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Abstract 

Design of Induction heating system for AlSi PCM to use as an alterna-

tive charging solution in Azelio´s thermal energy storage system 

(TES.POD) 

 

 

 

 

A case study at Alstom Transportation 

 

 

Ketul Hareshkumar Gandhi 

 

This thesis is a part of the research work for Azelio TES.POD (Ther-

mal energy storage. power on demand). It is a patented thermal energy 

storage system developed by Swedish cleantech company Azelio AB. 

The objective of this thesis work to find an alternative charging tech-

nology system that can be validated to be efficient and safe in opera-

tion for the charging of TES.POD. Induction heating technology is cho-

sen as an alternative charging solution. Derived design steps to imple-

ment induction heater as a charging unit then selection of PCM con-

tainer compatible with induction heater. Later simulating to evaluate 

total flux path in Finite Element Method Magnetics (FEMM) simulation 

tool which proposes the electrical results. The electrical performance 

of the induction heater indicates almost 9% higher electrical losses 

than the charging mechanism of the existing TES.POD design. How-

ever, from a safety standpoint, the alternate charging approach appears 

to be safer in operation than the existing system. Additionally, it re-

flects better intuitiveness from a manufacturing viewpoint. 
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Popular Scientific Summary. 
 

As the prevalence of renewable energy sources grows fast throughout the 

world, there is always uncertainty that renewable energy sources are usually 

intermittent in nature. Furthermore, to avoid higher grid electricity prices 

while also powering up remote or off-grid sites, Energy storage systems can 

be a game changer for a green energy transition as well as increased electricity 

supply stability for all needs. It means that on some days when the sun shines 

and the wind blows, there is an opportunity to generate and store excess elec-

tricity, and on other days or times when it is not possible to generate electricity 

as per demand load, an energy storage system is the best solution to meet the 

electricity demand. 

 

When it comes to electric energy storage, the first term that springs to mind is 

battery energy storage (BES), which is a widely utilized technology in the 

market today and has a wide range of small and large applications. By refining 

the vision for long-term energy storage, the system can store energy for a 

longer period of time with slower self-dissipation. When considering large 

scale battery energy storage, some obstacles include the necessity for materi-

als that fall into the category of rare materials, the cost aspect, and the size of 

the system. All of these concerns led to consideration of other methods of en-

ergy storage systems. Thermal energy storage systems (TESs), on the other 

hand, may be an alternative technology that can replace BES in some applica-

tions. 

 

Thermal energy storage uses electricity or heat input to store the energy using 

certain material as a medium of storage, with the possibility of later extracting 

and utilizing the stored thermal energy as both electric energy and thermal 

energy output. This thesis is primarily devoted with focusing on and advanc-

ing an Azelio AB technological product named TES.POD is a type of latent 

thermal energy storage system. Objective is to discover and assess an alterna-

tive charging technology in TES.POD. Induction heating technology is 

adopted and targeted on as a charging solution in TES.POD because to its key 

advantages such as renewable energy compatible, low carbon footprint, and 

matured technology. Furthermore, this proposed approach is not intended for 

the TES.POD discharge system, which is a further research project of the 

TES.POD. 

 

Thesis preparatory work starts with an understanding of the entire TES.POD 

and a deep theory of Induction heating technology, followed by an implemen-

tation method to assess Induction heating system as part of TES.POD charging 

unit, The engineering design phases are detailed in the implementation meth-

odology, and the simulation is afterward set up in a tool FEMM (Finite 
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Element Method Magnetics), which is generally used to solve 2D and 3D elec-

tromagnetics problems. The simulation findings suggest that a 20kHz induc-

tion heater appropriate for TES.POD desired performance. With such a fol-

lowing step, Magcomp AB, an induction heater manufacturer, assisted in the 

design of an induction heater which claims 660 kWh of power is required to 

fully charge the TES.POD. At last, compared the performance results of the 

proposed alternative charging technology to the existing TES. POD charging 

system. Where, an alternate charging solution has seemed to be safer, however 

it comes with more electrical losses. In terms of manufacturing and function-

ality, the Induction heater charging technology appears to be less complicated 

than the existing design. 
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1. Introduction to long duration energy storage 

system. 
 

The incorporation of renewable energy sources into the electric grid results in 

an increase in the generation of clean, low-carbon emission energy. This, in 

turn, will result in a dramatic increase in the demand for energy storage on a 

variety of scales to ensure a reliable supply of electricity, preserve the stability 

of the grid, and bring down operating costs. Energy storage with a long dura-

tion and over a long period of time can lessen the risks associated with inter-

mittent output from renewable sources and cover the gap left by the decline of 

baseload power from fossil fuels[1]. 

 

In a transmission system in which intermittent renewable sources predomi-

nate, the scale of our flexibility requirements and the length of time they must 

be met will be decided by the weather patterns. In order to assure that dis-

patchable electricity can be reliably delivered in any kind of weather, it will 

be necessary to have large amounts of energy stored from a range of different 

sources. At such times when there is more supply than there is demand, stor-

age will be just as important for accumulating the surplus of renewable 

power[2]. 

 

As per National Renewable Energy Laboratory (NREL) defined the definition 

of long duration energy storage system (LDES)). It is common practice to re-

fer to a system that can store energy for more than ten hours as the "Holy 

Grail" of the renewable energy industry. It is the cornerstone technology that 

will make it possible for the economy to really function upon intermittent re-

newable energy sources and backup power after interruptions to the grid[3]. 

Figure 1 : Types of energy storage systems[2]. 
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A correlation of short-term and long-term energy storage systems is shown in 

figure 1, which can be found above. These systems are essentially categorized 

according to the amount of power that they are able to store and the duration 

of time. In the first place, there are the examples of short-term energy storage 

such as a flywheel and batteries. These can store power for a duration of up to 

approximately one day with a maximum of ten kilowatts of energy capacity. 

Next, we have LDES, which can maximize the duration of time until approx-

imately half a year and have the potential to dispatch highest energy. 

 

Well, the combination of the usage of energy storage technologies with the 

utilization of renewable sources of electricity has the potential to throw open 

doors that will eventually lead to a future free of carbon-based energies. As a 

result of this, the social, economic, and environmental repercussions of the 

new energy period will be determined by the installation of energy storage 

systems that are capable of long-duration and long-term operation. 

 

Among all of the several types of long-term energy storage systems, Thermal 

energy storage systems (TESs) are an important topic for this thesis to inves-

tigate. TESs are simply temporary storages of thermal energy at high or low 

temperatures in the form of any storage medium. The concept is not new; it 

has been utilized for centuries. Additionally TES is most commonly used in 

solar thermal systems. However, due to its numerous advantages, TES is being 

employed in a variety of additional applications, including heat storage in 

building structures, coupling waste heat and district heating systems, and cou-

pling heat pumps and combined heat and power (CHP) generators in district 

heating networks. 

 

Thermal energy storage technology is classified based on the state of the en-

ergy storage medium. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 : Classification of thermal energy storage system[4] 
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Sensible heat storage systems make use of energy that has been stored or ex-

tracted by heating or cooling a liquid or solid that does not change phase dur-

ing the process, such as water, heat transfer oils, and certain inorganic molten 

salts. In opposite latent heat storage is that when heat is applied to a substance, 

the heat is stored as latent heat of fusion, which causes the material to change 

phase from solid to liquid. And in chemical heat type the heat is stored during 

some chemical reaction of material  

 

In this thesis, a thorough discussion is delivered on heat thermal energy stor-

age systems that make use of a storage medium and a phase-changing material 

composed of aluminium and silicon. So, the research work is fully supported 

and submitted to AZELIO AB, a Swedish cleantech company deploying spe-

cialized technologies for the long-term storage of renewable energy sources. 

 

Their trademark technology name and design known as TES.POD® which 

abbreviated ´´Thermal energy storage + Power on demand´´[5]. It is funda-

mentally a thermal energy storage technology wherein thermal energy is 

stored at 600 °C using a phase change material made of recycled aluminum. 

Aluminum has a high energy density and is an excellent material for storing 

and holding heat over long periods of time. The primary competitive ad-

vantage of adopting aluminum as a heat storage medium is that it does not lose 

its energy capacity over time[6]. Later on, the demand this stored heat is con-

verted back to the emission free electrical power by Stirling engine and release 

some leftover thermal energy as heat at temperature 55–65°C which can be 

utilized further. 

1.1 Thesis Aim. 

The objective of this thesis is to experiment and analyze induction heater tech-

nology as an alternative charging technology solution for the TES.POD to as-

sess overall charging performance. Later compare performance results with 

today’s existing charging technology & design of TES.POD. The work is di-

vided mostly into three parts in order to reach the thesis's aim. Firstly, evaluate 

and analyze the existing TES.POD charging technology. Secondly, propose 

an induction heater as an alternate charging technology, as well as several en-

gineering designs steps to deploy as an alternative charging solution for the 

TES.POD. Lastly, develop and run FEMM simulation results to verify the re-

sults, which can be compared to existing charging technology. 
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1.2 Assumption. 

The objective of Azelio's TES.POD is to store renewable energy, notably solar 

energy, which has an average potential of 6 hours per day. So, assuming that 

propose charging solution utilize average energy from solar hours. signifies 

the new alternative charging approach for TES.POD as induction heating tech-

nique takes at least 6 hours of operational time to charge the TES.POD at 

100% SoC. 

1.3 Limitations. 

The thesis is focused mainly with evaluating the performance findings of a 

new alternate charging solution for TES.POD. According to the simulation 

findings, which mostly display electrical efficiency and loss details. However, 

there is also thermal loss in the alternative system, which is referred to as the 

thermal efficiency of the total system in order to quantify thermal loss, which 

demands the employing of another complex simulation model, and it is not 

explained in this thesis report. Lastly, since aluminum is a reactive metal, es-

pecially when molten, the proposed charging method includes a ceramic con-

tainer that requires a special type of coating to reduce reactivity with it. This 

topic is not covered in depth in this thesis. Also, alternative solutions such as 

induction heating necessitate the modification of the storage tank from steel 

to ceramic container, as the lifetime of the ceramic container has not been 

addressed. 
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1.4 Thesis Outline. 

Chapter 2 - TES.POD technology review: A detailed existing Azelio´s 

TES.POD technology description includes the main operational stages, later 

performance validation report data, as well as the major practical applications 

of TES.POD. At last, risk analysis and investigation of the concerns associated 

with the existing charging system Immersion heater and +HTF assembly is 

discussed. 

 

Chapter 3 - Induction heating technology review:  Comprehensive litera-

ture review on Induction heating technology encompasses a brief historical 

development, a number of working principles and operations, general con-

struction, and a review of two notable types of Induction furnaces for melting, 

then vast applications of Induction heaters in today's world, major electrical 

and thermal loss presence, and estimation, and finally advantages and disad-

vantages over other types of Induction heating. 

 

Chapter 4 - Present charging technology loss review: A concise section that 

is devoted to the review of data and represents the thermal and electrical loss 

in the present charging operation of TES.POD. 

 

Chapter 5 - Methodology: This is the central objective of the thesis, and it 

begins with all of the implementation steps expected to choose the appropriate 

component and accompanying technology that may be used to maximize the 

performance of induction heating. After that, run a primary simulation mod-

elling in the FEMM tool to assess the electrical and loss estimation results. 

 

Chapter 6 - Results and discussion: The results of the FEMM simulation 

were presented, along with a discussion of the required electrical component 

rating. Additionally, the findings of the performance and loss analysis of var-

ious components of the inductor heater were presented. And later comparison 

results and discussion of existing charging technology as well as new alterna-

tive charging technology. 

 

Chapter 7 – Summary and Future work: The final section gives a concise 

summary of the whole thesis work, as well as an overview of the scope of 

future work for the further development of TES. POD 
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2. Review: AZELIO TES.POD® system. 
 

Prioritizing complex challenges such as unreliable grid, fluctuating electricity 

prices, and off-grid electricity supply, AZELIO AB discovered an opportunity 

to develop Thermal energy storage which officially known as TES.POD. 

 

TES.POD first technological research began in 2017, and after several years 

of product and design verification, they commenced their first official produc-

tion process in 2021 [5]. 

 

It is a renewable energy storage (RES) technology that allows round-the-clock 

electric energy from solar, wind, and other sources to be thermally stored in 

an aluminium storage medium to take advantage of its phase change property. 

It is housed in a thermally insulated tank surrounded by a sodium jacket, al-

lowing for the rapid and adequate extraction of thermal energy for conversion 

into electrical energy when it is required. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 : Azelio TES.POD® 

 

Figure 3, displays exterior appearance of the TES.POD. It primarily consists 

of a steel storage tank in addition to a variety of subsystems, each of which 

performs a specific function. 
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To understand brief function of TES.POD figure 4 shows the schematic of 

different stages of operation. 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

                                                           

 

 

 

 

 

Figure 4 : Operation stages of TES.POD 

 

Solar, wind, and other intermittent renewable energy sources are used as in-

puts to the TES.POD, with the first stage utilizing this electricity to heat up 

Phase Change Material Aluminium and store it as Thermal medium, with the 

second stage extracting this energy through the use of Heat transfer fluid sup-

plied to the Stirling engine. The Stirling engine generates electricity as well as 

thermal energy that is released. 
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2.1 System configuration and sequential operations of 

TES.POD®. 

The operations of TES.POD divided in three major functions: Charging. stor-

ing and converting unit. Firstly, the charging unit is responsible to utilize Re-

newable electricity to operate charging unit components. Secondly in storage 

unit where the thermal energy is being stored in Alsi PCM. lastly the convert-

ing unit is act to convert and extract stored thermal energy to electric energy 

as well as release heat when it is required. 

 

Figure 5 : Schematic of Sequential operations of TES.POD 

 

Figure 5 above illustrates the close loop operations and function of TES.POD, 

where it exhibits integrated operations of all Units, to understand specific op-

erations of each unit, which are discussed in the following part. 

2.1.1  Charging Unit 

This is the primary Input Unit of the TES.POD, and it is here that the inter-

mittent renewable energy is being converted into thermal energy as the initial 

stage of the process. It is a most important unit even for this thesis perspective 

to look for ideas to enhance the performance as well as design. 
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Charging process is initiated by using Heat transfer fluid (HTF) which plays 

important role in TES.POD. Basically, it is transferring heat from Immersion 

heater to the PCM places inside the core of the tank. 

 

To explicate the Internal construction of charging unit, figure 6 displays the 

inside of TES.POD, specifically the charging unit assemblies. It reveals the 

fabrication of major components such as an immersion heater, fluid pump, and 

charge jacket. 

 

Figure 6 : Charging unit of TES.POD. 

Here, liquid sodium is used as a heat transfer fluid to heat up the aluminium 

in the tank. So, first, the immersion heater heats up the sodium, and the asso-

ciated pump is in function of transferring this liquid sodium into the tank via 

the provision of a charge jacket that is constructed around bottom surrounding 

core of the tank. 

 

Also in Figure 6 is a demonstration of the charging loop of the TES.POD. 

Within this loop, it is possible to see that first, liquid sodium is heated by an 

immersion heater, and then, with the assistance of an accompanying fluid 

pump, it flows along the path of the charge jacket. In the end, this charge jacket 

is making utilisation heat from HTF in order to heat the PCM that has been 

placed within the container. 

 

Engineering of design for this unit requires higher carefulness because it has 

a main responsibility to handle liquid sodium (HTF) which has their own char-

acteristics when it comes to the contact of oxygen. Even the thermal loss from 

this unit can have an impact on the system's overall charging efficiency. 
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2.1.2  Storage Unit. 

After the charging unit function, the heat is transferred from liquid sodium to 

aluminium, which is a phase changing material that fulfils two criteria: first, 

it can store a higher density of latent heat when it changes phases from solid 

to liquid, and second, the stored heat can be extracted when it changes phases 

again[6]. Azelio uses a eutectic combination of aluminium and silicon, which 

has the benefit of being abundantly available and not degrade over time if 

stored in an inert atmosphere[7]. 

Figure 7 : Graph of Thermal behaviour of Aluminium PCM 

From the graphical representation from above figure 7, to store thermal en-

ergy, the aluminium should first be heated from ambient temperature to 580 

°C, which is known as the start-up time of TES.POD. After that, the alumin-

ium is therefore heated from approx. 580 °C to 620 °C, which is a phase 

changing state solid to liquid, with the possibility of storing with a higher den-

sity of energy. Later, when discharging and extracting thermal energy from 

PCM, the temperature will drop to 580 °C thusly. Following that, the charging 

and discharging cycle will continue continuously. 

The storage unit filled up approx. with 4 tons of PCM AlSi in a special coated 

container because to its highly reactive nature can damage the container if it’s 

not handled carefully. Furthermore, to avoid the reactivity of aluminium with 
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oxygen in the container there is an arrangement of inert gas system that circu-

lates nitrogen gas inside the container. 

2.1.3  Converting Unit 

This is the goal of TES.POD where thermal energy is extracted from storage 

unit and convert into electrical energy. Its primary components have included 

a heat exchanger, a Stirling engine, and heat transfer fluid (HTF). 

 

 

 
 

Figure 8 : Stirling engine generator [8]. 

Azelio developed a durable and efficient Stirling engine shown in figure 8 is 

used in TES.POD coupled with a heat exchanger. The process begins with the 

heat transfer fluid, which is liquid sodium, flowing through the HTF jacket 

around the storage tank, and a pump is employed to deliver the liquid sodium 

to the Stirling heat exchanger's input. The Stirling engine generates electrical 

power and heat at temperatures ranging from 55°C to 65°C. 

2.1.4  Insulation and Encapsulation of TES.POD. 

All of these units are electrically and mechanically integrated to the tank. And, 

for improved safety and design, it is enclosed in the Encapsulation and frames. 

 

This encapsulation and frame is an essential safety arrangement that protects 

the PCM storage tank from mechanical shock during transit and installation, 

as well as increasing the system's robustness. 
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Coming to the final model of TES.POD shown in a figure 9 below. 

 

 
 

Figure 9 : Model Azelio TES.POD[5] 

 

To minimize further thermal losses, the walls of the TES.POD have been re-

inforced with insulation material Perlite. Which resembles crystalline air bub-

bles, acts as insulation cavities and reduces heat transmission[9]. 
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2.2 Performance validation of TES.POD 

TES.POD's standard configuration includes a Stirling energy power conver-

sion unit and a Thermal energy charge and storage unit filled with approx. 4 

tons of AlSi PCM. The performance has been carried by extensive testing and 

the output from the generator is 13 kWe when the state of charge is 100 %[10]. 

 

Figure 10 describes the charge and discharge performance in further detail. 

 

Figure 10 : Charge-Discharge cycle of TES.POD[10]. 

The performance test results were conducted for seven consecutive days, and 

results shown as per Table 1, the output is 13 KWe when charged for 6 hours 

to reach 100 %. For 6 hours, the maximum charging power is 100 KWe. The 

overall efficiency is 20 to 30%, and it can be increased further by utilizing the 

release heat from the Stirling engine[10]. 

 

Table 1 : Technical performance results of TES.POD [10]. 

Technical Data Results 

Nominal output power 13 KWe 

Rated electrical capacity 165 KWhe 

Rated energy capacity 600 KWh 

Output energy duration 13h to 40 h 

Maximum charging Power 100 KWe 

Charging duration  6 h 
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2.3 Applications of TES.POD 

TES.POD is used in a multitude of sectors to supply clean power around the 

clock based on energy requirements.  

The major sectors as per below [5]. 

 

1. It is favourable to use for communities and societies in fulfilling their 

daily load demands with self-reliance and efficient electric supply. To 

obtain additional benefits such as cost effectiveness over higher grid 

electricity prices. 

 

2. It is a long-term solution for the industrial and commercial sectors to 

run their facilities on renewable baseload. It is also suitable for an off-

grid location that requires both power and heating. 

 

3. For off-grid production facilities such as mining and extraction loca-

tions where a diesel engine earlier supplied electricity. However, in 

order to fulfil rising sustainability demands and shift toward decar-

bonization, the TES.POD can be an appealing alternative for substan-

tially reducing carbon footprint while being economically viable. 

 

4. Agriculture, for example, would be one of the most significant fron-

tiers for an effective energy revolution. It uses a lot of electricity for 

services like lighting, heating, and cooling, ventilation, irrigation, 

grain drying, feed lines, and milk cooling. 

 

Highlighted advantages of TES.POD as below 

1. Its enables clean energy supplies up to 13 hours of the day  

2. Its cost effective than half of the cost of diesel generated electricity 

3. Required less maintenance and reliable technology without system 

downtime 

4. Smart and modular design with robust functionality 

5. Sustainable and lower carbon footprint than Li-ion batteries. 
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2.4 Scope of Improvement to enhance performance and 

safety in existing TES.POD. 

 

The existing TES.POD is functioning adequately and contributing many loca-

tions in the aim of switching into a renewable energy supply, and for the scene 

of future perspective, it may be enhanced further in terms of improved perfor-

mance and safety. 

 

As formerly described in the earlier section, the TES.POD is composed of 

three major modules: the charging unit, the storage unit, and the converting 

unit. All of these units can be advanced further by addressing challenges and 

determining the optimal approach to improve the overall efficiency of TES. 

POD. As limited scope of this thesis to focus just on a charging unit by exper-

imenting alternate charging method to heat up PCM efficiently and ensure safe 

and smooth operation of TES.POD. 

 

Before initiate to propose the ideas to enhance performance in a charging unit 

it is essential to discuss the possible pitfalls associated with TES.POD in a 

upcoming section. 

Analysis of challenges with Liquid sodium HTF. 

From the shown in an earlier section TES.POD use an immersion heater and 

liquid sodium (HTF) with charge jacket configuration as a charging technique 

to heat up Aluminium in order to store thermal energy. 

 

Even though there are some difficulties associated with using liquid sodium 

as a heat transfer fluid, such difficulties can be composed of the following[11], 

[12]. 

 

1. Liquid sodium with Air 

In reality, sodium is extremely reactive with air, and the reactivity depends on 

the relative humidity, or water-vapor content of the air. As a liquid, it is sub-

stantially more reactive in air than as a solid, and the liquid can ignite at around 

125 °C (257 °F). In a relatively dry environment, sodium burns silently, emit-

ting a dense white caustic smoke that can cause choking and coughing. The 

temperature of burning sodium soon rises to more than 800 °C (1,500 °F), 

making extinguishing the fire extremely difficult. 

 

To avoid the reactivity of liquid sodium and PCM with air in the present 

TES.POD design, a Nitrogen Inert Gas System (IGS) is implemented, which 
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ensures the pumping in and out of low-pressure nitrogen in an airtight storage 

tank. 

 

2. Liquid sodium with water 

 

The reaction of liquid sodium with water with a high surface area can be ex-

plosive. The sodium-water reaction is strongly exothermic (heat is released): 

A chemical reaction occurs. Previous tests, however, have shown that sodium 

and water cannot be mixed quickly enough to produce the shock waves asso-

ciated with high explosives. The explosive dangers of the reaction are mostly 

linked with the hydrogen gas that is produced. 

 

Existing system ensures that there is no water particle inside or outside the 

system. 

 

3. Corrosion issue from Liquid sodium. 

 

When sodium is in its pure form, the chemical compatibility of sodium with 

the materials used to construct structures is, in general, favourable. Corrosion, 

on the other hand, can result from the presence of impurity elements in liquid 

sodium. 

 

The present system, in which both the main tank and the HTF jacket are con-

structed of stainless steel and additional subsystem IGS, protects against cor-

rosion to the maximum extent possible. 

 

Even during maintenance and servicing, when disassembling the HTF jacket, 

the liquid sodium can come into contact with air, posing a significant chance 

of reaction as detailed above. 

 

Above all, the significant challenges with liquid sodium HTF in combination 

with the use of an immersion heater requires extensive research to improve 

the design and system's safety. 

 

From the system loss perspective Existing charging technology consists of 

Pump which also need some additional power to operate and even it has their 

electrical as well as mechanical loss. Furthermore, it has some moving parts, 

and this can be demand routine maintenance and service. 

 

 

 



 

27 | P a g e  

 

3. Induction heating Technology: Theory  
 

Induction heating systems can be vision to work as an alternative of immersion 

heaters and HTF arrangements. There are various technological and other ob-

stacles that an existing charging approach may face (discussed in above sec-

tion 2.4), which is the fundamental cause for looking for an alternate charging 

technique. 

 

Induction heating (IH) has a lengthy history of development. It was first dis-

covered by English scientist Michael Faraday in 1831 while conducting ex-

periments with two wire coils wound around a standard iron bar and powered 

by a battery. A galvanometer indicated just one direction of momentary cur-

rent. Thus, Faraday concludes from this experiment that current may be gen-

erated by varying the magnetic field between two coils. This phenomenon be-

came known as Faraday's law of induction later in life. It illustrates the in-

duced electromotive force (EMF) in a circuit as a function of the circuit's 

changing magnetic flux[1].Additionally, the fundamental principles of Induc-

tion heating had been incorporated by James C. Maxwell, who defined the 

concept of unified electromagnetism, and James P. Joule, who described the 

generation of heat from current in a conductor[14]. 

 

Several researchers have advanced their work in Induction technology, which 

uses this phenomenon to melt metals and heat systems[15] e.g., in the year 

1887, the researcher Sebastian Ziani de Ferranti registered the first industrial 

patent on the IH melting system, and later on, F.A Kjellin developed the first 

ever induction furnace, which was tested in Gysinnge, Sweden, in the follow-

ing year[16], [17]. 

 

The pioneering use of IH system for melting when physicist Edvin F. Northrup 

proposed design of the induction furnace with cylindrical crucible with high-

frequency spark-gap power supply in 1916 to simplify the process of melting 

down non-ferrous metals such as aluminium, copper, and zinc, induction heat-

ing technology became reasonably popular for the industrial segment[17]. 

 

Modern induction heating technology is becoming increasingly prominent in 

a wide range of industrial and home applications for more than three decades 

as well as medical settings, owing to its benefits in terms of efficiency, quick 

heating, safety, cleanliness, and precise rate control [14]. 
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3.1 Working principles of Induction Heating system 

It is important to understand the fundamentals of the Induction Heating pro-

cess, which describes when induction coils are connected to an alternating 

magnetic voltage source, and that this alternating voltage flows the current 

through the coils, while at the same time this alternating current produces a 

magnetic field around the coils. Furthermore, the placement of any electrically 

conductive object within the vicinity of these coils, as well as the contact of a 

magnetic field, will result in the generation of eddy currents in the workpiece. 

However, since this induced eddy currents have the same frequency as the coil 

current, but the flow direction is in the opposite direction, this action generates 

heat as a result of the Joule effect (𝐼2𝑅) along with relation to the other cause 

of heat generation caused by material Hysteresis losses[18]. 

 

The purpose of an induction heating system is to accomplish the function of 

heat dissipation, which is attained through two main mechanisms. The first is 

that heating can be produced solely through the Joule effect for non-ferromag-

netic materials (Aluminium, Copper, Gold, etc.) Furthermore, included is a 

second mechanism, which is the heat generated by the materials hysteresis 

cycle, which itself is able to account for the qualitative explanation of hyste-

resis loss, which is caused by molecules friction in ferromagnetic materials 

(Iron, Cobalt, Nickel, etc)[15]. 

 

To explicitly describe the functionality of IH using the example of simplest 

form of transformer shown in Figure 11(a)&(b) 

 

               
                                                                

Figure 11(a)&(b): Simple diagram of Transformer [19] 

 

In a transformer, the secondary winding current is directly proportional to the 

primary winding current when the number of turns is considered. And the 

losses in this winding are primarily caused by resistance and the link coeffi-

cient between two windings. Now, with relation to the induction heating cir-

cuit, removing the secondary winding from the present circuit (Figure 11(b)) 

means that if the secondary winding is short circuited, there will be significant 

heat generation on the secondary windings due to an increase in load current. 

In result this heat can be utilized for in some further applications[19]. 
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The entire induction heating systems are composed on principal elements, 

which are as follows: 

1) Electromagnetic Induction 

2) Skin Effect 

3) Heat Transfer 

 

3.1.1 Electromagnetic Induction 

Faraday's law of electromagnetic induction states that when alternative current 

is supplied to the coil and an alternating magnetic field forms around the coil, 

as seen in Figure 12. 

 

 
 

Figure 12 : Electromagnetic Induction in a Coil. [19] 

To calculate the magnetic field around the coil calculated as per Ampere´s law 

 

 ∫ 𝐻𝑑𝑖 = 𝑁𝑖 = 𝑓                                                                                         (1.1)                                                                                           

 
  ∅ = 𝜇𝐻𝐴 (1.2) 
                                                                   

When any object is placed between this magnetic field, the density of the mag-

netic field alters. Faraday’s law states that the generation of current on the 

surface of any conductive object material is inversely proportional to the cur-

rent generated by the inducting coil. As a result, the current induced on the 

conductive object surface is known as ´Eddy current´, and it tries to counter 

coil current.  

To calculate this Eddy current, 

 

𝐸
𝑑𝜆

𝑑𝑡
= 𝑁

𝑑𝜙

𝑑𝑡
                                                                                              (1.3)                                                                                                                                                                            
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As this eddy current converted in a Heat energy as per Joule heating shown in 

equation (1.4) 

 

𝑃 =  
𝐸2

𝑅
= 𝐼2𝑅                                                                    (1.4)                                                        

 

For the object has a conductive property like an Iron, cobalt, nickel etc. there 

is a chance to generate additional minor heating along with joule heating be-

cause of magnetic hysteresis losses. It is mainly because of the friction when 

the oscillations of dipoles. The total amount of generated heat is proportion to 

size of hysteresis [19]. 

3.1.2 Skin effect 

According to basic electricity, when direct current flows on a conductor, the 

current distribution on the conductor is uniform; however, this is not relevant 

for alternative current, which is dispersed non-uniformly on the conductor or 

workpiece[18]. The Skin effect occurs when a high frequency alternative cur-

rent is supplied to the coil in an induction heating system and the object placed 

between the coil has resistance or poor conductivity. As a result, the induced 

current (Eddy current) in an object is spread and flows across the surface and 

not flowing till centre of the object. In result it may reducing the effective 

cross section of the conductor[19]. 

 

Now, in understanding skin depth, which is mostly identified by the frequency 

amplitude of the alternating current used as a coil input, Workpiece geometry, 

Workpiece electrical resistivity and conductivity, as well as magnetic perme-

ability[20]. The Skin effect in a workpiece which concentrate approximately 

86% power on the surface layer of conductor which in other word current 

penetration[18], [20].To represent the skin depth of conductor mathematically 

as follows. 

 

𝐼𝑥 = 𝐼0𝑒
−𝑥

𝑑0                                                                             (1.5) 
 

Where, 

 𝐼𝑥 = Current density from the coil to the surface of object at distance 𝑥 

𝐼0  = Current density on Skin depth of the object. 

𝑑0 = Skin depth, changes on frequency (current penetration) 
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The skin depth can be represented mathematically by the expression 

 

𝑑0 = √
2𝜌

𝜇𝜔
                                                                               (1.6) 

 

Where, 

𝜌 = Resistivity of workpiece 

𝜇 = Material´s Permeability 

𝜔= Frequency of Current flowing in Object 

 

 

Figure 13 : Graph Current density in relation with Skin depth[19]. 

 

Figure 13 depicts the distribution of current on the workpiece's surface and 

how the skin depth changes as the frequency of current changes. To simplify, 

the higher the frequency of current density, the lower the skin depth of the 

material, while the current will penetrate deeper when the frequency of current 

is kept low[19]. 

3.1.3 Heat Transfer 

Induction heating, unlike all other heating technologies, does not rely only on 

convection or radiation to concentrate heat on the workpiece surface. Instead, 

heat is created on the workpiece surface as a result of induced current pene-

tration. Thermal conduction will therefore carry this surface heat to the core 

of the work piece. 

In the detailed thermal analysis, In IH system all three modes of heat transfer 

are present as below[6]. 
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3.1.3.A Thermal Conduction 

 

The majority of the heat is transferred from the high temperature surface of 

the workpiece to the low temperature region of the workpiece, such as the 

inside of the core, to cover the entire area of the workpiece. 

To describe Thermal conduction mode of heat transfer by Fourier’s law 

 
𝑞𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =  −𝑘 ∇(𝑇)                                                         (1.7)           
 

Where, 

𝑞𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = Total heat flux by Thermal conduction 

𝑘 = Thermal conductivity 

 

Equation (1.7) represents according to the Fourier’s law, the rate of heat trans-

fer in a work piece attributed to thermal conduction is proportional to the tem-

perature difference and the workpiece material's thermal conductivity (𝑘). Ba-

sically, thermal conductivity specifies the rate of heat transfer; for example, a 

material with higher thermal conductivity transfer heat quicker than a material 

with a lower conductive factor (𝑘) [13], [18]. 

 

3.1.3.B Convection mode of heat transfer. 

 

In contrast of conduction, in convection the heat transfer from heated work-

piece surface to the ambient air. It can be further described by Newton´s law 

which describes heat transfer rate is proportion to temperature difference be-

tween workpiece temperature to ambient air temperature. 

 

𝑞𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 = 𝛼(𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡)                                                         (1.8) 

 

Where, 

𝑞𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 = Total heat flux by Thermal convection. 

𝛼 = Heat transfer coefficient of surface in W/ (m2. °C) or W/ (in2. °F) 

𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = Temperature of work piece surface. 

𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 = Temperature of Ambient air. 
 

Heat transfer coefficient is primarily depending on properties of surrounding 

air in workpiece material. In IH system the convection heating loss is not ma-

jorly considered[18]. 
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3.1.3.C Radiation mode of heat transfer. 

 

The third mode of heat transfer refers to the phenomena of electromagnetic 

energy propagation to a temperature gradient when heat is transferred from a 

heated workpiece to a surrounding nonmaterial space. Simply stated, heated 

surfaces emit heat energy to their surroundings when they reach a specific 

temperature[13]. It can be represented as 

 

 𝑞𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 = 𝜎휀𝐴𝑇4                                                                                     (1.9) 

 

Where, 

𝜎 = Stefan Boltzmann constant 5.67 × 10−8  𝑊/𝑚2 𝑘4 

휀 = Emission factor of the surface or Emissivity. 

𝐴 = Area of workpiece material 

𝑇 = Temperature in degrees Kelvin. 

 

The emissivity factor is influenced by the surface structure of the material (for 

example, roughness) and the rate of oxidation. Polished surface material, for 

example, radiates less heat energy than non-polished surface material [13], 

[18]. 

3.2 General construction. 

A typical induction heating system involves major components including a 

Power electronics converter, an inductor tank with induction coils, a cooling 

system, and feedback systems such as a temperature sensor. 

 

In an IH system, the power electronics assembly plays a vital role in supplying 

at variable frequency electrical energy to the induction coil regarding the work 

material properties[19]. Figure 14 depicts a typical IH system construction. 

 

Figure 14 : Typical IH system [21]. 
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To further decode power electronics system in Induction heating system, 

which are the set converters shown in Figure 15. 

 

Figure 15 : Power electronics topology in IH system[22]. 

To initiate, there is an AC supply with a frequency of 50/60 Hz is rectified to 

dc, then converted to AC for smoothing before being fed to the matching trans-

former. This transformer, on either side, increases the current magnitude and 

supply to the induction coil. Its operation is also based on adjusting current 

according to the heating requirements. 

 

Modern IH systems have included a cooling system for the induction coil since 

all current carrying components in an IH system dissipate waste heat via I2R 

losses, that must be minimized in order to increase the overall efficiency of 

the Induction heating process. Its entire cooling system is incorporated with a 

temperature control sensor that gives feedback when the system becomes 

overheated.[15].  
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3.3 Types of Induction heating system and furnaces 

There are two types of induction heating methods, each with its own set of 

applications. 

A. Direct Induction Heating 

In a direct induction heating process, the Eddy current induced in the work-

piece object due to electromagnetic induction and the resistive loss formed by 

Joule heating generate heating from within the workpiece. 

B. Indirect Induction heating 

In this method of induction heating, heat is first induced in a furnace element 

by mutual induction and afterwards transferred from this element to the work-

piece object via radiation or convection mode of heat transfer. 

 

There are two main types of Induction furnaces are used to heat or melt met-

als[15]. 

3.3.1 Coreless Induction furnace 

In furnaces, coreless induction furnaces are widely used to melt recycled waste 

metal to obtain molten metal for use in casting processes. It consists essen-

tially of a helical-shaped Copper Induction coil surrounded by a water colling 

system assembly contained in a refractory-lined vessel. A furnace is mounted 

on a trunnion to allow tilts for pouring purpose[9]– [11]. Figure 16 shows a 

cross-section view of a coreless induction furnace with the internal assemblies 

referenced. 

The melting process works for metal that is placed inside the core of the fur-

nace and a helical shaped and water-cooled induction coil that is surrounded 

by the outside of the refractory and produces a magnetic field when powered. 

Following that, magnetic laminations as refractory materials are constructed 

on side walls of furnace, which provide a flux path to link up magnetic flux 

with metal. When a metal melts, it naturally agitates, which is known as stir-

ring action, and it is directly proportional to the power and square root of fre-

quency[15], [26]. 
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Figure 16 : Simplified cross section of Coreless Induction furnace[15]. 

 

The competence of a coreless induction furnace to melt down all grades of 

steel and iron, as well as non-ferrous metals with high melting points, with 

power requirements ranging from 10 KW to 42 MW and metal sizes ranging 

from 20kg to 65 tonnes[27]. The primary features are it uses less energy than 

a channel induction furnace and that the design is compact. Most importantly, 

this furnace's cost-effectiveness results in low melting loss[28].The perfor-

mance of this furnace varies with the thickness of the refractory vessel, the 

dimensions of the copper coil, and the related support structure. Overall effi-

ciency ranges between 70 and 80 percent[29]. 

3.3.2 Channel Induction furnace 

Nonferrous metals with lower melting points are ideal for the channel induc-

tion furnace[29]. Basically, as the name implies, a channel type furnace refers 

to molten metal channels that pass through a magnetic core. It is also related 

construction of a transformer in which the magnetic core is wound by copper 

as the primary winding and channels of molten metal function as the second-

ary side of a short circuited transformer[23]. Figure 17 displays the fundamen-

tal components and construction of a channel induction furnace. 

 

It works through a channel that is connected to the liquid metal bath on both 

ends. This entire loop serves as the transformer's secondary side. The liquid 

metal bath is made of refractory steel laminations and serves as the primary 

side of the transformer. The metal in channel heated by inductor coil due to 

short-circuit action of the transformer [26]. 
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Figure 17 :Simplified cross section of channel Induction furnace[23]. 

 

For example, the minimum power requirement for this furnace is 20KW for a 

capacity of 315 kg metal and 200 KW for a capacity of 1360 kg metal [30]. In 

industrial applications, particularly those involving aluminium melting, this 

type of furnace has gradually overtaken the coreless furnace. However, tech-

nological developments are not as rapid than those of coreless furnaces[25]. 

The key advantage of channel induction furnace over coreless furnace is eco-

nomical to manufacture in a bulk and uses electric power most efficiently than 

coreless furnace. The Electrical efficiency ranges between 90 to 95 % consid-

ering the thermal, mechanical, and electrical losses[29]. 

3.4 Efficiency and losses of Induction heating system. 

Efficiency and losses are important concerns in this thesis research because 

the key objective is to investigate an alternate charging solution in TES.POD, 

which is an induction heater, to assure optimal efficiency, enhance design 

compactness, and attempt to improve overall performance in a thermal energy 

storage system. 

 

The efficiency of induction heating is determined by the amount of power 

supplied to the induction coil and how efficiently transferred to the workpiece. 

It is a very important matter when implementing Induction heating system for 

any applicational work. The efficiency of an IH system is determined mostly 

by frequency selection and inductor-workpiece geometry. The optimal fre-

quency selection and coil geometry design can yield a better overall efficiency 

outcome[31]. 
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There are the factors explained below which matters when estimation of over-

all efficiency in a IH system. 

1. Inductor-workpiece coupling 

As energy transmission from inductor coil to the workpiece is the main aspect 

for efficiency. The gap between coil and workpiece is lower is better because 

lower distance between coil and workpiece can make strong interface of mag-

netic field crossing to the workpiece which means efficient transfer of energy. 

 

The magnetic flux in the space between coil and workpiece represented as per 

below equation (1.10). 

 

∅𝑎 =  𝜇0 𝐻𝑠 𝐴𝑎                                                                                                         (1.10) 

 

Where, 𝐴𝑎  is the cross-sectional area 

 

𝐴𝑎 =  𝜋𝑟𝑐
2 −  𝜋𝑟𝑤

2                                                                                      (1.11) 

 

2. Power requirements  

Total power needed to heat workpiece at required temperature efficiently 

 

𝑃𝑤 =
𝑚𝑐(𝑇𝑓𝑖𝑛𝑎𝑙−𝑇𝐼𝑛𝑖𝑡𝑖𝑎𝑙)

𝑡
                                                                               (1.12) 

 

𝑚, mass of material. 

𝑐 , average value of specific heat capacity of workpiece material. 

𝑇𝑓𝑖𝑛𝑎𝑙  & 𝑇𝐼𝑛𝑖𝑡𝑖𝑎𝑙 , initial and final values of workpiece material temperatures. 

𝑡 , total time required for the heating. 

 

So, the total needed power is 𝑃𝑤 to heat the workpiece efficiently is provided 

by power electronics converter used in IH system. 

 

Effective power of the converter represents as 

 

𝑃𝑐 =  
𝑃𝑤

𝜂𝑇
                                                                                                         (1.13) 

 

Where, 𝜂𝑇 =   𝜂𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑛𝑐𝑦 .  𝜂𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑛𝑐𝑦 . 𝜂𝑐𝑜𝑖𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑛𝑐𝑦  
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3. Thermal efficiency 

Thermal efficiency includes heat losses caused by radiation and convection, 

which can be minimised by utilizing the right heat insulating material in an IH 

system. Despite the fact that this insulation material has been carefully de-

signed and positioned to avoid diminishment of electromagnetic coupling, 

which may increase electrical losses[31]. 

 

As an instance, suppose the coils are cylindrical in shape and employed con-

crete as a refractory heat insulating material. The thermal loss was computed 

using the equation (1.14) 

 

𝜂𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑛𝑐𝑦 =   
𝑃𝑤

𝑃𝑤+ 𝑃𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑙𝑜𝑠𝑠𝑒𝑠
                                                      (1.14) 

 

Where,  

𝑃𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑙𝑜𝑠𝑠𝑒𝑠 = 3.74 × 10−4   
𝑙𝑐

𝑙𝑜𝑔10(
𝑑𝑐
𝑑𝑤

)
                                                    (1.15) 

 

𝑑𝑐  & 𝑑𝑤 , diameter of coil and workpiece. 

 

𝑙𝑐 , length of coil 

 

𝑃𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑙𝑜𝑠𝑠𝑒𝑠 , thermal losses on surface due to convection and radiation. 

 

4. Electrical efficiency  

Electrical efficiency accounts for losses in inductor coil turns. Even so, it is 

affected by workpiece attributes like as penetration depth, electrical resistiv-

ity, and relative magnetic permeability[31]. 

 

When heating a solid cylindrical workpiece, the following expression (1.16) 

can be used to estimate electrical efficiency. 

 

𝜂𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
1

1+
𝑑𝑐+𝛿𝑐

𝑑𝑤−𝛿𝑤
√

𝜌𝑐
𝜇𝑟𝜌𝑤

                                                                        (1.16) 

 

Where, 

 

𝛿𝑐 & 𝛿𝑤 , coil and workpiece penetration depth respectively. 

𝜌𝑐 & 𝜌𝑤 , coil and workpiece electrical resistivity respectively. 

𝜇𝑟 , workpiece´s relative magnetic permeability. 
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5. Coil efficiency. 

The induction coil determines how effectively and efficiently a workpiece is 

heated. There are several types of coils depending on requirement of applica-

tions as copper material is more often used in Induction. 

To determine coil efficiency as below equation (1.17) 

   

𝜂𝑐𝑜𝑖𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑅𝑤

𝑅𝑐+𝑅𝑤
                                                                                       (1.17) 

 

𝑅𝑐 & 𝑅𝑤 resistance of coil and workpiece respectively. 

 

All of the above factors are taken into account when evaluating the total fre-

quency of the Induction heating task. The efficiency is also firmly influenced 

by the design of the Induction furnace and the materials used in its construc-

tion[32]. 

3.5 Advantages and Disadvantages of Induction heating 

system over other convectional heating methods. 

Advantages. 

I. Rapid heating process: 

The IH process is faster than other heating technologies because heat is gen-

erated from the inside of the workpiece's core and spread evenly throughout 

the rest of the workpiece. Also, it directly concentrates the induction target 

without wasting thermal energy. It is also backed up by superior power elec-

tronics topology, which assists in speedier function[14], [15].  

II. High productivity rate: 

Since the heating operation is now more rapid, it can save operational time 

and result in increased productivity in task completion[15]. 

III. Less Oxidation loss: 

Attributed to the fact that the IH system does not rely on the combustion pro-

cess, the oxidation loss is significantly reduced. Because it is especially vital 

in a melting operation where some metals oxidize very easily (e.g., Alumi-

num)[33]. 

IV. Quicker start time: 

In the most part, induction furnaces are designed with a hefty portion of re-

fractory materials that are already heated up when the furnace is first turned 
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on. Furthermore, this heating will activate the internal heating, which will ac-

celerate the start-up process[15]. 

V. Controlled heating operation: 

The induction system is controlled by modern power electronics devices that 

allow for adjustable control of the coil's input power. Furthermore, the water 

colling system aids in temperature management for predetermined tasks[14]. 

VI. Clean and Safe operation: 

As previously stated, the IH system does not use a combustion process, ren-

dering it more environmentally friendly. Even the most valid feature its con-

tactless heating method does not produce any heating material waste from a 

workpiece. To improve safety, it can also be handled by high-end circuit 

breaker devices with various sensors [2], [3]. 

 

Other additional Advantages 

1. Required Less maintenance. 

2. Technology is suitable for Automation control. 

3. Less floor space requirements. 

4. Quite in operation. 

 

Disadvantages. 

I. High capital cost: 

IH system heating necessitated the use of high-performance power electronics 

devices to ensure safe and efficient operation, which is an expensive element. 

Even more, the automation control contributes to the safety. As a result, the 

capital cost is increased. 

 

II. Process Handling: 

The IH system required skilful process handling since the efficiency can be 

low if it is handled incorrectly, such as a thermal leakage or runaway[14]. 
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3.6 Induction heating technology Applications. 

As discussed in the previous section, the significant advantages of induction 

heating systems over other types of heating, such as quick, contactless, and 

precise heating, have led to it becoming a favoured heating technology in in-

dustrial, domestic, and medical applications[14]. 

 

In Industrial applications as Follows [14], [18] . 

1. Preheating of metal for certain tasks: In the forging and extrusion 

industries, metals such as aluminium and steel must be heated to 

change their shape and design. And the preheating speeds up the man-

ufacturing process. 

2. Heat Treatment: For a industrial processes like a metal hardening, 

annealing, and tempering processes, induction heating is perhaps the 

most successful approach. 

3. Melting:  As a result of their distinct advantage over other heating 

methods such as stirring action, which makes melting more uniform 

in the workpiece, the IH system is swiftly becoming the most pre-

ferred approach in industries nowadays. 

4. Sintering Process: This technology is used in industries where ex-

tremely high temperatures (up to 2550 °C) and high - precision control 

is required. IH technology is capable of meeting both of these objec-

tives. 

5. Welding and soldering process: A high frequency induction heating 

system can also be used in a localized welding process, for example, 

when welding a pipe or tube that requires accurate welding precision 

for a specific subsequent application. 

 

Domestic applications of IH systems currently feature induction stoves and 

cookers, which are often used due to a short heating time and the safety of the 

food from burning that they provide. Even for this application, an additional 

cooling system is not essential[14], [17]. Another important application of in-

duction heating in healthcare is the manufacture and sterilization of medical 

instruments, which is made possible by the clean and contactless aspect of this 

process[14]. 
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4. Efficiency and Losses in Charging unit 

(Immersion heater + charge jacket HTF). 
 

The charging operation of TES.POD is 6-7 hours to reach a 100% State of 

charge (SoC). During the operation major losses are thermal and electrical 

losses. 

 

Considering that the system consumes 600 KWh (100 kW * 6 hours), the loss 

evaluation was carried at the Azelio testing facility centre, and it was deter-

mined that the majority of the losses are caused by a Power electronics con-

verter. Which is a thyristors-controlled loss. 

 

According to Azelio TES.POD data, the total charging system consumes 101 

KW of active power for 6 hours to charge the TES.POD at 100%. In regards 

of system losses, the charging system contains a power electronics component 

with 1% thyristor-controlled loss and the remaining loss is goes as thermal 

loss. 

 

According to an internal assessment of the charging unit's thermal losses, the 

higher heat losses occur in a heat pipe connected to the heater and, while the 

remainder of the thermal losses go into a sodium HTF. 
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5. Implementation method of alternate 

charging technology design. 
 

To address the challenges outlined in Section 2.4 and maximize system per-

formance and safety, especially from a charging unit function, the Induction 

heating method might indeed prove to be a better charging solution for 

TES.POD due to several advantages over other types of heating described in 

the literature review section. 

 

Even when compared to existing TES.POD charging technology such as im-

mersion heaters and HTF systems, the Induction heater seems intuitive to con-

struct and integrate with the TES.POD tank. As it eliminates the existing con-

struction's moving parts, such as a HTF pump and a piping connection, HTF 

jacket. 

 

When designing an Induction system in an existing system by expelling the 

Immersion heater and HTF configuration, the first step is to brainstorm about 

the placement of an Induction heater arrangement in/around a main tank for 

an example existing charging solution where the HTF jacket is constructed 

bottom surrounded by a tank with equitably higher thermal conductivity. 

 

Secondly, in a present design the Steel is being used for tank as well as sur-

rounded HTF jacket. However, in order to look for Induction heater charging 

system instead of steel tank the finding for other material for tank is required 

to get better efficiency and compatible with Induction heating technology. 

 

Ceramic container is a viable option for an induction heating system is the fact 

that it possesses unquestionably better heat insulation and is also well com-

patible with indirect induction heating. Ceramic container can be heated by 

both direct and indirect induction[34]. Well in TES.POD PCM storage tank is 

a very important component that is designed to handle tons of molten alumin-

ium. 

 

Desired operational time of Induction heater is maximum 6 hours to charge 

TES.POD with SoC 100%. It is primarily due to the utilization of an average 

of six hours of solar light power during the day. 

 

Lastly, the entire process of the induction heating system is modelled in a sim-

ulation program called Finite Element Method Magnetics (FEMM). This soft-

ware performs electrical calculations based on the problem statement, and it 

will first estimate the magnetic flux path before providing the approximate 

maximum results of electrical parameters. 
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For software simulation and design the Induction heating system for 

TES.POD we have collaborated with MagComp AB who serves expertise in 

the customise induction heating system. 

 

The primarily design sketch of TES.POD with Induction heating system ar-

rangement visualized in figure 18.  

Figure 18 : Primary sketch of Induction heating system as alternate charging 
method in TES.POD. 

As shown in Figure 18, a brief overview of the initial design of an induction 

heating charging system.  

The following are the major and essential components & accessories of Induc-

tion heater charging technology: 

• Container which is suitable with Induction heating process. 

• Steel plate as an accessory of Induction heater 

• Induction coil 

• Cooling system of Induction heater 

• Power electronics  

In the following step is to be detailing all design steps are associated for an 

Integration of Induction heater in TES.POD by following process of engineer-

ing. 



 

46 | P a g e  

 

Step 1 :  Selecting Type/method of Induction Heating 

 

It is the first and most important stage in determining whether type of Induc-

tion heating would be appropriate for this TES. POD technology. As per the 

details outlined in chapter 2.3, the method of direct and indirect induction 

heating processes each have their own set of pros and downsides. While 

choosing the most appropriate approach for TES.POD by simulating both pos-

sible scenarios as described below in a simulation software Finite Element 

Method Magnetics (FEMM) 

 

Scenario A: Direct Induction heating of AlSi PCM 

 

 

Figure 19 : Direct induction heating of AlSi PCM. 

 

For a technique known as direct induction heating described in section 2.3 and 

shown as per figure 19, where the workpiece is heated directly without the 

need for certain kind of heating element, this means that the heat is concen-

trated directly onto to the PCM rather than being transferred first to the refrac-

tory material.  

 

Direct heating might not give satisfy performance results, because when the 

induction coil directly concentrates heat on aluminium alloyed workpiece 
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where the flux's penetration depth is too deep with aluminium, causing the 

resistance of the induced current to be too low. Over this, a higher induced 

current result in a higher temperature in the induction coil and system, which 

necessitates the use of a cooling system to bring the temperature of the induc-

tion coil down. If this temperature is not lowered, there is an increased risk of 

electrical and thermal losses. 

 

Scenario B: Indirect Induction heating of AlSi PCM 

Figure 20: Indirect induction heating of AlSi PCM. 

Now glancing at second possible scenario, which is the approach known as 

indirect induction heating. Making use of steel in the construction of the in-

duction heater's heating element. Figure 20 shows that initially the heat is con-

centrated by the induction coil on this steel plate, and then the heat is trans-

ported from the steel plate to the PCM by means of conduction and convection 

mode of heat transfer. 

 

In its most basic form, this steel plate performs the function of a heating ele-

ment within the ceramic tank. In addition to this, steel is a ferromagnetic ma-

terial which possesses a greater resistivity, and the depth of steel flux penetra-

tion is substantially smaller relative with that of directly heating AlSi 

PCM[35]. 
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Conclude for method of Induction heating  

 

At initially simulating both induction heating method in FEMM tool where 

results shows direct induction heating have poor power factor because of 

higher electrical and thermal losses. Secondly practicing indirect induction 

heating using a steel material heating element, the findings from the simula-

tion tool FEMM shows very improved power factor than direct induction heat-

ing because concentrating heat on ferromagnetic material steel which have 

higher resistivity then Aluminum and flux penetration depth is also small and 

that lead effective to generate heat from induced current. 

 

After simulating both approaches in Induction heating, Indirect induction 

heating yielded the most remarkable results as compared to direct induction 

heating when it was simulated in the induction heating system. To heat up 

AlSi PCM, however, the construction of indirect induction heating required 

an additional component made of steel plate. This steel plate plays a key role 

in the heating process. 

 

Step 2 : Compatible choice of material for the container/tank suitable 

for IH technology. 

 

Discovering a new storage tank material that is compatible with induction 

heating technology. Present TES.POD design, steel is being used for the pri-

mary storage tank, and an HTF jacket is constructed around it to increase ther-

mal conductivity as well as superior heat exchange from the HTF fluid to the 

liquid sodium. 

 

Ceramic furnaces and foundries are the most typical applications for induction 

heating technology because of the many characteristics they provide, includ-

ing the ability to tolerate high temperatures, resistance to heat, and protection 

against corrosion[36]. 

 

In simple terms, a ceramic material is an inorganic, non-metallic solid that is 

mostly composed of oxide, nitride, boride, or carbide that is formed and then 

solidified at high temperatures. Ceramics are used in a wide variety of appli-

cations such as die casting, containment of liquid metals and semi-solid pro-

cessing even it’s a mature choice of material specially to hold molten alumi-

num which is highly chemically reactive. Furthermore, molten aluminum have 

two failure one is chemical erosion and second is physical erosion using ce-

ramic container quite benefited to have significantly less risk of this failures  

[37]. 
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Ceramic containers have important properties like as a high melting point, 

which, in our case, allows them to handle tons of molten aluminium. Addi-

tionally, they can function as an insulation layer, which helps to minimize the 

considerable heat loss. 

 

Selecting an appropriate ceramic crucible or container that is suited for induc-

tion heating and can also be used with AlSi necessitates following specific 

input parameters like as 

 

• The capacity, dimensions and type of furnace 

• The specific alloy or range of alloys to be melt 

• The melting and/or holding temperatures of PCM 

 

Therefore, the first step is to figure out the container's capacity and dimen-

sions, both of which are greatly dependent on the quantity and volume of AlSi 

PCM, which is around 4 tons. Suitable dimensions of tank can be 1.5-meter 

height and 1.5-meter diameter. the tank's wall thickness may be approximately 

35 mm or may be more to enhance container durability and safety while trans-

portation. 

 

Secondly, possessing an understanding of the composition of the PCM, which 

is a eutectic combination of aluminium and silicon. Determining how the 

metal will interact with the crucible material both chemically and physically 

depends on knowing how the metal behaves when exposed to the crucible's 

maximum temperature for melting and holding, which can be determined by 

knowing its characteristics and the complete catalogue from which it comes 

from [6]. 

 

Finally, recognizing the operating temperature range of AlSi PCM and its 

characteristics, the material of the ceramic container must be thermal shock 

resistant. According to the present ceramic technology the material Carbon-

bonded and ceramic-bonded clay graphite and silicon carbide crucibles 

are widely use in melting and holding aluminium and aluminium alloys[37]. 

 

This ceramic material is appropriate for induction heating systems as well as 

a considerably broad temperature range spanning from 400 °C to 1400 °C. 

The manufacturing of aluminium, iron, and steel, and precious or red metals 

are some of the most common applications for this ceramic container. 

 

Choosing the ceramic material "Carbon-bonded and ceramic-bonded clay 

graphite and silicon carbide" for a TES.POD storage tank because it is 
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compatible with Indirect Induction heating and is suited for managing PCM 

characteristics. 

Regarding the basic challenge for ceramic container from manufacturing per-

spective, is to manufacture a custom designed type of ceramic container based 

on the optimal dimensions, and the second is to design proper encapsulation 

and frame design that can safely hold this ceramic container while minimizing 

mechanical shock during transportation and installation. In addition, a partic-

ular protective coating on inside of the container is a significant step toward 

reducing the chemical reactivity of PCM on it. 

 

Step 3: Steel plate as a component of Induction heater 

 

In the ceramic container there should be provision of a steel plate that is a part 

of the inductor heating system. The key justification for using steel material is 

that the Curie point at which the material retains its permanent magnetic prop-

erties is 770 °C, which is suitable temperature range for TES. POD operation. 

This steel plate is in direct contact with the AlSi PCM. After the heat from the 

induction coil has been concentrated on the steel plate using the principle of 

mutual induction, it will be transferred to the AlSi PCM through conduction 

and convection. 

 

The steel plate may design approximately 3mm thick and has the same diam-

eter as the container's internal diameter. This steel plate is critical in the indi-

rect induction heating process. Furthermore, it falls into direct contact with 

PCM, which is extremely reactive with steel when it is molten. Special types 

of coating are necessary on steel plate to avoid reactivity. 

Step 4: Selection of Induction coil. 

 

The induction coil of an induction heating system delivers a high-frequency 

current, which forms an electromagnetic field in the medium around it. This 

magnetic field interacts with the material that is close to the induction coil, 

which results in the generation of the eddy current that ultimately causes the 

material to get heated. The resistance of the coil and the work piece are two 

factors that determine how effective the induction heating system is[38]. 

 

Now selecting Induction coil to ensure both the reliability and performance of 

an induction heating application in order to successfully optimize the effi-

ciency of the application. For this reason, multi-stranded cables with a litz 

structure are frequently employed in applications that include induction melt-

ing[39]. 
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Figure 21 : Structure of Litz wire induction coil[38]. 

 

Litz wire is fundamentally a multistrand conductor as shown in figure 21, with 

each individual strand with diameter 0.2 mm which being isolated from the 

others and transposed radially and azimuthally throughout the length of the 

wire.  It is more like an Individually insulated magnet wires are bunched or 

braided together in a regular way to ensure that each strand occupies all feasi-

ble spots in the overall conductor's cross section. 

 

The Litz-wire coil is a optimal choice as a major component of Induction heat-

ing system in TES.POD to concentrate heat on AlSi PCM. because of their 

prime benefits like to minimize skin and proximity effect. Even more it re-

duces the AC resistance. Overall this all factor are responsible to enhance the 

total efficiency of Induction heating system and gives better results than other 

type of induction coils like a solid wire and copper tube induction coil .  

 

Step 5: Selection of cooling technology for Induction heater. 

 

When it comes to induction heating, each type of coil has a maximum temper-

ature at which it can reach thermal breakdown, and it is essential to keep the 

coil's temperature at or below this maximum throughout the operation. To en-

sure and keep the temperature limit at a safe level, a cooling system is an es-

sential component of induction coils[39]. 

 

The temperature of the coil in a convectional induction heating system is con-

tinuously maintained by a forced flow of water, however in an induction 

heater employing a Litz wire coil, The temperature is not constant because the 

turns of the coil in the Litz coil are wider and more isolated, providing a good 

possibility for cooling by air convection. [38]. 

 

Therefore, by employing an isolated Litz wire induction coil, the design of the 

cooling system is not overly complicated due to the fact that it has the ability 

to be cooled from convection to air. However, for a more prompt and efficient 

cooling, using a fluid pump can be an ideal solution to flow a continuous 
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mixture of water and 25% ethylene glycol at a flow rate of 5 lit/min while 

maintaining a pressure of 3 bar. To overcheck the function of cooling system 

further, the temperature of water outlet from pump should be below 55 °C. 

Step 6: Insulation material  

To reduce heat loss at maximum the ceramic container is covered by thick 

layer of Perlite material which is also presently used in existing TES.POD 

surrounded by steel tank. 

 

Considering 40 cm thickness of Perlite insulation material surrounded by ce-

ramic container. And this is the same amount of perlite material which is pres-

ently employed in TES.POD. 

 

Although, ceramic material container itself has great thermal insulation prop-

erty than steel manufactured container but still keeping same design of insu-

lation layer to ensure minimalistic thermal losses. 

Step 7: Estimation of total distance from Induction heater to PCM. 

 

After assessing the final Induction heating system requirements for TES.POD 

alternate charging solution implementation, it is necessary to simulate the en-

tire system parameters in a simulation software but before that it is very es-

sential to know the total path for a magnetic flux from Induction coil to the 

PCM in the container. 

 

The steel plate inside the container is sized at 3 mm, which is ideal for indirect 

induction heating. Furthermore, the ceramic tank thickness approximate is 35 

mm, which is believed to be slightly thicker to ensure greater safety in carrying 

AlSi PCM. 

 

To minimize heat loss, the same insulation material Perlite from the existing 

TES.POD design is considered as the outer surface of the Ceramic tank with 

a thickness of 40 cm. 

 

The final distance maintains from Litz coil to the ceramic tank which is trade-

off between efficiency and Thermal loss of Induction system which means the 

electro-magnetic efficiency will be better when the distance between the litz 

coil and the steel plate is minimal but other side The coil should preferably 

work in a low temperature due to coil resistance and temperature endurance. 

Also, thermal efficiency of the overall system should be accounted for. 
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Figure 22 : Estimation of Flux path from Induction heater to the Steel Plate (2D 

Sketch) 

 

Evaluating the entire distance between the Induction coil and the Alsi PCM, 

which is the key input that is needed to estimate Induction heater performance 

measures such as the electrical power, loss estimation, efficiency, etc. 

 

Figure 22 illustrates the dimensional details of every element that comes 

across the path of magnetic flux and how efficiently the flux can be linked 

with the steel plate. This information can be found by glancing at the figure. 

Therefore, the length of the magnetic flux should be 473 mm in order to effi-

ciently link with the steel plate. 
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Step 8: FEMM simulation 

 

FEMM is a program package that analyses low / high frequency electromag-

netic problems on two-dimensional planar and axisymmetric domains. The 

current focus of the program is on linear/nonlinear magnetostatic problems, 

linear/nonlinear time harmonic magnetic problems, linear electrostatic diffi-

culties, and steady-state heat flow problems. 

 

To commence, arrange all of the elements in the simulation tool, such as the 

steel plate, ceramic container, and perlite insulation, in short all of the objects 

that come across the flux path. 

 

 
 

Figure 23 : Building simulation diagram in FEMM. 

 

The first input step of FEMM simulation where to add details in problem definition 
dialog box. 

Problem type: Axisymmetric. 

Length unit: mm 

Solver precision: 1e-008. 

Operation mode: node 

Mesh type: Triangle. 

Mesh with 119186 nodes. 
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Then next step is chosen Boundary condition type: Prescribed A. This bound-

ary condition is used to prescribe when flux passing from normal to boundary 

since the normal flux is equal to the tangential derivative of A along the 

boundary. Form for A along the boundary is specified via the parameters A0, 

A1, A2 and ∅ in the Prescribed A parameters box.  

 

The FEMM input parameters where choose material from the FEMM material 

library and then add the material property details like electrical conductivity 

(σ) and relative electrical permittivity (μr). 

 

Litz coil: σ = 40 MS/m, μr = 1 

Aluminum casing of induction heater: σ =34.48 MS/m, μr = 1 

Sic ceramic container: σ = 1.2 MS/m, μr = 1777 

Steel plate: σ = 2 MS/m, μr = 1777 

Alsi PCM: σ = 5.93 MS/m, μr = 1 

 

Using the dimensional data from the previous step 7, rearrange elements in 

the desired sequence in FEMM (Figure 23), and conclude input selection. The 

simulation tool then analyses all of the element node according to the physics 

equations and depicts the flux density area originating from the induction coil. 

Lastly, used the analyse problem function to run the simulation, which also 

indicated the expected simulation time, which was approximately 6 minutes. 
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6. Results and Discussions. 
 

After selecting all the engineering steps in previous section 5. And after sim-

ulating whole system parameter at once in a simulation software Finite Ele-

ment Method Magnetics (FEMM). This section presents the results. 

 

So, coming on this thesis aim to implement alternate charging technology in 

TES.POD where replacing Immersion heater and HTF jacket with Induction 

heater to heat up approx. 4 tons of AlSi PCM to store thermal energy.  

 

 

 

Figure 24 : Simulation diagram from FEMM[40]. 

 

Once simulating an induction heating system with the aim of heating work-

piece material AlSi PCM, it is important to take into account all of the com-

ponents that are associated with this system, such as the induction heater, ce-

ramic container, steel plate, and perlite insulation material. Each of these com-

ponents plays an important role in the overall performance of the charging 

unit.  

 

Figure 24 is a visual representation of the path that magnetic flux takes as it 

flows from an induction heater to a steel plate, which is a material that exhibits 

ferromagnetic properties. Through the action of the principle of mutual induc-

tion, this magnetic flux is linked with the steel plate. 

 

In the first stage, the magnetic flux that's been induced by the Litz wire coil 

linked it all the way from the perlite insulation material, the ceramic tank, and 
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finally the steel plate. However, steel plate possesses a higher resistivity prop-

erty, and as a result of I2R loss, it will become heated up. Subsequently, it will 

transfer this thermal energy to the AlSi PCM, which is also contained in the 

same container. 

 

 

Figure 25 : FEMM simulation result. 

 

Expect to take simulation results by selecting the analyze problem function in 

FEMM, and the results are given in Figure 25, which shows the frequency for 

efficient flux linkage between the steel plate and the induction coil. As a result, 

the required rating to design an induction heater in this scenario should be at 

least 20 kHz frequency. 

 

The next phase is to develop a 20 kHz induction heater to determine the elec-

trical efficiency and prevalence of losses in the induction heater. MagComp 

AB (Induction heater manufacturer) assisted with the selection of induction 

heater for our case and the evaluation of induction heater performance. 
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6.1 Induction heater design. 

The induction heater, which is the central aspect of a charging system, is pow-

ered by renewable electricity in its capacity as an input, and the charging sys-

tem also involves a list of other integrated subsystems of inductor heater func-

tions.  

Figure 26 presents the schematic representation of the induction heating sys-

tem. Where it illustrates the integrated components such as an inverter, whose 

function it is to convert DC voltage to AC voltage, then a transformer, which 

function it is to step the voltage, and finally the power that is supplied to the 

induction coil at a higher frequency. 

 

 
Figure 26 : Circuit diagram of Induction heater[40]. 

 

 

From the above figure 26, simplification of parameters. 

P_Grid: Active power from Renewable sources grid 

U_grid: Grid voltage 230 AC 

U_inv: Output voltage of Inverter 

I_Psw:  Switched primary current 

I_Ssw: Switched secondary current 

U_Psw: Voltage from inverter after primary side DC-stop capacitor  

U_Ssw: Voltage from inverter after secondary side DC-stop capacitor  

U_heat: Voltage overheat 

Pcap: Capacitor at Primary side 

Scap: Capacitor at secondary side 

 

 

Simulating an induction system in FEMM, which provides an estimate of the 

system's maximum allowable electrical load and selecting the appropriate 

electrical components for an induction heater in accordance with Table 2. 
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Table 2 : Selection of components in Induction heater[40] 

Frequency   20000 Hz 

Number of Litz wire Induction 

coil. 

 1 series & 1 Parallel 

Grid Power (Inverter Input) 120 KW 

Inverter Power 160 KW 

Induction coil (Litz wire) Power 2028 W 

Fluid cooling system 7894 W 

Total Inductance 7.87×10-6 H 

 

 

As the complete induction system is split into two sides of the transformer, the 

first side is known as the primary side, and the other side is referred as the 

secondary side. The ratings of the components on both sides are reported in 

Table 3 below. 

 

Table 3 : Ratings of cable and Transformer used in Induction heater[40] 

 Primary side Secondary side 

Length of cable 10 m Length of cable 1 m 

Diameter of cable 59 mm2 Diameter of cable 590 mm2 

Wire power rating 140 A Wire power rating 240 A 

Capacitor  1432.4 Capacitor 1504 

   Transformer rating 

84 KVA 

Transformer core type 

140 

Transformer turns ratio (Np: Ns) 

10 

 

As a basis, the designed induction heater has a maximum input power capacity 

of 140 KW and can transfer up to 126 KW power to the workpiece with an 

efficiency of 90.6 %, with 14 KW being system losses. 

 

The scope of electrical losses throughout the overall Induction heating system 

is detailed in the next section. 
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6.2 Overall electrical efficiency and losses of induction 

heater. 

As discussed in chapter 3.4, the two most prevalent types of losses that are 

correlated with an induction heating system are electrical and thermal losses. 

Whereas electrical losses are caused by the components employed in a system, 

such as an inverter, transformer, capacitor, wires or cable, and Litzwire coil, 

the remaining losses in the system are attributed to the thermal loss. 

 

Figure 27 : Losses present in designed Induction heater for TES.POD[40] 

From the above figure 27, simplification of parameters. 

  P_inv: Inverter Power 

  P_Pwire: Power in cire at primary side of Transformer 

  P_Pcap: Power in capacitor at primary side of Transformer. 

  P_Trafo: Transformer Power 

  P_Swire: Power in cire at secondary side of Transformer 

  P_Heat: Thermal heat power at Litz wire induction coil. 

  P_Coil: Induction coil Power. 

 

The aggregate thermal, electrical, and coil efficiencies of an induction heating 

system are used to assess the system's total efficiency. In the diagram above, 

figure 27 represents which component is responsible for its own electrical and 

thermal loss. 

 

Detailing further, accountability of losses from each component for simulated 

Induction heater for TES.POD can be understand better by the results from 

simulation tool FEMM. 



 

61 | P a g e  

 

The findings are presented in a chart that corresponds to figure 28, and the 

chart demonstrates how much of the overall loss may be attributed to each 

component. 

 

Figure 28 : Simulation result of Electrical losses in Inductor heater[40] 

 

From the electrical loss analysis based on the simulation results, which is de-

picted as per figure 28, the major losses accounting from Inverter, which is 

identify power electronics switching loss and thereafter capacitor loss used for 

both sides of transformer to function of improving the power factor. Wire or 

cable each have their own losses, such as resistive loss of conductor, Last but 

not least, the transformer is another major component that comes after the in-

verter. However, it has their own losses, involving resistive loss, eddy cur-

rents, hysteresis. 

 

These losses cannot be completely eliminated; however they can be mitigated 

by utilizing the additional fluid cooling system,  

 

So, to better comprehend cooling requirements referring figure 25 again, Wire 

from the primary side, capacitors from both sides, and a transformer that do 

not require separate cooling system, despite the fact that all of these compo-

nents can be cooled by convectional cooling to air. The rest of the components, 

such as the inverter, secondary side wire, and Litz wire coil, require continual 

forced fluid cooling to mitigate significant electrical losses. 

P_ coil 

P_Swire

P_Scap

P_ trafo

P_P cap

P_Pwire

P_inverter

Electrical losses of Inductor heater
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In this forced fluid cooling system, a fluid pump can be used to circulate water 

containing 25% glycol, consuming an additional 7.8 KW of power in the sys-

tem, as shown in Table 4. 

 

 

Figure 29 : Overall Electrical efficiency of Induction heater[40] 

 

 

After putting into consideration and detailing all of the system's electrical 

losses as per figure 28, the remaining energy is used to heat up the workpiece 

AlSi PCM and that is the overall electrical efficiency where the amount of 

power supplied to the induction coil and how efficiently transported to the 

workpiece. 

 

Above figure 29, which illustrates the total electrical efficiency of the system, 

demonstrates that after accounting for the 10 % of electrical losses, the re-

maining 90 % of electrical power is transferred in workpiece AlSi PCM. 

 

To envision the complete alternate charging solution of the TES.POD, the be-

low 3D prototype design (Figure 30) provides an excellent visual to further 

evolve in physical model. The model designed with use of software AutoCAD 

fusion 360° 

90%

Overall Electrical Efficiency %

P_ coil

P_Swire

P_Scap

P_ trafo

P_P cap

P_Pwire

P_inverter

P_heat
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 Figure 30 : Initial prototype design model of TES.POD with Induction 

heater charging technology  

 

Table 4 shows overall performance of TES.POD charging system with Induc-

tion heater. The total net power required for the operation to heat nearly 4 tons 

of AlSi PCM is 100 KW with a 6-hour operational duration (100 kWh). How-

ever, considering 10 % electrical losses so Induction heater required 110 kW 

Input power from Renewable energy sources to work exact according to the 

desired Aim.  

 

Table 4 : Designed Induction system ratings[40] 

Technical data Results 

 Operational Time 6 hours maximum and can be re-

duced upon increase Input power 

maximum up to 140 KW 

Maximum Induction heater Input 

power 

 140 kW 

Maximum Coil power (Utilized in-

put power converted to heat) 

 126 kW 

Losses after Cooling system  14 kW 

System Efficiency %                             90.6 %* 

Net Power required for our Case   100 kW*6 hours 

Losses estimation (Considering 10 

% loss) 

 10 kW 
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6.3 Comparative analysis of discussion with existing 

TES.POD charging system. 

 

After the design and modelling of an induction heating system for the 

TES.POD as an alternate charging technology in the preceding sections. Now 

evaluating and making comparisons of performance, safety, life cycle, and 

maintenance process with the existing TES.POD charging system. 

 

Both charging technologies are distinctive in the way of functionality, con-

struction, and operation. Present technology Immersion heater and HTF jacket 

has the optimum overall performance but there are some other challenges as-

sociated with the design and construction. 

 

Following is a brief discussion elaborating on the relevance of comparing and 

contrasting the implementation of present charging technology with alternate 

charging technology implementation. 

 

1. In the perspective of manufacturing process and steps taking view 

of existing TES.POD technology where the general construction is 

like HTF steel jacket is fabricated around main steel storage tank and 

then incorporated with HTF pump and piping connections which have 

several manufacturing steps which also demand higher carefulness 

because of manging Liquid sodium HTF. In the contrast replacing 

whole charging technology with Induction heater which is a non-con-

tact heating technology with the main storage tank and even works 

indirectly to heat up AlSi PCM, it has seemed quite intuitive to install 

at the bottom of the main storage tank as well as it is not dealing with 

any kind of heat transfer fluid, so no moving parts such as pipes, 

valves, etc are obliged. 

 

2. In terms of robustness, induction heating charging technology ap-

pears to be more robust than existing technology because there are 

significantly fewer moving parts. 

 

3. The performance of the complete charging system technology is an 

important aspect, and the results of its performance are reported for 

both charging technologies in Tables 1 and 5 respectively. Induction 

heating technology as a charging solution consuming 10 KW more 

power than existing charging solution because of higher electrical 

losses. For efficiency point, According to FEMM modelling, the in-

duction heating system projected 90% efficiency, which is roughly 

9% less efficient than present charging technology. 
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4. From maintenance and service point of view, firstly during the ser-

vicing challenge in present charging technology where in HTF assem-

bly involves Liquid sodium which can be expose to the air while dis-

mantling HTF jacket and the reaction of liquid sodium with air has 

consequences which have been already discussed in section 3.1. Even 

as HTF jacket is fabricated close around PCM container this poses a 

risk to PCM during the servicing operation. However, proposed alter-

nate charging system where Induction heater is fully contactless with 

ceramic container and there are not many moving parts in whole a 

system so from all of this service and periodic maintenance seems 

easy and more safer. 

 

5. In terms of Transportation and installation, the suggested alterna-

tive charging technology consists of a ceramic container as the main 

storage tank, which necessitates greater caution during the transport 

and installation work due to the fact that it is less durable than a steel 

manufactured tank. 

 

6. Key factor overall Safety of system, Induction heating system as an 

alternate technology appears more safer since the complete operation 

does not involve heat transfer fluid or any other component that poses 

a higher threat to the entire system. 

 

7. Considering the future Decommissioning phase, because to the rel-

atively simple construction While decommissioning a charging sys-

tem, induction heater charging technology looks to have less oner-

ous stages.  

 

8. According to the information that was gathered from the manufacturer 

of induction heaters, the initial capital cost for induction heaters is 

more than the cost of the charging technology that is now in use. 
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6.4 Further scope to Improve Induction heating 

efficiency. 

At the beginning stage of simulations, the induction heating system was found 

to have more electrical losses than the system that was already in place. How-

ever, there is the potential to optimize and improve the total efficiency of the 

induction heating process by concentrating on the most efficient design pos-

sible and making small alterations to the induction heater and the main tank 

of the TES. POD. 

 

Some ideas to optimize efficiency as discussed in follows. 

 

1. The induction heater is constrained by flux leakage issue, with more 

leakage implying less flux linkage with the steel plate inside the ce-

ramic container, which also contributes to lower efficiency. The flux 

linkage can be minimized to some extent if the induction heater is 

shielded by an extra 1-2mm of aluminium casing. 

 

2. Foremost, one of the most important aspects of the overall design that 

needs to be improved is the distance between the Litz wire coil and 

the steel plate. This distance is approximately 473 mm, and there are 

several layers that need to be taken into account along the way, in-

cluding a ceramic container, Perlite insulation, and the gap distance 

between the coil and the insulation. If additional R&D can shorten 

this overall distance, then a greater amount of magnetic flux will be 

able to link with the steel plate, which will result in improved electri-

cal and thermal efficiency. 

 

3. Furthermore, when dimensioning a ceramic tank with a steel plate, it 

is better to keep the internal diameter of the tank wider and tank's 

height relatively shorter for efficiency gains in indirect induction. 

This suggests that utilizing a steel plate with a larger radius in a ce-

ramic container is desirable for even higher efficiency. 

 

All of the ideas outlined above have the ability to strengthen overall charging 

efficiency and reduce system electrical and thermal losses. So, while develop-

ing an induction heater in TES.POD, the design is a vital aspect to consider 

from a performance aspect. 
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7. Conclusion. 
 

As a nutshell, the results appear promising for the deployment of an induction 

heating system as an alternate charging technology in TES.POD. However, 

the results show that the induction system has more losses than the existing 

charging mechanism. This means that TES.POD consumes more renewable 

energy. However, when looking beyond ahead, the system consumes more 

renewable energy, but it is safer and more reliable in terms of maintenance 

and servicing, and the construction appears intuitive. Then it is not a big deci-

sion to scale up renewable resources, which are relatively abundant and can 

be utilize for a long duration as well as reliable thermal energy storage system. 

 

After charging technology, the next main area of focus will be on the search 

for an alternative discharge technology solution. At the moment, HTF is in-

volved in the discharging loop and the loop where it supplies heat to the Stir-

ling engine heat exchanger. However, there is an expectation for an alternate 

discharge solution that eliminates the use of liquid sodium HTF and seeks out 

a technique that can effectively convert the thermal energy that has been stored 

into electrical power. 

 

7.1 Future Work 

1. Develop and construct TES.POD prototype with induction heater and 

carrying out test operation and validation of performance. 

 

2. Further R&D of overall charging system design for loss optimization. 

 

3. The lifetime aspect of ceramic container needs to be addressed in fur-

ther research as that is a major component of TES.POD which carries 

and maintains tons of PCM referred to as the heart of TES.POD as 

well as look for a suitable coating for a ceramic container that can 

minimize the material reactivity from molten aluminium. 

 

4. Design proper encapsulation and frame for ceramic container to in-

crease the protection standard during transportation. 

 

5. After the charging system, the next significant research is to find a 

more efficient substitute TES.POD discharging technology. 
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