pmech  559 MW, 

whereby MS thermo-physical parameters are temperature dependent functions. If HITEC 

specific heat capacity of cp = 1560 J/(kgK) is constant, then the thermal efficiency IHTS can 

increase from 0.838 up to 0.993. In this case, the mechanical power Pmech can rise from                   

Pmech  559 MW to Pmech  662 MW. With a deviation of ~1.48%, the last value correlates  well 

with literature survey data, see ref. [40], where the nominal power of 675 MW downstream 

the steam turbines is estimated for DEMO FPP, see Appendix A.1.  
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6.9 Conclusions 

The simulations of temporal evolution of HITEC filling level in DEMO IHTS thermal storage 

tanks are carried out for single and multi-cycling operation of fusion reactor. HITEC filling 

level in cold and hot storage tanks depends on temperature expansion of molten salt, those 

results of simulations correlating well with temperature evolution of molten salt density.  

The simulations of heat flow show that at the beginning a corresponding time span is necessary 

for stabilization of pumps´ operation. Afterwards, DEMO IHTS pumps operate stable, without 

any visible fluctuations. The transition from pulse to dwell and from dwell to pulse is 

characterized by obliged change of MS pumping rates.  

The increase in HITEC mass flow rate during dwell operation through PCS SG stage results in 

increased heat flow rates through PCS PH-SG-SH modules. The transition from dwell to pulse 

is characterized by a short-term decrease in heat transfer due to change of MS mass flow rate 

in pump 1.  

At the beginning of simulations, liquid volume fraction in DEMO PCS steam generator 

fluctuates regressively between minimum and maximum values. The stabilization of the curve 

for steam generator is observed for pulse operation after 3000 sec. The fluctuation time 

increases with growing operation pressure, both for pulse and dwell operation. The analysis of 

the curves for temporal evolution of fluid mass flow confirms the curves´ fluctuations at the 

beginning of simulations, both for pulse and dwell operation.  

The results of simulations of temporal evolution of mechanical power output downstream HP 

and LP steam turbines indicate firstly the fluctuations at the beginning of simulations, followed  

by stabilization of simulated parameter.   

The results of simulations using MATLAB/Simulink are evaluated and verified through the 

comparison with the data, obtained through the quasi-stationary simulations using EBSILON. 

The possibility for verification is based on the similarity of most design and operational 

parameters of DEMO PHTS, IHTS and PCS, used as initial data for simulation models. A good 

agreement between the data for simulations using MATLAB/Simulink and EBSILON                     

is confirmed.   
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7   Simulation model of DEMO BoP energy transfer chain  

7.1 Development of simulation model for DEMO BoP energy transfer chain 

The content of forthcoming paragraph is dedicated to the solution of final task of the thesis, 

which is directed to the development of simulation model for the study of transient behaviour 

of DEMO BoP energy transfer chain. The objective sketch of the model is presented in Fig. 7.1.  

 

 

Fig. 7.1: Sketch of the model for DEMO BoP energy transfer chain.  

 

In the DEMO PHTS HXs, the heat transfer takes place between hot helium and HITEC molten 

salt, which circulates through DEMO IHTS system. In DEMO PCS SG stage, the heat transfer 

occurs between hot molten salt and water. Vapour circulates through the steam turbines, which 

are connected to generators, being used for generation of electrical power.  

Regarding MATLAB/Simulink Library, there is no module, in which heat transfer is simulated 

between three phases simultaneously, especially between HITEC molten salt, water and steam. 

Hence, for modelling of DEMO BoP energy transfer chain, an approach is proposed, which 

assumes the coupling of DEMO IHTS and DEMO PCS models through corresponding         

thermal ports.  

Schematically, the simulation model for the study of transient behaviour of DEMO BoP energy 

transfer chain is shown in Fig. 7.2. In the model, the 1st step of heat transfer takes place between 

hot helium and HITEC molten salt in PHTS-IHTS HXs. The 2nd step includes the heat transfer 

between hot molten salt and water in IHTS-PCS HXs. The 3rd step assumes the heat transfer in 

PCS PH-SG-SH modules between water and vapor.    
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Fig. 7.2:  Simulation model for DEMO BoP energy transfer chain.  
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Afterwards, the vapor flows into steam turbines, whereas the energy of vapor flow is 

transformed into mechanical energy. The developed model includes DEMO PHTS-IHTS 

model, an intermediate Specific Dissipation Heat Transfer (SDHT) module and                                      

DEMO PCS model. In DEMO PCS model, the previous temperature sources, as heat input to 

PCS PH-SG-SH, are eliminated. They are substituted with coupling through thermal ports. Only 

one solver block is used, namely the customized module for simulation of HITEC thermo-

physical properties. The properties of water/steam are considered as constant values.  

The temporal evolution of heat flow in PCS PH-SG-SH modules for time interval over two 

operation cycles is shown in Fig. 7.3. The Fig. 7.4 gives the detail view to the simulation curves 

for transient time interval between first and second operation cycles of fusion reactor. The 

decrease in heat flow rates during time interval of 5 sec, i.e. between 7865-7870 sec, occurs due 

to simulation algorithm, discussed in ref. [225], which assumes simultaneous quick increase in 

MS mass flow rate through pump 1 and quick decrease in MS mass flow rate through pump 2 

at the beginning of each pulse operation cycle.  

The results of previous simulations (see chapter 6) allow the calculation of thermal efficiency 

for DEMO PHTS-IHTS and DEMO PCS systems. However, the prediction of total thermal 

efficiency of DEMO BoP energy transfer chain (see Fig.7.2) demands the knowledge of heat 

efficiency SDHT for intermediate SDHT module, which is applied.  

For stable operation conditions without PH and SH modules, the heat flow rate through PCS 

SG is 660 MW (see Fig. 7.4). Considering DEMO PCS system itself, the heat flow rate 

through PCS SG without PH and SH modules (see Fig. 6.16) is 1424 MW. Hence, according 

to the results of simulations, the heat efficiency for SDHT module has to be SDHT  0.463.  

Taking into consideration the eq. (6.11) and Fig. 7.2, for the DEMO BoP energy transfer chain 

the mechanical power can be calculated as   

Pmech = 
therm

∙  
IHTS

∙ 
SDHT


PCS

∙ Q̇ PHTS.                               (7.1)  

According to eq. (7.1), the mechanical power output is Pmech  0.123  Q̇ PHTS.  

Consequently, for Q̇ PHTS   2.1 GW the value of mechanical power output is Pmech  260 MW. 

So, the usage of an intermediate SDHT module between DEMO IHTS and DEMO PCS models 

(see Fig. 7.2) results in decreasing simulated heat flow rates.  



  
 

110 
 

 

Fig. 7.3: Temporal evolution of heat flow in a single PCS steam generator stage with                   

PH-SG-SH modules for two operation cycles of fusion reactor. 

 

Fig. 7.4: Temporal evolution of heat flow in PCS PH-SG-SH stage for transition between the 

1st and 2nd operation cycle of fusion reactor. 
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For DEMO BoP energy transfer chain, the results of simulation for temporal evolution of 

mechanical power output downstream DEMO PCS system are shown in Fig. 7.5. The obtained 

data demonstrate a small increase in simulated parameter during dwell operation, related with 

increase in heat transfer to DEMO PCS by rising mass flow rate of HITEC molten salt, which 

is pumped through pump 2 during time interval of 600 sec.  

 

Fig. 7.5: Temporal evolution of mechanical power output. 

 

Fig. 7.6: Temporal evolution of mechanical power output, DEMO BoP stable operation. 
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According to Fig. 7.6, for stable operation conditions (t > 3000 sec), the simulated mean value 

of mechanical power output is 272 MW. With deviation of 4.4%, this result correlates well 

with the data, which are calculated using eq. (7.1). The use of DEMO IHTS enhances the 

operation stability of DEMO BoP energy transfer chain, permitting the decrease in peak-to-

peak difference for heat flow rates and mechanical power output during the transience between 

pulse-to dwell and dwell-to-pulse (see Fig. 7.6). The use of DEMO IHTS should ensure stable 

operation of steam turbines, which are connected to electrical generators. The achieved power 

deviations below 3% (see Fig. 7.6) are acceptable for steam turbine operation.  

The time-dependent simulations give the opportunity for evaluation of DEMO BoP parameters, 

in order to process the optimization in terms of power change rates. That is necessary, for 

instance, to restart the power generation machines with a black start capacity from TOKAMAK 

shutdown, without the supply from external electrical grid.  

 

7.2 Coupling of DEMOnstration Fusion Power Plant to external                     

electrical grid 

Despite the fact, that the interface of Fusion Power Plant with external electrical grid is outside 

the frame of simulation study, it is essential to highlight here some prospective tasks.  

By coupling to European high voltage electrical grid, DEMO FPP should be able to produce 

and distribute electrical power throughout Europe [38, 41, 60], expected in range around       

700-800 MW [57, 59]. The internal power demand of the power plant is expected in the range 

around 300-500 MW. Hence, the power system needs to include an electrical switchyard                        

(see Fig. 1.3), through which DEMO FPP will receive and deliver power to two 400 kV 

transmission lines.  

According to total peak active pulsed power demand, DEMO FPP needs to be located in a very 

well interconnected node of EU electrical grid, characterized by a high short-circuit power 

system. An in-and-out connection needs to be performed with implementation of a new station 

on an existing transmission line. 

The operation stability of DEMO FPP is essential for integration into the external electrical 

grid. The interface of DEMO FPP with the electrical grid requires the knowledge of technical, 

economic, and environmental performance data of DEMOnstration Fusion Power Plant, to 

ensure real-time energy supply and demand balance [60, 229, 230].  
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The sufficient data-base needs to be available for an entire continental European network, to 

investigate the dynamic behaviour and stability of transmission system and its interactions in 

the European interconnected system [11]. 

For coupling of DEMO FPP to electrical grid, the operation stability of power generators is a 

decisive point. Here, the steady-state stability relates to response of synchronous machine to a 

gradually increasing load [229, 231].  

The plant control system needs to be operated in estimated regime and deviations need to be 

early detected with plant operation software [50]. A reactive power compensation system has 

to ensure the reactive power, which is absorbed from the grid and has not to exceed the level 

imposed by Electrical Transmission System Operator. Getting proper operation, DEMO FPP 

has to fulfil ENTSO-E requirements for grid connection of generators [57]. The most restrictive 

value here is the power control capability of 10%.  

Ensuring stable operation of electrical grid, the maintenance of frequency stability is a key 

prerequisite [11, 57]. Here, an effective way is to use the operation of Frequency Sensitive 

Mode for Power Generating Module, in which the power output changes in response to a change 

in system frequency. 

The system needs to react effectively to different kinds of faults, defined as any failures that 

interfere with normal current flow to the load [231-240]. The sudden output interruptions are 

limitation factors for the interface to the grid [72]. Hence, the more renewable and nuclear 

sources are linked to the electrical grid, the greater disturbance the grid might experience upon 

a sudden output interruption of DEMOnstration Fusion Power Plant.  
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7.3 Conclusions 

The statements, which are directed towards the dynamic simulations, are followed by the 

development of simulation model for the study of transient behaviour of DEMO BoP energy 

transfer chain.  

The simulation model of DEMO BoP energy transfer chain is realized, using 

MATLAB®/Simulink, by means of coupling of DEMO PHTS-IHTS model with DEMO PCS 

model through thermal ports. 

The results of simulations, which are focused on temporal evolution of mechanical power 

output downstream DEMO PCS steam turbines for pulse and dwell operation of fusion reactor, 

correlate well with the results of quasi-stationary simulations and with the data from                       

literature survey.  

The obtained results confirm the ability of MATLAB®/Simulink simulation model to predict 

the temporal evolution of mass and energy flows in DEMO BoP during the transient fusion 

reactor operation.  

The results of dynamic simulations using MATLAB®/Simulink can be applied for prospective 

integration of DEMO FPP into the European electrical grid, being in line with purpose of whole 

EUROfusion roadmap, whereas EU-DEMO should be modelled as a real power plant prototype. 
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8   Summary and outlook 

8.1 Summary  

In the framework of formulated objectives and tasks, the scope of the thesis, which focuses on 

the simulation study of transient behaviour of DEMOnstration Balance of Plant energy transfer 

chain during pulse and dwell operation of fusion reactor, is entirely realized.    

The novelty of study consists in dynamic simulation using MATLAB/Simulink, which is 

applied for the first time for numerical study of temporal evolution of mass and heat flows in 

primary DEMO BoP systems. The simulation model of DEMO BoP energy transfer chain 

begins with DEMO PHTS heat exchangers and ends at the outlet of DEMO PCS steam turbines.  

The MATLAB/Simulink Library standard as well as novel customized modules are applied 

for model development, involving corresponding governing equations and assumptions.  

For dynamic simulations, the design and operational parameters of DEMO Primary Heat 

Transfer System, Intermediate Heat Transfer and Storage System as well as Power Conversion 

System are analyzed and systematized. 

The novelty is the use of HITEC molten salt in DEMO IHTS as both heat transfer fluid and 

sensible thermal energy storage medium. HITEC thermo-physical properties, as well as molten 

salt chemical and thermal stability and its compatibility with constructive materials, are 

reviewed through extended literature survey.  

A set of analytical correlations is selected for numerical simulation of HITEC thermo-physical 

properties for defined DEMO IHTS operating temperatures. A novel customized MATLAB 

module for simulation of HITEC thermo-physical parameters is developed and applied. 

Further novelty positions include the development of simulation model for heat losses to 

environment from DEMO IHTS thermal storage tanks and pipelines. The thermal storage tank 

is described as a thermal liquid container with variable fluid volume. 

Next novelty comprise the development of simulation models of heat and mass transfer in 

DEMO BoP systems, as well as of simulation model for DEMO BoP energy transfer chain, 

which implies the coupling of DEMO PHTS-IHTS and PCS models through thermal ports.  

The simulation model of DEMO IHTS system includes PHTS-IHTS heat exchangers, thermal 

storage tanks with corresponding pipelines, two fixed-displacement pumps and PCS heat 
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exchangers. The simulation model of DEMO PCS system is based on MATLAB Rankine 

Cycle model, though it differs by modelling of PCS steam generator as a two-phase fluid 

constant volume chamber and through modelling of PCS pre-heater, super-heater as well as re-

heaters as two-phase fluid pipes. 

In the thesis, following results of simulation study are discussed:  

- Temperature dependency of HITEC molten salt thermo-physical parameters. 

- Sensitivity of HITEC simulated parameters on operating temperature. 

- Interplay between thermal storage tank geometry and HITEC filling level. 

- Impact of tank height and thermal insulation thickness on heat losses to environment.  

The simulated thermo-physical parameters of HITEC molten salt are decreasing functions with 

rising MS temperature. The increase in temperature results in thermal expansion of molten salt, 

what has to be considered for design and safe operation of DEMO IHTS thermal storage tanks.  

The temporal evolution of following parameters is simulated:  

- HITEC filling level in cold and hot storage tanks. 

- Mass and heat flows in DEMO PHTS-IHTS system. 

- Liquid volume fraction in DEMO PCS steam generator. 

- Mass and heat flows in DEMO PCS during pulse/dwell operation of fusion reactor. 

- Mechanical power output downstream HP and LP steam turbines.  

- Heat flow and mechanical power output for DEMO BoP energy transfer chain.  

The simulated MS filling level for cold and hot storage tanks correlates well with temperature 

evolution of HITEC density. The results of simulations of heat flow show that a corresponding 

time span is required for stabilization of pumps’ operation. Afterwards, DEMO IHTS pumps 

operate stable without visible mass flow rate fluctuations. Increase in HITEC mass flow rate 

during dwell operation results in rising heat flow rate through PCS PH-SG-SH modules. At the 

beginning of simulations, the liquid volume fraction in PCS SG fluctuates regressively between 

minimum and maximum values. Both for pulse and dwell operation, the fluctuation time 

increases with growing operation pressure. The simulation of temporal evolution of fluid mass 

flows shows similar fluctuation characteristics of the curves at the beginning of simulations, 

both for pulse and dwell operation. Regarding mechanical power output, the results of 

simulations indicate regressing fluctuations, followed by the curve stabilization. The 

stabilization period for mechanical power during dwell operation is shorter in comparison to 

the pulse one.  
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The results of the study shows that, due to lack of data concerning experimental studies with 

DEMO IHTS storage tanks, the validation of developed MATLAB®/Simulink simulation 

model for heat losses to environment is not suitable.  

In the thesis, the results of MATLAB/Simulink simulation of heat losses to environment from 

DEMO IHTS cold and hot storage tanks are evaluated through comparison with known data 

from literature survey. The main argument for evaluation is the similarity of models 

constellation, which is used for description of heat losses from thermal storage tanks to 

environment.  

The results of simulations of mass and heat flows in DEMO PHTS-IHTS and DEMO PCS 

systems, using MATLAB/Simulink, are verified by comparison with numerical data for quasi-

stationary simulation of DEMO BoP via EBSILON code. The opportunity for evaluation is 

based on the similarity of most design and operational parameters of DEMO PHTS-IHTS and                

DEMO PCS systems, which are used as initial data in the simulation models.  

The evaluation of the results of simulations confirms the ability of MATLAB®/Simulink    

simulation model: 

- To predict heat losses from DEMO IHTS thermal storage tanks to environment.  

- To study temporal evolution of mass and heat flows in DEMO PHTS-IHTS and                    

DEMO PCS systems. 

- To study temporal evolution of mechanical power output downstream DEMO PCS 

steam turbines. 

- To simulate transient behaviour of DEMOnstration Balance of Plant energy transfer 

chain during pulse and dwell operation of fusion reactor.  
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8.2 Outlook  

In DEMO IHTS, the switch-on process of the pumps is characterized by steep temperature 

gradients, as well as by temporally reduction in thermal power. Thus, the modelling of thermal 

processes in the pumps and auxiliary units defines the next generation of tasks.  

The simulation of MS heat tracing is out of frame of the study. However, the modelling of 

supplemental auxiliary systems is necessary for power plant safe operation and for holding HTF 

temperature above the freezing point inside the pipelines and thermal storage tanks.  

The next task can include the management of energy supply for heating of HITEC molten salt, 

as well as water/steam to avoid pinch point problem for pre-heater and super-heater. 

In the developed simulation model, constant environment conditions are considered. However, 

real weather changings, which differ from the simulated stationary ambient conditions, has to 

be in focus of forthcoming studies. 

The subsequent task can involve the development of the regulation and process control 

procedures, paying attention to prospective modelling of smoothing start-up and                        

shutdown processes.  

Getting to forthcoming research issues, the simulation model can be extended with: 

- Customized MATLAB® modules, which simulate the heat transfer between three 

phases, namely HITEC molten salt, water and steam.  

- Customized MATLAB®/Simulink modules for simulation of supplemental DEMO BoP 

systems auxiliary equipment.  

- Simulation model for auxiliary electric power generation system, what is favourable for 

integration of the developed simulation model of DEMO BoP energy transfer chain into 

the prospective hybrid model of multi-modal energy system.   
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A   Appendix  

A.1 DEMOnstration Balance of Plant coupling design concepts  

Direct Coupling Design (DCD) concept, which is discussed in ref. [55], involves Direct-AUXB 

(DCD-1), as well as Direct-Small ESS (DCD-s1 and DCD-s2) design approaches. For  DCD-1 

design (see Table A1.1), the avoidance of generator synchronization loss in dwell period is 

accomplished by using a boiler, that provides steam flow to turbine and maintains power train 

in operation. The disadvantage is that the auxiliary boiler power has to reach the level of several 

hundred MWs during dwell time, what implies additional infrastructure. Another drawback is 

temperature and pressure transients, which are achieved in pulse operation. In DCD-s1 concept 

(see Table A1.2), a part of thermal energy is collected in ESS during pulse operation. The main 

challenge is that ESS has difficulties in providing thermal energy, which has to be stored in 

relatively short time as required for dwell time. The DCD-s2 concept (see Table A1.2) is based 

on application of molten salt and an electrical heater upstream hot storage tank. This approach 

allows maximizing electrical power production in pulse operation, while maintaining the 

electrical generator synchronized to grid in dwell phase, whereby steam turbine is designed to 

operate at minimum required load of 10% [63].  

The scheme of DEMO DCD concept is shown in Fig. A1.1 [40, 47, 55-58, 241]. For DEMO 

DCD concept, the nominal power of 790 MW is evaluated for steam turbines [57]. 

Considering 5% losses due to coupling between turbine and synchronous generator, nominal 

electrical power output of 750 MW is estimated (see Fig. A1.2). However, for DCD concept, 

pulse operation of fusion reactor and abrupt changes in steam mass flow are detrimental to 

turbines, as thermo-mechanical stresses can lead to premature failures of turbines.  

The idea of Indirect Coupling Design (ICD) concept (see Table A1.1) is to reduce the stress of 

steam turbines and to ensure a constant electrical power output at generator’s level [40, 41, 47, 

52, 53, 55, 69]. The DEMO ICD provides the decoupling using a HTF storage loop, which 

accumulates thermal power in pulse operation that is released to DEMO PCS in dwell operation.  

The DEMO ICD concept, in which DEMO IHTS provides Thermal Energy Storage between 

DEMO PHTS and DEMO PCS systems, is schematically presented in Fig. A1.3 [47, 59, 70, 

97, 98]. Here, the nominal power of 675 MW for turbines is estimated [40]. With generators’ 

coupling efficiency of 95%, the resulting active power output of 640 MW is assumed at 

electrical generator level (see Fig. A1.4) [57].  
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System Direct Coupling Design DCD-1         

(DIRECT-AUXB) 

Indirect Coupling Design                           

(ICD) 

PHTS Interface PHTS and IHTS/PCS Helium-water steam generator  Helium-molten salt heat exchangers   

PHTS HX/SG pressure High Low  

IHTS Fluid - Molten salt  

Storage capacity - 23000 m³ 

Additional thermal storage - - 

Auxiliary heating system Gas (220 MWth) - 

Gas-fired boiler supply Large - 

Space  Large                                                               

(auxiliary system) 

Large                                                                

(IHTS/ESS) 

PCS Turbine loads Frequent ramps Steady 

System feasibility Under investigation Yes 

Tolerant to frequent transients Under investigation Under investigation 

Total Critical components Helium-water heat exchangers,                          

external gas boiler, steam turbine 

Helium-molten salt heat exchangers,                    

steam generator, PCS heat exchangers  

Required supplemental power  Gas - 

 
 

Table A1.1: Direct Coupling Design (DCD-1) with Auxiliary Boiler (DIRECT-AUXB) and Indirect Coupling Design (ICD) concepts. 
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System DIRECT-Small Energy Storage System 

DCD-s1 DCD-s2 

PHTS Interface PHTS and IHTS/PCS Helium-water steam generator  Helium-water steam generator 

PHTS HX/SG pressure High High 

IHTS Fluid - Molten salt  

Storage capacity - 2400 m³ 

Additional thermal storage Concrete - 

Auxiliary heating system Gas (93 MWth)  Electric (41.2 MWel) 

Gas-fired boiler supply Medium - 

Space  Large                                                               

(auxiliary system/concrete) 

Medium                                                  

(electric/ESS) 

PCS Turbine loads Frequent ramps Frequent ramps 

System feasibility - Under investigation 

Tolerant to frequent transients - Under investigation 

Total Critical components ESS, helium-water heat exchangers  Helium-molten salt heat exchangers,               

helium-water heat exchangers, steam turbine 

Required supplemental power  Gas Electrical power 

 
 

Table A1.2: Direct-Small Energy Storage System (DIRECT-Small ESS) coupling design concepts DCD-s1 and DCD-s2. 
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Fig. A1.1: DEMO BoP Direct Coupling Design concept [47]. 

 

 

 

Fig. A1.2: Electrical power output profile for DEMO DCD concept [57]. 
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Fig. A1.3: DEMO BoP Indirect Coupling Design concept [47]. 

 

 

 

Fig. A1.4: Electrical power output profile for DEMO ICD concept [57]. 
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A.2 DEMO BoP quasi-stationary simulation model  

The schemes of DEMO BoP quasi-stationary model for fusion reactor pulse and dwell 

operation, simulated using EBSILON, are presented in Fig. A2.1 and Fig. A2.2, respectively 

[84, 97-102]. The main operational parameters of DEMO BoP are listed in Table A2.1.  

Referring to simulation model, DEMO PHTS architecture relies on the adoption of eight 

cooling loops. The IB is cooled by means of four loops, whereas the remaining four circuits are 

used to remove thermal power from OB portion. DEMO IHTS model includes two thermal 

storage tanks, pumps with air-cooled equipment, pipelines, auxiliary systems, ventilation 

equipment, as well as control sensors and diagnostics [98]. Thermal storage tanks have identical 

geometry. The regulator of hot HTF flow is responsible to keep operating temperature 

continuously. DEMO PCS model includes a steam generator with two stages, each out of eight 

units for High Pressure (HP) and Low Pressure (LP) System [84]. The model includes several 

HP and LP steam turbines with two steam re-heaters and drain in between, a condenser, 

feedwater heat exchangers, a vacuum vessel pump and a turbo-generator. Additionally, there 

are two more each LP and HP feedwater pre-heaters. Steam generator stages include a pre-

heater, a heat exchanger and a super-heater. Each feedwater aggregate consists of a booster 

pump, gearbox, electrical motor and main pump, being connected in series. The deaerator has 

an operation regime, which is acceptable because of a controlled condensate by-pass system.  

 

Parameter Ref. [99] Ref.  [100] Ref. [84] 

Fusion power, MW 2037 

Thermal energy demand (pulse), MW 2389 2102 

Thermal energy demand (dwell), MW 17 21 

Steady-state conditions  

Gross electrical power, MW 1005 1009 987 

Net electrical power, MW 854 841 839 

Fusion reactor pulse operation 

Gross electrical power, MW 818 916 893 

Net electrical power, MW 667 750 758 

Fusion reactor dwell operation 

Dwell time, min 30 15 10 10 

Gross electrical power, MW 706 803 953 930 

Net electrical power, MW 686 783 916 892 

 

Table A2.1: Main operational parameters of DEMO BoP calculated using EBSILON® code. 
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Fig. A2.1: DEMO BoP simulation model using EBSILON® code, pulse operation time [84]. 
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Fig. A2.2: DEMO BoP simulation model using EBSILON® code, dwell operation time [84]. 
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A.3 TES single tank design concept 

The design concept of a single tank, which includes hot and cold sections, separated by a 

temperature gradient inside the tank, is discussed in ref. [94, 95, 111, 124, 125]. Due to large 

buoyancy forces, relative to mixing forces, a cold HTF lies in lower portion of the storage tank, 

meanwhile hot HTF lies in upper one. Transitional temperatures between hot and cold levels are 

observed within a heat exchange region. During heat charging, hot HTF flows down the storage 

tank, transferring thermal energy to solid material. During heat discharging, cold HTF flows up 

the storage tank, extracts thermal energy from solid material and flows out at high temperature. 

The energy storage depends on tank’s dimensions, properties of HTF and filler material, fluid 

velocity and charging/discharging time [95, 129, 242-253]. The storage efficiency depends on 

energy value, recovered after every charging/discharging cycle, as well as on maximum storable 

thermal energy. The discharge efficiency grows with increase in stored thermal energy and 

decreases with augment in discharge power [94, 95, 107, 115, 131-134]. However, repeated cycles 

result in progressive reduction of energy, being stored in solid material. An increase in temperature 

threshold tolerance improves energy storage capacity.  

For thermocline design concept, taller thermal storage tanks with smaller diameters are     

preferable [124]. Tall and thin storage tanks show better thermal stratification and higher discharge 

efficiency. Thermocline tanks with larger height effectively extend the discharge state, wherein 

HTF temperature is maintained at a high level [95]. 

High volumetric heat capacity of filler material increases total thermal energy, being stored in the 

tank. The stratification within the filler material reduces mixing within storage tank. The decrease 

in filler material diameter improves thermal stratification and sustained outflow of HTF with a 

higher thermal quality. In ref. [129] is shown that at particle size of 1.9 cm, heat transfer rates 

within the particles, among them and HTF, are large. If particle diameter is over 10 cm, HTF outlet 

temperature decreases faster, what reduces discharging time and operation efficiency. Usually, 

filler material is non-hazardous and cost-effective [124, 126, 128, 131, 135, 136, 141-143]. 

The simulations of thermocline tank are highlighted in ref. [82, 107, 108, 112, 132, 134-138].        

In ref. [132], CFD modelling is used to study the influence of Reynolds number on storage process 

characteristics. In ref. [135], MATLAB tool is used for process simulations. In ref. [137, 138], a 

set-up with a heated packed pebble bed, using hot air flow, is modelled. The influence of HTF and 

solid material properties, tank’s dimensions and packing schemes of solid filler, as well as duration 

of charging/discharging time, on the energy storage effectiveness is discussed. In ref. [254, 255], 
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a 2-phase 2D-model, using MATLAB®, is applied for simulation of fluid dynamic processes inside 

a thermocline tank of a Concentrated Solar Power Plant. Simulations are carried out for a single 

packed-bed storage tank with a height of 9.9 m, diameter-to-height ratio of 0.5 and capacity of     

40 MWhth.  

The reduction of costs is the main reason for application of a single thermocline tank [246-253]. 

In comparison to a two tank system, the usage of thermocline system allows reduction of energy 

production cost [96, 192, 247, 249]. The single tank design needs less stainless steel and thermal 

insulation material, smaller volume of HTF and less expansive pumping system. A thermocline 

tank requires 2/3 of cost associated with an equivalent two tank TES [73, 94, 141, 249]. 

Nevertheless, for an overall cost estimation, the costs of tank material, instrumentation, piping, as 

well as total storage capacity are required [88, 115, 134, 192]. 

In comparison to two tank system, a thermocline tank is not able to fully exploit its energy storage 

volume [247-252]. The thermocline TES uses only a portion of its energy storage volume. A part 

of HTF, being stored in thermocline tank, is at an average temperature between maximum and 

minimum values, what differs from two tank systems, where HTF is steadily withdrawn at nominal 

temperature. Owing to presence of temperature gradient inside the storage tank, thermocline 

systems are less efficient than two tank systems. The reason therefore is that the useful thermal 

energy recovered during discharging phase is lower than that supplied during charging phase    

[247, 253]. For a two tank system, the discharge efficiency can rich the value of 100%, while the 

thermocline storage manages to supply only 64% of stored heat [247-252].  

 



  
 

155 
 

A.4 TES operational parameters for DEMO BoP and CSP plants 

 

 

Table A4.1: Thermal Energy Storage operational parameters. 

Parameter Demonstration Solar Tower 

Plant Project “Solar Two” 

[95, 106, 110, 123] 

Solar Energy Generating 

Systems 

 [92] 

DEMO BoP 

[84] 

Place Daggett, Mojave Desert,           

CA, USA 

Daggett, Mojave Desert,         

CA, USA 

Under investigation 

Type Solar Power Tower Ultimate Parabolic Trough 

Power Plant  

DEMO BoP with 

IHTS 

Case  Closed case Operational  Under investigation 

Commission date 1995-1999 2013 Under investigation 

HTF Molten salt 

60% NaNO3  

40% KNO3  

Molten salt 

60% NaNO3  

40% KNO3 

Molten salt   

7% NaNO3  

53% KNO3  

40% NaNO2 

Number of parallel tank pair (cold & hot tank) 1 1 1 

Active salt inventory, tons 4778 - 5040 

Thermal storage capacity, MWhth 105 3233 426 

Cold tank dimensions, H [m] and D [m] 12 and 16.6 - 7.8 and 23.8 

Hot tank dimensions, H [m] and D [m] 12 and 16.8 - 7.8 and 23.8 

Operating temperature in cold tank, K - 573 543 

Operating temperature in hot tank, K - 823 738 

Operating temperature difference, K - 250 195 

Equivalent full load hours for thermal storage 

capacity, h 

1 3 2 
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A.5 DEMOnstration Balance of Plant parameters  

 

Parameter PHTS Heat Exchanger (HX) 

 Inner Blanket HX Outer Blanket HX 

Units 4 4 

Prim. Medium / Sec. Medium Helium (gas) / HITEC (liq.) 

ΔPtubes, bar 0.67 

ΔPshell, bar 1.05 1.03 

Specific dissipation, kW/K 1095.50 1095.48 

Prim. inlet/outlet diameter, m  1.2/1.0 

Sec. inlet/outlet diameter, m  0.5 

Prim. work pressure (inlet/outlet), bar  78.3/77.6 78.8/78.1 

Sec. work pressure (inlet/outlet), bar  6/5 

Prim. work temperature (inlet/outlet), K  793/563 

Sec. work temperature (inlet/outlet), K  543/738 

Prim. medium vol. flow (inlet/outlet),  m³/s 49/35.4 48.7/35.2 

Sec. medium vol. flow (inlet/outlet), m³/s 0.48/0.52 

Prim./Sec. medium mass flow, kg/s 230/899 

Prim. medium density (inlet/outlet), kg/m³ 4.7/6.5 4.7/6.6 

Sec. medium density (inlet/outlet), kg/m³ 1888/1741 

Prim. medium velocity (inlet/outlet), m/s 43.4/45 43.1/44.8 

Sec. medium velocity (inlet/outlet), m/s 2.4/2.6 

 

Table A5.1: DEMO PHTS heat exchangers parameters [84]. 
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Parameter Value 

Coolant Helium 

Inlet/outlet temperature, K 793/573 

Coolant inlet pressure, MPa 8 

Coolant outlet pressure in IB/OB, MPa 7.79/7.83 

Segment pressure drop in IB/OB, MPa 0.214/0.174 

Coolant mass flow rate, kg/s 204 

Coolant enthalpy at inlet/outlet, kJ/kg 3007/4148 

 

Table A5.2: DEMO PHTS parameters [84, 100]. 

 

 

Table A5.3: DEMO IHTS parameters. 

 
 

Parameter Ref. [100] Ref. [84] 

1st stage steam generator / 2nd stage steam generator 

Fusion reactor pulse operation time  

Steam temperature (inlet/outlet), K 555/721 564/719 

Steam pressure (inlet/outlet), bar 57.11/22.54 58.56/121.43 

Fusion reactor dwell operation time  

Steam temperature (inlet/outlet), K 555/718 566/715 

Steam pressure (inlet/outlet), bar 57.11/133.86 60.38/133.83 

 

Table A5.4: DEMO PCS parameters. 

Parameter 

 

Cold tank Hot tank 

Ref. [100] Ref. [84] Ref. [100] Ref. [84] 

Required storage tank volume, m³ 2669 2895 2897 

HTF vol. flow (inlet), m³/s 3.88 4.22 4.13 

HTF mass flow (inlet), kg/s 7322 6481 7338 7189 

HTF mass flow (outlet), kg/s 7338 7189 7322 6481 

HTF density (inlet/outlet), kg/m³ 1888 1741 

HTF velocity (inlet/outlet), m/s 2.53 2.74 2.68 

Amount of MS for dwell time, kg 5040000 

Temperature of molten salt, K 543 738 
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A.6 DEMOnstration Balance of Plant systems design and operational parameters 

 

Table A6.1 Beginning 

Parameter 

 
 

Quasi-stationary 

simulation 

 Dynamic                                                                                          

simulation 

Ref. [100] Ref. [84] Value      Comment 

PHTS IB/OB HXs 

Each IB heat transfer loop 

Helium flow rate, kg/s 195.2 230.2 920     Helium mass flow is divided uniformly between 4 HXs: ~2304 

Each OB heat transfer loop 

Helium flow rate, kg/s 240.1 230.2 920      Helium mass flow is divided uniformly between 4 HXs: ~2304 

Helium temperature, PHTS inlet, °C - 520 520  

Helium heat capacity, J/(kgK) - - 5193 Initial data 

HCPB BB PHTS IB/OB HXs 

Total generation of power, MW  2101.7 2101.7 2100 Theoretically calculated 

HCPB BB PHTS IB/OB HXs (tube & shell HX) 

Configuration tube & shell                              tube & shell  

Cross-section area at HX inlet/outlet, m² - - 0.196/0.196 Required parameter for HX module  

Specific dissipation OB/IB HX, kW/K 

 

- 

 

- 

 

1095.50/ 

1095.48 

Required parameter for HX module  

Helium volume, m³ 53.2 - 229 Volume of 4 units, increase with ~8%  

Pressure drop OB/IB HX, kPa 264.6 - 103/105 Required parameter for HX module 

PHTS IB HX 

Total units 3  4 4 HX blocks Modules are installed in parallel 

Prim. Medium Helium (gas) Helium (gas) Helium (gas)  
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    Table A6.1 Continuation 

Sec. Medium HITEC (liq.) HITEC (liq.) HITEC (liq.)  

Reference inflow pressure, MPa - - 0.01 Required parameter inside HX module  

Prim. Work temperature (inlet/outlet),°C  500/287 520/290.9 520  

Sec. Work temperature (inlet/outlet), °C  270.2/465 270/465 270 Required parameter inside HX module  

Reference inflow temperature, °C - - 200 Required parameter inside HX module 

Prim. Medium mass flow, kg/s 195.22 230.22 230 Inlet helium mass flow for HX module 

Sec. Medium mass flow, kg/s  709.37 898.75 899  Required parameter inside HX module  

Mass flow threshold for flow reversal, - - - 10-3  Fixed parameter inside HX module  

PHTS OB HX 

Total units  6 4 4  Modules are installed in parallel 

Prim. Medium Helium (gas) Helium (gas) Helium (gas)  

Sec. Medium HITEC (liq.) HITEC (liq.) HITEC (liq.)  

Reference inflow pressure, MPa - - 0.01 Required parameter inside HX module  

Prim. Work temperature (inlet/outlet),°C 500/288 520/290.9 520  

Sec. Work temperature (inlet/outlet), °C  270.2/465 270/465 270 Required parameter inside HX module  

Reference inflow temperature, °C -  - 200 Required parameter inside HX module  

Prim. Medium mass flow, kg/s 240.13 230.24 230 Inlet helium mass flow for HX module 

Sec. Medium mass flow, kg/s  868.37 898.75 899 Required parameter inside HX module  

Mass flow threshold for flow reversal, - - - 10-3 Fixed parameter inside HX module  

Abbreviations:  

BB - Breading Blanket  

IB - Inner Blanket 

HCPB -  Helium Cooled Pebble Bed  

HX -  Heat Exchanger  

OB -  Outer Blanket  

PHTS - Primary Heat Transfer System  

 

Table A6.1: DEMO Primary Heat Transfer System parameters. 
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Table A6.2 Beginning 

Parameter 

 
 

Quasi-stationary 

simulation 

Dynamic                                                                                          

simulation 

Ref. [100] Ref.[84] Value      Comment 

DEMO IHTS tanks design parameters 

Tank diameter (D), m 23.8  23.8  24  

Tank height (H), m 6.8 7.8 7.5 – 10  Variable in simulations 

Required volume of tank (hot/cold), m³  2895.2/2669.7 2896.9/2671.3 3391  

Footprint of TES, m² 2550 2550 2550 Required parameter  

Height for tank inlet/outlet diameter, m - - 0.4-0.7 Variable in simulations 

Inlet/outlet pipeline diameter, m 1.40 1.40 1.40  

Inlet/outlet tank diameter, m 1.40 1.40 1.40  

Inlet/outlet pump diameter, m 1.40 1.40 1.40 Required parameter  

Cross-section area (inlet/outlet), m² - - 1.5386 Customized module: properties f(T)  

Heat transfer fluid HITEC HITEC HITEC  

Required mass of MS per tank, t 5040  5043 5083 Pulse operation: stable operation of pump 1 for 180-7050 sec 

Tank nominal volume (per tank), m³ 3000  3000 Variable Volume: f(D), f(H) 

Tank heat storage capacity, MWht 426  426  f(T) Variable: cold/hot tank 

HITEC mass flow difference, kg/s - - 740 Difference between mass flow at inlet and outlet of hot tank 

HTF specific heat capacity, J/(kgK) - - f(T) Variable: customized programme module 

HTF critical temperature of HTF, °C - - 200  Required parameter: to avoid HITEC crystallization 

Cover gas Argon Argon Argon  

Argon thermal conductivity, W/(mK) 

0.0354  

0.0296   

0.0354  

0.0296   

0.0354  

0.0296   

Hot tank (465 °C) 

Cold tank (270 °C) 

Model Quasi-stationary Dynamic Variable solver  

Modeling operation time intervals, sec  7200/600  Pulse/dwell 

Default error of model, -  - - 0.001 Required parameter 

Computed state accuracy, %  - - 0.1 Required parameter 
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    Table A6.2 Continuation 

Continued operation conditions 

 

- No chemical reactions of HITEC with environment                       

- No leaks in system  

- No contamination of HITEC   

Average wind velocity, m/s - - 5  

 

Boundary conditions [182] 
Air temperature at tank wall surface, °C - - 65 

Ambient temperature, °C - - 25  

Ambient pressure, Pa - - 101235 

Life time of TES system, years - - 50 

IHTS hot tank operational parameters 

Prim. Medium (liq.) HITEC  HITEC HITEC MS properties are f(T) 

Filling level of HTF in the tank, % - - 5/95 Min/Max, variable: f(H) 

Work pressure (inlet/outlet), bar  1-2 1-2 1-2 Uniform throughout tank volume 

Temperature of HTF at surface/bulk, °C - - 460/465 Put into code for storage tank  

Work temperature (inlet/outlet), °C 465 465 465 Homogenous inside tank 

Medium vol. flow (inlet/outlet) m³/s  4.22 4.13/3.72 f(T) Variable 

Medium mass flow (inlet), pulse, kg/s  7338.34 7189.98 6660 Calculated (sensor data), average value 

Medium mass flow (outlet), pulse, kg/s  7322.38 6481.69 5920  

Medium mass flow (inlet), dwell, kg/s  - - 418 

Medium mass flow (outlet), dwell, kg/s  - - 7980  

Energy flow (inlet), pulse, GW - - 1.76  

 

Calculated (sensor data),average value 
Energy flow (outlet), pulse, GW - - 1.58  

Energy flow (inlet), dwell, GW - - 0.11  

Energy flow (outlet), dwell, GW - - 2.13 

Theoretical heat flow (inlet), pulse, GW - - 1.67   

Theoretically calculated using operation data for HTF 
Theoretical heat flow (outlet), pulse, GW - - 1.49 

Theoretical heat flow (outlet), dwell, GW - - 2 

Medium density (inlet/outlet), kg/m³  1740.81 1740.81 f(T) Customized module 

Medium velocity (inlet/outlet), m/s  2.74 2.68/2.42 f(T) Variable  
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Table A6.2 Continuation 

IHTS cold tank operational parameters 

Prim. Medium (liq.) HITEC  HITEC HITEC MS properties are f(T) 

Filling level of HTF in the tank, % - - 5/95 Min/Max, variable f(H) 

Temperature of HTF at surface/bulk, °C - - 297/302 Put into code for storage tank  

Work pressure (inlet/outlet), bar  1-2 1-2  1-2 Uniform throughout tank volume 

Work temperature (inlet/outlet), °C  270 269.8 270 Homogenous inside tank 

Medium vol. flow (inlet), m³/s  3.88 3.43/3.81 f(T) Variable 

Medium mass flow (inlet), pulse, kg/s  7322.38  6481.69 5920   

 

Calculated (sensor data), average value 
Medium mass flow (outlet), pulse, kg/s  7338.34 7189.98 6660  

Medium mass flow (inlet), dwell, kg/s  - - 7980  

Medium mass flow (outlet), dwell, kg/s  - - 418 

Medium density (inlet/outlet), kg/m³  1887.74 1887.81 f(T) Customized module 

Medium velocity (inlet/outlet), m/s  2.53 2.23/2.47 f(T) Variable 

DEMO IHTS pipelines and pumps parameters 

Segmented length, m - 

 

1/10/20/150/200 MATLAB® code: thermal fluid pipe is segmented and viewed as 

assembly of smaller pipes. 

Length of pipelines 1 & 2, m -  200   

Length of pipelines 3 & 6, m -  10  

Length of pipelines 4 & 5, m -  40  

Pipeline diameter, m 1.4  1.4   

Pipelines 1 and 2: Elevation gain, m -  50  

 

Required parameter inside pipe module 
Pipelines 4 and 5: Elevation gain, m -  10 

Pipelines 3 and 6: Elevation gain, m -  0 

Aggregate equivalent length of local 

resistances, m 

- 

 

0.3 

Pipeline wall thickness, m  0.025  0.025 Stainless steel 1.4301 [182] 

Internal surface absolute roughness, m -  210-6 Required parameters for thermal fluid pipe  
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Heat transfer fluid HITEC  HITEC Customized module 

Pipe heat losses, MW -  variable Simulation in due course 

Max. working temperature, °C 500  500  

Shape factor for laminar flow viscous 

friction, - 

- 

 

64  

 

Required parameters for thermal fluid pipe module Laminar flow upper Re number limit, - -  2000 

Turbulent flow lower Re number limit, - -  4000 

Nusselt number for laminar flow heat 

transfer, - 

- 

 

3.66 

Model, cold side pump 36ENL-3 CS 

 

Fixed-displa-

cement pump 

with controller 

Simscape module 

Model, hot side pump 36ENL-1 SS 

 

Fixed-displa-

cement pump 

with controller 

Simscape module 

IHTS pump‐1 operational parameters 

Prim. Medium (liq.) HITEC XL  HITEC HITEC MS properties are f(T) 

Work pressure (inlet/outlet), bar  1/6 1/6 15  Max. value [182] 

Friction torque vs. max. pressure gain 

coefficient, Nm/Pa - - 

0.6   

Boundary conditions for fixed-displacement pump module [182] 

Nominal pressure gain, MPa - - 1.7  

No-load torque, N·m - - 0.05 Boundary condition for fixed-displacement pump module [182] 

Work temperature (inlet/outlet), °C 270.1 270 270 f(T), mechanical module 

Medium vol. flow (inlet), m³/s 3.89 3.81 3.89  

Medium mass flow, kg/s  7338.34 7189.98 7190 MATLAB® code: ideal value  

Medium mass flow, pulse, kg/s - - 6660  Calculated, sensor data, average value 

Medium mass flow, dwell, kg/s - - 418  

Medium density (inlet/outlet), kg/m³ 

  

1887.74 

 

1887.81/ 

1887.66 

f(T)  Customized module 

Medium velocity (inlet/outlet), m/s  2.53  2.47 2.50  

     



  
 

164 
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Nominal dynamic viscosity, Pa·s - - 0.00321   

Boundary condition for fixed-displacement pump module [182] 
Pump angular velocity, rpm - - 1500 

Volumetric efficiency at nominal conditions,- - - 0.94  

Pump isentropic efficiency, - - 0.85 0.85 MATLAB® code 

Pump mechanical efficiency, - - 0.998 0.998 MATLAB® code 

Power consumption, MW - - 2.6 Calculated, sensor data  

IHTS pump‐2 operational parameters 

Prim. Medium (liq.) HITEC XL HITEC HITEC MS properties are f(T) 

Work pressure (inlet/outlet), bar  (1-2)/6 (1-2)/6 15 Maximum value  

Friction torque vs. max. pressure gain 

coefficient, N·m/Pa - - 

0.6   

Boundary condition for fixed-displacement pump module [182] 

Nominal pressure gain, MPa - - 1.7  

No-load torque, N·m - - 0.05 Boundary condition for fixed-displacement pump module [182] 

Work temperature (inlet/outlet), °C 

  

465.1 

 

465.01/ 

465.22  

465 f(T), mechanical module 

Medium vol. flow (inlet/outlet), m³/s 4.21 3.72 4.21   

Medium mass flow, kg/s  7322.38 6481.69 6481 MATLAB® code: ideal value 

Medium mass flow, pulse, kg/s - - 5920  Calculated, sensor data, average value 

Medium mass flow, dwell, kg/s - - 7980 

Medium density (inlet/outlet), kg/m³  

 

1740.74 

 

1740.82/ 

1740.66 

f(T)  Customized module 

Medium velocity (inlet/outlet), m/s  2.73 2.42 2.70  

Nominal dynamic viscosity, Pa·s - - 0.00321   

Boundary condition for fixed-displacement pump module [182] 
Pump angular velocity, rpm - - 1500 

Volumetric efficiency at nominal conditions,- - - 0.94 

Pump isentropic efficiency, - - 0.85 0.85 MATLAB® code 

Pump mechanical efficiency, - - 0.998 0.998 MATLAB® code 

Power consumption, MW - - 3.0 Calculated, sensor data 

Table A6.2: DEMO Intermediate Heat Transfer and Storage system parameters. 
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Table A6.3 Beginning 

Parameter 

 
 

Quasi-stationary 

simulation 

Dynamic                                                                                          

simulation 

Ref. [100] Ref. [84] Value      Comment 

PCS-SG2-PH 

Prim. Medium Water (liq.) Water (liq.) Water (liq.)  

Sec. Medium HITEC (liq.) HITEC (liq.) MS heat flow Input only as temperature source, no input as fluid 

Prim. inlet/outlet diameter, m 0.5 0.5 0.5  

Heat transfer area, m² - 6074.1 6074  

Length, m - 22.55 22.55 Tubes length in PH is equal to length of one simple fluid pipe. 

Cross-sectional area, m² - - 0.2 Required parameter inside module 

Aggregate equal length of local resistances,m - - 2.2 0.1 · total pipe length 

Internal surface absolute roughness, m - - 15·10-6 Required parameter inside module 

Laminar flow upper Reynolds number limit,- - - 2000 Required parameter inside module 

Turbulent flow lower Reynolds number 

limit, - 

- - 4000 Required parameter inside module 

Laminar friction constant for Darcy friction 

factor, - 

- - 64 Required parameter inside module 

Nusselt number for laminar flow heat 

transfer, - 

- - 3.66 Required parameter inside module 

Global heat transfer coefficient, W/(m²ºC) - 819.63 820 Rounded value 

Convection heat transfer coefficient of water 

(tube side), W/(m²ºC) 

- 21943.8 21943 

 

Heat transfer area and overall heat transfer coefficient are 

required for convective heat transfer module coupled to PH. 

PCS-SG2 

Prim. Medium Water /steam Water/steam Water/steam  

Sec. Medium HITEC HITEC MS heat flow Input only as temperature source, no input as fluid 

Prim. inlet/outlet diameter, m 0.5/0.6 0.5/0.6 0.5/0.6  

Heat transfer area, m² - 7722.9 7723  

Global heat transfer coefficient, W/(m²ºC) - 1697.74 1700  

Total fluid volume, m³ - - 7812 Multiplying vol. flow of 1.085 m³/s with time of 7200 s 
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    Table A6.3 Continuation 

Convection heat transfer coefficient of water 

(tube side), W/(m²ºC) 

- 195004.3 195004 Heat transfer area and overall heat transfer coefficient are 

required for convective heat transfer module coupled to SG. 

Convection heat transfer coefficient of 

HITEC (shell side), W/(m²ºC) 

- 8728.6 8729 Shell-side convective heat transfer over tube bundle is 

considered. 

PCS-SG2-SH 

Prim. Medium Steam Steam Steam  

Sec. Medium HITEC  HITEC MS heat flow Input only as temperature source, no input as fluid 

Prim. inlet/outlet diameter, m 0.6/0.7 0.6/0.7 0.6/0.7  

Heat transfer area, m² - 5039.2 5040 Rounded value 

Length, m - 24.98 25 Tubes length in SH is equal to length of one simple fluid pipe 

Cross-sectional area, m² - - 0.28 Required parameter inside module 

Global heat transfer coefficient, W/(m²ºC) - 912.77 913 Rounded value 

Convection heat transfer coefficient of 

steam (tube side), W/(m²ºC) 

- 17764.3 17764 Heat transfer area and overall heat transfer coefficient are 

required for convective heat transfer module coupled to SH. 

Steam-steam‐SR1‐HX  

Model  Heat 

exchanger 

Heat 

exchanger 

Customized, 

thermal two-

phase fluid pipe 

module 

Module design is simplified: heat transfer only through 

convection.  

Module models a super-heater that increases temperature of 

steam beyond saturation. 

Prim. Medium Steam Steam Steam  

Sec. Medium Steam/water Steam/water -  

Prim. inlet/outlet diameter, m 2.2 2.2 2.2 Hydraulic diameter 

Total pipe length, m - - 25 Required parameter inside module 

Pipe area, m² - - 3.8 Required parameter inside module 

Aggregate equal length of local resistances,m - - 2.5 0.1 · total pipe length 

Internal surface absolute roughness, m - - 15·10-6 Required parameter inside module 

Laminar flow upper Reynolds number limit,- - - 2000 Required parameter inside module 

Turbulent flow lower Reynolds number 

limit, - 

- - 4000 Required parameter inside module 
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Laminar friction constant for Darcy friction 

factor, - 

- - 64 Required parameter inside module 

Nusselt number for laminar flow heat 

transfer, - 

- - 3.66 Required parameter inside module 

Convective heat transfer area, m² - - 2520 Required parameter inside module 

Heat transfer coefficient, W/(m·°C) - - 913 Required parameter inside module 

Steam-steam‐SR2‐HX  

Model  Heat 

exchanger 

Heat 

exchanger 

Customized, 

thermal two-

phase fluid pipe 

module 

Module design is simplified where heat transfer is applied only 

through the convection.  

Module models a super-heater that increases temperature of 

steam beyond saturation.  

Prim. Medium Steam Steam Steam  

Prim. inlet/outlet diameter, m  2.2 2.2 2.2 Hydraulic diameter 

Total pipe length, m - - 25 Required parameter inside module 

Pipe area, m² - - 3.8 Required parameter inside module 

Aggregate equal length of local resistances,m - - 2.5 0.1 · total pipe length 

Internal surface absolute roughness, m - - 15·10-6 Required parameter inside module 

Laminar flow upper Reynolds number limit,- - - 2000 Required parameter inside module 

Turbulent flow lower Reynolds number 

limit, - 

- - 4000 Required parameter inside module 

Laminar friction constant for Darcy friction 

factor, - 

- - 64 Required parameter inside module 

Nusselt number for laminar flow heat 

transfer 

- - 3.66 Required parameter inside module 

Convective heat transfer area, m² - - 2520 Required parameter inside module 

Heat transfer coefficient, W/(m·°C) - - 913 Required parameter inside module 
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PCS Turbine 

Prim. Medium Steam Steam Steam  

High pressure fluid flow area (inlet/outlet), 

m²  

- - 0.38/3.8  

Low pressure fluid flow area (inlet/outlet), 

m²  

- - 3.8/380 Inlet/outlet fluid flow area for turbines is calculated using 

inlet/outlet diameter. 

PCS Condenser 

Prim. Medium Cooled   

water 

Cooled  

water 

Steam/        

cooled water 

 

Pipe area, m² - - 0.16 Required parameter inside module 

Pipe cross-section area, m² - - 380/3.8 Terminal A/B 

Heat transfer area, m² - 61648.3 61648  

Global heat transfer coefficient, W/(m·°C) - 1537.90 1540 Rounded value 

Volume of condensed water, m³ - - 17713 Required parameter inside module.  

Condenser volume is reduced to a min. value by reducing 

volume of condensed water, being calculated. 

PCS feedwater pump 

Prim. Medium Water  Water  Water   

Cross section area, m² - - 0.16 Inlet A / Outlet B terminal 

Abbreviations 

PCS -  Power Conversion System 

PH -  Pre-heater 

SG -  Steam generator 

SH -  Super-heater 

SR - Steam Re-heater 

    

 

Table A6.3: DEMO Power Conversion System design parameters. 
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Table A6.4 Beginning 

Parameter 

 
 

Quasi-stationary 

simulation 

Dynamic                                                                                          

simulation 

Ref. [100] Ref. [84] Value      Comment 

Gross power (pulse/dwell), MW  

 

 

 

- 808/730  

(downstream  

5 HP/4 LP 

steam turb.) 

Start phase: 

651/560 

Stable operation: 

563/548 

Defined using power sensor after load coupled to HP and LP 

steam turbines. 

One HP and LP steam turbine is considered. 

Net power (pulse/dwell), MW  - 659/713  - 

Gross/Net efficiency,%  - 36.5/30.7 30-35 Rankine Cycle efficiency 

Model 

 

 

 

 

 

 

 

- -  Module provides fluid properties to attached two-phase fluid 

network. Fluid property tables are two-dimensional arrays in 

which the rows correspond to normalized liquid internal energy 

vector or normalized vapor internal energy vector, and the 

columns correspond to pressure vector. Saturated liquid specific 

internal energy vector and saturated vapor specific internal 

energy vector are one-dimensional arrays with same length as 

pressure vector. 

Water/steam properties 

Minimum valid specific internal energy, 

kJ/kg 

- - 25  

Maximum valid specific internal energy, 

kJ/kg 

- - 4000  

Pressure vector, bar - - 0.01-1000  

Critical pressure, bar - - 220.64  

Thermal transport properties near critical 

point, - 

- -  Peak values are clipped 

Fraction above and below critical pressure 

for clipping, - 

- - 0.12  

Atmospheric pressure, bar - - 1.013  

Dynamic pressure threshold for flow 

reversal, Pa 

- - 0.01  
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Liquid properties 

Model - - Source code  

Normalized liquid internal energy, -  - - - 1 up to 0 Vector 

Liquid specific volume, m³/kg - - 0.001 - 0.00102  Table 

Liquid specific entropy, kJ/(kg·K) - - 0.091 - 0.544  Table 

Liquid temperature, K  - - 279.097-796.167  Table 

Liquid kinematic viscosity, mm²/s - - 1.474 - 0.127  Table 

Liquid thermal conductivity, W/(m·K) - - 0.569 - 0.376  Table  

Liquid Prandtl number, - - - 10.871 - 0.930  Table 

Saturated liquid specific internal energy, 

kJ/kg 

- - 29.297-2240.407  Vector 

Steam properties 

Model - - Source code  

Normalized vapor internal energy, -  - - 1-2  

Vapor specific volume, m³/kg - - 129.178 - 0.006  Table 

Vapor specific entropy, kJ/(kg·K) - - 8.974- 6.790  Table  

Vapor temperature, K  - - 280.119-1353.073  Table 

Vapor kinematic viscosity, mm²/s - - 1181.750 - 0.347  Table 

Vapor thermal conductivity, W/(m·K) - - 0.017 - 0.257  Table 

Vapor Prandtl number, - - - 1.005 - 0.663  Table  

Saturated vapor specific internal energy, 

kJ/kg 

- - 2384.488 - 

2240.407 

 Table 

H2O-MS‐SG2‐PH 

Model  Heat 

exchanger 

Heat 

exchanger 

 Customized thermal liquid pipe module. Module design is 

simplified where heat transfer is applied only through 

convection. Pipes contain a constant fluid volume and operating 

temperature/pressure are based on liquid compressibility and 

thermal capacity. 

Prim. Medium water (liq.) water (liq.) water (liq.)  
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Sec. Medium HITEC (liq.) HITEC (liq.)  No circulation of HITEC  

Prim. Work pressure (inlet/outlet), pulse 

operation, bar  

130.5 (130.7/ 

129.71) 

125.697/ 

125.37  

126   Prim. Work pressure is 121 bar/126 bar 

Prim. Work pressure (inlet/outlet), dwell 

operation, bar  

-   -  139 Prim. Work pressure is 134 bar/139 bar 

Prim. Work temperature (inlet/outlet), °C  235.47 

/325.04 

258.78/ 

322.95 

259/323 Rounded values 

Sec. Work temperature (inlet/outlet), °C  339.48/304.2  

(-/304.21) 

336.0/309.67 336 Secondary inlet temperature of HITEC is assumed as heat input 

source for SG 2 PH. 

Temperature difference is calculated using sensor data. Sec. Work temperature difference, °C 35.21 26.33 20 

Prim. Medium mass flow (pulse/dwell), kg/s 842.06/ 

421.03 

718.88/ 

821 

710/710     

597/578 

After 30 s  

At 3500 s (stable)  

Prim. Medium density (inlet/outlet), kg/m³  829.36/ 

657.88 

795.26/ 

662.54 

f(T,p) Calculated at inlet of PH using mass flow rate sensor.  

Dependent on water/steam properties module. 

Heat flow, MW - - 104 At 3500 s  

Calculated using heat flow sensor.  

Heat losses through convection are considered.  

During dwell time heat flow in PH is not considered. 

H2O-MS‐SG2 

Model block Heat 

exchanger 

with 

Prim./Sec. 

fluids 

Heat 

exchanger 

with 

Prim./Sec. 

fluids 

 Customized steam boiler type with one fluid in two phases 

(water and steam) that are not mixed together  

Simscape module includes a heat transfer sensor and a 

temperature input source.  

Fluid in SG exists as a saturated, homogenous mixture of steam 

and water at uniform pressure.  

SG module has a constant volume of saturated fluid in a two-

phase fluid network, whereas volume is divided into saturated 

vapour and saturated liquid.  

Liquid volume fraction, -  - - 0.7 Liquid level inside SG2 is given as volume fraction inside 

saturated chamber.  

It is equal to quotient between water amount and total fluid 

volume.  

Liquid volume fraction levels between 0.4-0.9 are studied.    

Prim. Medium Water/steam Water/steam  No circulation of HITEC 
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Table A6.4 Continuation 

Sec. Medium HITEC (liq.) HITEC (liq.)   

Prim. Work pressure, pulse (inlet/outlet),bar 130.3 (131.71 

/129.68) 
125.37  125   Prim. Work pressure is 121 bar/125 bar 

Prim. Work pressure, dwell (inlet/outlet),bar  - - 138   Prim. Work pressure is 134 bar/138 bar 

Prim. Work temperature (inlet/outlet), °C  325.04/331.04 

330.68/330.66 

322.95/328.04 323/328  

Sec. Work temperature (inlet/outlet), °C  426.67/339.48  

(-/342.18)  
425.89/336  426 Secondary inlet temperature of HITEC is assumed as heat input 

source for SG 2. No outlet temperature is required explicitly. 

Temperature difference is calculated using measuring sensor. Sec. Work temperature difference, °C 87.19 89.59 114 

Prim. Medium vol. flow (inlet/outlet), m³/s  1.28/10.73 1.085/9.67  1.085  

Heat flow, pulse/dwell, MW - - 1424/1395   3500 s/7300 s : Calculated using data from heat flow sensor 

H2O-MS‐SG2‐SH 

Model  Heat 

exchanger 

Heat 

exchanger 

 Customized thermal liquid pipe module. Module design is 

simplified where heat transfer is applied only through 

convection. SH is used for generation of steam with respect to 

power production. Unidirectional flux exchange is considered. 

Pipe contains a constant fluid volume and operating 

temperature/pressure are based on liquid compressibility and 

thermal capacity. 

Prim. Medium Steam Steam Steam  

Sec. Medium HITEC (liq.) HITEC (liq.)  No circulation of HITEC 

Prim. Work pressure (inlet/outlet), bar  130.3 

129.68/124.69 
125.37/125.12 125 

 

Prim. Work pressure is 121 bar/125 bar  

Prim. Work pressure, dwell (inlet/outlet),bar  - - 138 Prim. Work pressure is 134 bar/138 bar 

Prim. Work temperature (inlet/outlet), °C  331.04/445.82 

(330.66/-) 
328.04/448.48 328/448  

Sec. Work temperature (inlet/outlet), °C  465.22/426.67 

(-/426.02) 
465.22/425.89 465   Secondary inlet temperature of HITEC is assumed as heat input 

source for SG2 SH. No outlet temperature is required explicitly 

Temperature difference is calculated using measuring sensor. Sec. Work temperature difference, °C 38.55 39.33 17 

Heat flow, pulse, MW - - 66 At 3500 s 

Calculated using heat flow sensor.  

Heat losses through convection are considered.  

During dwell time, heat flow into SH is not considered. 
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Table A6.4 Continuation 

Steam-steam‐SR1‐HX 

Model  Heat 

exchanger 

Heat 

exchanger 

Customized, 

thermal two-

phase fluid pipe 

module 

Module design is simplified where heat transfer is applied only 

through the convection.  

Module models a super-heater that increases temperature of 

steam beyond saturation. Fluid inertia is not considered. 

Prim. Medium Steam Steam Steam  

Prim. Work pressure (inlet/outlet), bar  11.88/11.57 10.75  10.7/10.5 Initial steam pressure 

Prim. Work temperature (inlet/outlet), °C   187.51/251.04 183.031/250.40 185 Initial steam temperature  

Sec. Work temperature (inlet/outlet), °C  329.68/272.33 336.71/271.02 336.71/271 Furnace temperature 

Phase change time constant, s - - 0.1 Required parameter inside module 

Steam-steam‐SR2‐HX 

Model  Heat 

exchanger 

Heat 

exchanger 

Customized, 

thermal two-

phase fluid pipe 

module 

Module design is simplified where heat transfer is applied only 

through the convection.  

Module models a super-heater that increases temperature of 

steam beyond saturation. Fluid inertia is not considered. 

Prim. Medium Steam Steam Steam  

Prim. Work pressure (inlet/outlet), bar  11.57/11.25 10.49  10.4/10.2 Initial steam pressure 

Prim. Work temperature (inlet/outlet), °C  251.04/307.15 250.40/306.64 250 Initial steam temperature 

Sec. Work temperature (inlet/outlet), °C  441.11/328.46 441.87/323.33 441.87/323 Furnace temperature 

Phase change time constant, s - - 0.1 Required parameter inside module 

Steam turbines 

Model Steam 

turbines 

Steam 

turbines 

Turbine module 

in a two-phase 

fluid network 

Pressure drop and flow rate are scaled from specified nominal 

operation condition. Pressure and temperature data are based on 

compressibility and thermal capacity of vapour pressure.  

Load - - Calculation of 

mechanical 

power down-

stream HP and 

LP steam turbine 

Mechanical conserving port of torque sensor is coupled to 

conserving port of HP and LP steam turbines. Shaft speed is 

applied to physical signal port of an ideal angular velocity 

source. Torque relative to shaft speed is measured at sensor port, 

whereas the measured torque and shaft speed are converted into 

mechanical power via conversion factor in gain block. 

Prim. Medium Steam Steam Steam  
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Table A6.4 Continuation 

Number of HP/LP turbine stages 5/4 5/4 1/1 

 

Single stage of HP/LP steam turbine is considered. Feedwater 

heaters for partly extraction of steam are not considered 

Work pressure, pulse (HP inlet/outlet), bar 130/11.88 121.43/10.75 121/11 Pressure is rounded to a whole number 

Work pressure, dwell (HP inlet/outlet), bar - - 134 Required parameter inside module 

Work pressure, pulse/dwell (LP inlet/outlet), 

bar  

11.25/0.049 10.75/0.046 11/0.046 Pressure is rounded to a whole number 

Inlet nominal volume, HP turbine, m³/kg - - 0.014 Required parameter inside turbine module 

Inlet nominal volume, LP turbine, m³/kg - - 0.19 Required parameter inside turbine module 

Medium mass flow, HP inlet/outlet, pulse, 

kg/s 

842.06/ 

856.36 

718.88/763.1 

 

660/597 Only at inlet of HPT: After 30 s/At 3500 s (stable). Inlet mass 

flow of 719 kg/s is inserted inside the module as boundary 

condition. Calculated via mass flow rate sensor. 

Medium mass flow, HP inlet, dwell, kg/s  - 821 655/578 Only at inlet of HPT: After 30 s/At 3500 s (stable). Inlet mass 

flow of 719 kg/s is inserted inside the module as boundary 

condition. Calculated via mass flow rate sensor. 

Medium mass flow, LP inlet/outlet, pulse, 

kg/s 

808.69/739.39 724.25/666.65  

660/597 

Only at outlet of LPT: After 30 s/At 3500 s (stable). Inlet mass 

flow of 724 kg/s is inserted inside the module as boundary 

condition. Calculated via mass flow rate sensor. Medium mass flow, LP outlet, dwell,  kg/s - 638 

Max. PCS output, MWmech 1009  - 200 Theoretical output for each turbine 

ST isentropic efficiency, - 0.88 0.88 0.88  

ST mechanical efficiency, - 0.998 0.998 0.998  

Feedwater pump 

Manufacturer KSB KSB - Feedwater pump is replaced and simplified. Control mass flow 

rate source with a PI controller. Module represents an ideal 

mechanical energy source in a two-phase fluid network that can 

maintain a controlled mass flow rate regardless of pressure 

differential. No flow resistance and no heat exchange with 

environment is supposed. When liquid level of SG achieves set-

point, controller forms the nominal mass flow rate signal, which 

maintains liquid level through mass flow rate. 

PI Controller - - Kp = 50000  

KI = 0.01 

 

Pump controller: Module implements continuous-time PI control 

algorithm, includes advanced feature “anti-windup”. Varied    

Kp= 0.01,100, 50000 and KI = 0.01–50000 [225]. 
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Table A6.4 Continuation 

Back-calculation coefficient Kb, - - - 1 Required parameter inside module 

Prim. Medium Water (liq.) Water (liq.) Water (liq.)  

Pump isentropic efficiency, -  0.85 0.85 - Isentropic, no value is required 

Condenser 

Model Not same 

design as SG  

Not same 

design as SG 

Heat exchanger 

with same 

module design as 

steam generator 

 

Module models a condenser that rejects heat from saturated 

steam and collects condensate. Condenser transforms dry steam 

coming from LP steam turbine to liquid in form of condensate. 

Steam is condensed over the tubes through which cold water 

flows. Water is pumped through tubes with steam, which 

condenses and is collected at bottom in a hot well. Water in tubes 

flows back to cooling tower. 

Prim. Medium Steam/water  Steam/water  Steam/water  

Liquid volume fraction, - - - 0.2/0.01/0.99 Initial/Min/Max 

Prim. Work pressure (inlet/outlet), bar  0.049 

(0.05/0.04) 

0.046 0.046 

 

Considered as initial inlet, saturation pressure 

Sec. Work temperature (inlet/outlet), °C  20 (32.52)/ 

27.52 (30.61) 

20 (26.90)  20  

 

Secondary initial inlet temperature of water is used as coolant 

input source. 

Total fluid volume, m³ - - 17713 Per second, taken from vol. flow 

Prim. Medium mass flow (pulse/dwell),  

kg/s 

739.39/ 

369.70 

667/677 710/710 

597/578 

After 30 s/At 3500 s (stable).  

Calculated at outlet of steam condenser using sensor data. 

Abbreviations: 

HX – Heat Exchanger 

MS – Molten Salt 

PH – Pre-heater  

SG – Steam Generator 

SR – Steam Re-heater 

    

 

Table A6.4: DEMO Power Conversion System operational parameters.
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A.7 MATLAB/Simulink Custom Library: Rankine Cycle model  

The sketch of the model of a steam turbine system, which is based on the Rankine Cycle, is 

presented in Fig. A7.1. It includes super-heating and re-heating, which are used to prevent 

condensation at high-pressure and low-pressure turbines, respectively. The schemes of 

feedwater pre-heater, steam boiler, condenser and re-heater modules from 

MATLAB/Simulink Custom Library are presented in Fig. A7.2-A7.5, correspondingly [215].  

 

 

Fig. A7.1: Sketch of MATLAB®/Simulink Rankine Cycle model [215]. 
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Fig. A7.2: Scheme of feedwater pre-heater module [215]. Fig. A7.3: Scheme of steam boiler module [215]. 

  

Fig. A7.4: Scheme of steam condenser module [215]. Fig. A7.5: Scheme of steam re-heater module [215]. 
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