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ABSTRACT 

Energy is one of the essential components needed for economic growth and improvement in 

the living standard of humanity. In 2017, the global energy demand had increased by 2.1% as 

compared to the average increase of 0.9% from the last half-decade. Unfortunately, the 

conventional fuels in reserves are running out of supply while the world energy consumption 

is increasing rapidly. The full-fledged usage of fossil fuels has intensified global warming 

and its consequences. Therefore, the rapid upsurge of energy demand has forced the 

researchers to find cost-effective energy resources, which originate from renewable energy. 

The research in renewable technologies has given significant attention to alternative energy 

sources, which are environmentally friendly and economically competitive to sustain future 

demands worldwide. At present, 17% of the energy generated from renewable resources are 

contributing to the global energy demand. 

Among the accessible renewable energy sources in the world, solar energy is one of the best 

energy resources in many continents. Large-scale power generation from solar energy has 

been gaining attraction in recent times, which has helped in solving environmental issues and 

decreased the dependency on fossil fuels. In this aspect, compared to photovoltaic technology, 

solar thermal technology might provide a better solution because of the global heat energy 

requirements and cost-effective thermal storage. The major challenge of solar energy is the 

lack of its continuous availability and intermittent nature. Therefore, the energy storage 

system is a critical component to de-couple power production from solar radiation. With the 

development of efficient and cost-effective energy storage solutions, solar power has the 

potential to become an alternative to fossil fuels. Out of all energy storage technologies, 

storing the heat is one of the easiest and most economical option especially compared to 

battery-based energy storage.  

Utilizing solar energy through Concentrated Solar Power (CSP) for power generation is a 

promising option via Thermal Energy Storage (TES). Among the three types of TES, Sensible 

Heat Storage (SHS) system is a promising technological solution to store and deliver high-

quality heat for multiple thermal cycles in an economical way. In this way, it is possible for 

the TES to meet minimum baseload requirements even in the absence of required solar 

Abstract 
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radiation. Conversely, the main disadvantage of TES is high capital cost. Therefore, the 

crucial part is to develop a TES system with higher energy density using low-cost material. 

The work on the thesis is focused on high-temperature thermal energy storage, mainly the 

design, development and performance investigation of solid SHS. A high-temperature test 

facility has been built to study the performance characteristics of the TES modules. In the 

initial phase of research, the study focused on detailed experimental and numerical 

investigations on a cast steel based sensible heat thermal energy storage system using air as a 

heat transfer fluid. A dedicated test facility has been designed and developed for studying the 

performance of the storage system operating in the temperature range of 393 K to 573 K. 

Three-dimensional (3-D) and one-dimensional (1-D) models are developed for predicting the 

heat transfer characteristics of the storage system. The developed storage prototype has a shell 

and tube configuration having 19 passages in the tube side for heat transfer fluid flow. The 

performance of the storage system during the charging and discharging processes is analysed 

by varying the operating temperature range and flow velocity of air. The heat transfer 

characteristics of the system in terms of axial and radial temperature variations are recorded 

and analysed. Both the experimental and 3-D simulation results show a significant 

temperature variation in the axial direction than radial direction. The charging and 

discharging rates are found to be faster at a higher flow velocity of air. The predictions from 

both 3-D and 1-D models are consistent with the experimental data. The validated 1-D model 

can be used for real-time monitoring, control, optimisation and integration with various 

storage applications. 

In the next phase of research, the work presents the concept of developing a cost-effective 

Concrete based Thermal Energy Storage (CTES) system by performing extensive 

experimental studies and numerical simulations. A stand-alone experimental facility to study 

the performance of high-temperature thermal energy storage system, which operates up to 

773 K using air as the heat transfer fluid, has been developed. The CTES module is made of 

shell and tube configuration, where the concrete is filled in the shell side, and 22 air passages 

are provided on the tube side. The inlet air temperature and velocity are the decision 

parameters used for analyzing the thermal behaviour of the CTES module. From the spatial 

variations of temperature, it is observed that the heat transfer rate is uniform and faster along 

all radial planes, whereas, the heat transfer rate drops gradually along the length of the CTES 

module due to drop in Heat Transfer Fluid (HTF) temperature. The parametric investigation 
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conducted shows that the charging and discharging times were reduced by approximately 

48% and 29%, respectively, with a change in inlet temperature of 40 K and at a fixed air 

velocity of 2 m/s. A 3-D model for the CTES module developed using the finite element 

method has been validated with experimental results. The temperature contours plotted from 

3-D simulation describe the spatial variation of CTES temperature at different inlet air 

temperatures. Further, a 1-D dynamic model has been developed, which is fast and accurate 

with a maximum error of ±4.9 K with reference to real-time experiments and provides a 

substantial scope of integrating the CTES with industrial applications.  

In the final phase of research, a comprehensive coupling strategy is developed to evaluate the 

performance of a multi-module SHS system using the 1-D dynamic model. The validated 1-

D model developed in our previous studies is adopted to scale-up the heat storage capacity 

for large scale application. The SHS modules used in this study are made of materials such 

as cast steel, cast iron and concrete with the design similar to shell and tube configuration. 

Air is used as the heat transfer fluid at a velocity of 15.2 m/s. Six Cases are framed to evaluate 

the charging (493-573 K) and discharging (373-573 K) behaviour of SHS module coupling 

strategies in different series and/or parallel arrangements. The performance of the charging 

and the discharging processes for all the Cases are estimated and compared for forward flow 

and reverse flow patterns and reverse module arrangements. The cost of the net energy 

discharged (USD/kW-h) from each arrangement is evaluated. The result shows that the 

performance of Case 6 (three parallel channels, with two different SHS modules in each 

channel) is better in terms of heat transfer rate, however, the cost of net energy discharged in 

Case 6 is 62.26 USD/kW-h, which is very expensive. The Case 3 (six concrete in the series 

arrangement) can store and discharge more amount of heat with slow heat transfer rate, and 

the cost of net energy discharged in this Case is 1.18 USD/kW-h. The developed flowsheet 

models are highly beneficial for studying the performance of the different storage module 

arrangements along with large scale applications. 

The outcomes from the studies highlight that cast steel and concrete TES storage modules are 

the cost-effective and viable high-temperature storage option for multiple thermal cycles with 

excellent durability.
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NOMENCLATURE 

 

 

A : Area [m2] 

Cp : Specific heat [J/kg-K] 

D : Diameter of the storage module [m] 

d : Diameter [m] 

hi : Heat transfer coefficient [W/m2-K] 

k : Thermal conductivity [W/m-K] 

L : Length [m] 

M : Molecular weight of air [kg/mol] 

m : Mass [kg] 

Np or n : Number of HTF passages 

Nu : Nusselt number 

P : Pressure [N/m2] 

Pr : Prandtl number 

Q : Energy [J] 

Q  : Volumetric flow rate [m3/s] 

q : Heat transfer rate [W/m2] 

R : Universal gas constant [N m/mol-K] 

Re : Reynolds number 

T : Temperature [K]  

t : Time [s] 

Uo : Overall heat transfer coefficient [W/m2-K] 

v : Velocity of air [m/s] 

V : Volume [m3] 

Subscript 

air : air/HTF 

avg : average 

c : concrete 

ch : channel 
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e : element 

f : fluid 

i : inner 

in : inlet 

ini : initial 

Mod : module 

o : outer 

out : outlet 

s : solid 

Sur : surface 

p : HTF passage/tube 

pcd,i : inner pitch circle 

pcd,o : outer pitch circle 

tube : HTF passage (tube) 

   

Greek symbols 

  : density [kg/m3] 

  : viscosity [N s/m2] 

   

Acronym 

CSP : Concentrated solar power 

EXP : Experiment value 

HTF : Heat transfer fluid 

SHS : Sensible heat storage 

SIM : Simulation value 

TES : Thermal energy storage 

1-D : One dimensional 

3-D : Three dimensional 
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CHAPTER 1  

INTRODUCTION 

In recent years, more research activities have been focused on clean energy sources. The 

growth of population and energy demand per capita are increasing at an alarming rate. 

Therefore, alternative sources of energy which are not based on fossil fuels are getting prime 

importance. The major concern is to control the effect of climate change with sustainable 

energy solutions. The Paris Climate Agreement states that the emission of CO2 has to be 

reduced to zero by 2060 so as to prevent the rise in global average ambient temperature 

beyond 2 K (Clémençon, 2016). Hence, significant updates are required in the energy sector 

and the thesis work presented here is a tiny landmark in this energy revolution. 

1.1 The scenario of energy and renewable energy 

Energy is one of the essential components needed for the economic growth and improvement 

in living standards of mankind (U.S. Energy Information Administration, 2018). Since 1000 

B.C, fossil fuels are used as a source of energy. However, during the industrial revolution in 

 

Figure 1-1. Total electrical energy production in 2018 and an estimated renewable energy 

share (Renewables 2019 Global Status Report, 2019). 
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the middle of the 1700s and the 1800s, fossil fuels such as natural gas, coal and oil have 

provided the main contribution to all human energy needs. This scenario has continued, and 

in recent years, incessant usage of fossil fuel has created a huge impact on the environment 

through global warming, climate change and melting of polar ice (Alister Doyle, 2019). The 

continuous shrinkage of fossil fuel reserves, the increasing global inhabitants and the rapid 

upsurge of energy demand have forced the scientists to find an alternative source of energy. 

In 2018, the global demand for energy had expanded by 2.3% as compared to the average 

increase of 0.9% from the last half-decade (Renewables 2019 Global Status Report, 2019). 

Seventy percent of this energy demand is due to heating and cooling requirements raised in 

countries like the United States, China and India. Such high energy demand countries are 

adopting various technologies based on renewable sources for clean energy production. 

Renewable energy technologies are going to play a crucial part in addressing the global 

energy requirement. A recent report states that 26.2% of global electricity production in 2018 

has been contributed by the renewable energy sector (refer to Figure 1-1). Simultaneously, 

India is rapidly advancing towards meeting 40% of its total energy consumption from the 

renewable energy sector before 2030. The target includes the completion of projects such as 

100 GW from solar energy, 60 GW from the wind energy, 10 GW from the bio-energy 

resources and 5 GW from the hydropower generation by 2022 (“Year End Review 2018 - 

MNRE,” 2018). At the end of 2018, the country’s total renewable energy contribution was 

21.12% out of its total production, and which is due to 20% growth in the renewable energy 

sector during last five years (“Year End Review 2018 - MNRE,” 2018). India’s major 

renewable resource contribution is from the wind energy, and recently, the world’s largest 

solar photovoltaic projects with the capacities of 2000 MW, 1000 MW and 648 MW have 

been installed to achieve this renewable energy target (MNRE-Government of India, 2019). 

Such an increasing trend of renewable energy contribution has reduced air pollution (Panwar 

et al., 2011). Despite having a sufficient amount of renewable energy sources and the required 

technology for energy generation, the government agencies are unable to build standalone 

renewable energy-based grids. The issue is mainly due to the lack of cost-effective energy 

storage technology and the energy distribution infrastructure for transporting renewable 

energy from production to demand site. Among renewable energy sources, solar energy is 

unique due to its characteristics such as being a clean source, preventing damage to the 

ecology, fighting against climate change as well as being a small and decentralised energy 

source. Finally, the important drive for solar energy is “the sun will never stop rising for the 
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next morning”. Therefore, such resources are highly beneficial to the country that has zero 

contribution from fossil fuels. 

1.2 Role of solar power 

Solar energy can satisfy the entire energy requirement of the earth if it is successfully utilised 

(Kalogirou, 2009). The amount of sunlight continuously reaches the earth’s ground surface is 

~1.05 x 105 TW and the estimated global energy requirement for 2050 is 25-30 TW 

(Goswami, 2015). Even though a sufficient amount of solar energy is available, energy 

storage technology is required to provide continuous energy supply during off-sunshine 

hours. 

The utilisation of solar energy is mainly categorised into two technologies namely, solar 

photovoltaic (PV) system and solar thermal system (Psomopoulos, 2013). In the PV system, 

solar energy is directly converted into electrical energy for utilisation. Although solar PV 

technology is growing in popularity, it requires an enormous amount of space as compared to 

solar thermal infrastructures. Further, the performance of the PV panel reduces significantly 

with respect to an increase in ambient temperature and solar irradiance (Razak et al., 2016). 

In the years to come, disposal and recycling of PV panels will be a significant concern as 

well. E-wastes from PV panels are diffusing highly carcinogenic heavy metals like lead, 

cadmium, etc. to the environment (Brown et al., 2018).  

In the solar thermal system, radiation from the sun is converted into thermal energy and 

utilised for different applications such as power generation, process heating, drying, etc. 

Therefore, the inherent advantage of concentrated solar power (CSP) over other sources is 

that it can naturally supply heat energy directly. The solar thermal system consists of a 

collector, which is designed to convert solar radiation into thermal energy. Based on the 

temperature ranges of application, the collectors are classified as non-concentrated collector 

and CSP collector. Non-concentrating solar thermal collectors, the plate that absorbs the 

radiation acts as the collector to generate heat at a comparatively lower temperature. 

However, numerous mirrors/heliostats are used in CSP collectors to reflect the solar radiation 

at a single focus point which has a capability to generate high-quality heat (Fernández et al., 

2019). The current positive trend towards the incorporation of Thermal Energy Storage (TES) 

systems in CSP technologies will help to achieve the goal of reducing CO2 emissions by 
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decreasing fossil fuel-based energy generation. This will further bring down global fossil fuel 

consumption from 79.7% to zero (Renewables 2019 Global Status Report, 2019).  

The applicability of TES for CSP is one of the added advantages for CSP plants in comparison 

to the PV system. Globally, the favourable locations for the installation of CSP systems are 

the regions of Middle East, Northwestern and Southern India, Australia, Northwestern China, 

North Africa, Southwestern United States, Peru, Chile and Mexico (National Renewable 

Energy Laboratory, 2019). 

1.2.1 Solar thermal energy technologies 

The solar thermal technology is chosen based on the environmental condition of the plant 

location and the process application (Tian and Zhao, 2013). The following solar thermal 

collector technologies have been proven effective for both process heat and power generation 

applications: (i) parabolic trough collector, (ii) linear Fresnel collector, (iii) parabolic dish 

collector and (iv) heliostat field collector. Figure 1-2 illustrates the different types of CSP 

collectors and their operation. The operating temperature ranges of each collector technology 

are detailed in Table. 1-1. 

 

Figure 1-2. Different types of CSP collector technology adopted from the literature 

(Chamsa-ard et al., 2017). (a) parabolic trough collector, (b) parabolic dish collector, (c) 

linear Fresnel collector and (d) heliostat field collector or solar power tower. 
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1.2.1.1 Parabolic trough collector 

Parabolic trough collector is made up of curved mirror array, which is used for reflecting the 

solar radiation towards the receiver tube. The shape of the parabola is such that the receiver 

is positioned at its focal point, as illustrated in Figure 1-2(a). In general, the collector structure 

will have an approximate length of 100 m and 5 - 6 m in width. The receiver tube is made of 

the evacuated glass tube for better performance. These collectors can generate temperature 

up to 673 K (Llorente García et al., 2011). 

1.2.1.2 Parabolic dish collector 

In parabolic dish collector, a receiver drum is situated at the focal point of the collector which 

is of a dish type structure, as shown in Figure 1-2(b). Such collectors can generate temperature 

up to 1773 K. 

1.2.1.3 Linear Fresnel collector 

In contrast to the parabolic trough collector, the linear Fresnel collector is made up of multiple 

rows of flat mirror strips that are used for reflecting the solar radiation towards the downward-

facing receiver tube. The main advantage of this collector is that the mirrors used in it are 

comparatively less expensive than the ones used in the parabolic trough collectors. Due to 

ground mounting of these structures, as shown in Figure 1-2(c), the infrastructural 

requirements of this collector is low (Kalogirou, 2004). These collectors can generate up to 

573 K and direct steam generation is also possible (Buscemi et al., 2018). 

1.2.1.4 Heliostat field collector 

Heliostat field collector consists of numerous mirror arrays to reflect the solar radiation 

towards the receiver drum, as shown in Figure 1-2(d). Receiver drum or steam generator is 

placed at the top of a centrally mounted tower to generate thermal energy (Romero et al., 

2002). The key benefit of this system is that minimum heat exchangers are employed due to 

direct steam generation, which helps to minimise the transport requirements of thermal 

energy. It is possible to generate a temperature up to 1273 K using this technology. 

1.2.2 Solar tracking system 

The solar tracking systems are classified as single-axis tracking (east to west direction) and 

double axis tracking (all four directions). The single-axis tracking system will increase the 
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energy extraction by 20-25%, whereas in the double-axis tracking system, it will increase by 

40-45% (Aeron, 2019). The tracking systems are engaged to maintain the solar collectors 

perpendicular to the sun’s rays. This perpendicular position of collectors helps in increasing 

the amount of energy extracted by absorbing maximum solar radiation (Sukhatme SP, 2008). 

1.2.3 Challenges of CSP technology 

CSP technology is expected to provide higher efficiency than the PV system. However, the 

development of CSP technology has slowed down due to the multiple technical challenges 

faced during their implementations. (i) Water is one of the crucial components in CSP for the 

purpose of wet cooling towers and cleaning the collectors. The availability of water in such 

high solar radiation (dry) locations is a highly challenging aspect. Approximately 0 to 3.5 

m3/MWh of water is required for operating the current CSP plants (Bracken et al., 2015). (ii) 

The selection of a suitable Heat Transfer Fluid (HTF) is one of the crucial aspects, which is 

being chosen based on receiver type, design parameter, power generation unit, storage 

technology, the life cycle of the HTF and capital cost. Most commonly used HTFs for CSP 

application which have been reported in the literature are as follows: molten salt, thermal oil, 

water and air, however, supercritical CO2 is getting a great attention lately. Among them, 

molten salt is preferred for high-temperature applications. However, due to the freezing of 

molten salt at lower temperatures and its corrosive nature, the operation of CSP with molten 

salt requires special attention (Guillot et al., 2012). Thermal oil is favourable for operating 

under 523 K, but it is highly unsafe to use beyond this temperature. Water is one of the most 

commonly used HTF for low-temperature application considering a cost-effective solution. 

Engaging water/steam as the only heat transfer fluid for power production will decrease the 

levelized cost of energy by 11% as compared to the oil-based HTFs (Feldhoff et al., 2010). 

The main drawback of water is its unavailability and the significant corrosion rate observed 

beyond 573 K when utilised with carbon steels (Van rooyen et al., 1969). Air is one of the 

cost-effective HTF as it is freely available in the atmosphere. However, it is rarely employed 

due to its poor thermal conductivity. (iii) The selection of energy storage material and its 

sizing is a challenging task to achieve cost-effective thermal energy storage (TES) system for 

CSP. Degradation and heat transfer characteristics of storage material are the important 

factors to be considered while developing the TES system. By addressing the above-

mentioned bottlenecks, CSP community may be able to operate impeccable CSP plant. 
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1.3 Energy storage technology 

Energy Storage (ES) system is one of the important elements in the standalone renewable 

power generation sector so as to bridge the gap between demand and supply. Development 

of cost-effective ES technology can lead to an increase in the renewable energy-based power 

capacity while reducing the contribution from conventional power sources, such that the 

pollution caused due to the CO2 emissions can be minimised (Elliott, 2013). The successful 

demonstration of energy storage technology may be possible by making them cost-effective 

and reliable for the CSP plant. The benefits of ES are (Dincer and Rosen, 2011) (Kalaiselvam 

and Parameshwaran, 2014): 

 reduced cost of generated power  

 energy security 

 reduction of environmental pollution 

 reduced initial and maintenance cost. 

ES can be generally categorised into chemical, mechanical, biological, thermal and magnetic 

energy storage. Based on the energy storage time, the ES can be classified into short-term and 

long-term storage (Li et al., 2013). The current thesis work is mainly emphasised on thermal 

energy storage. In TES, the energy is stored in the form of sensible or latent or 

thermochemical heat using different storage materials. Section 1.4 will be briefing more about 

thermal energy storage technology. 
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1.4 Status of Thermal Energy Storage (TES) technology 

 

Figure 1-3. A schematic view of integrating CSP and TES technology. 

Energy requirement for power production units will be varying with respect to the time and 

seasonal constraints of the industrial, commercial and domestic sectors. TES systems will 

help to match the demand and supply synergistically considering the availability of all the 

energy sources. While integrating the TES with CSP plants, the following characteristics have 

to be considered such as high discharge efficiency, suitable temperature condition, low cost, 

low heat loss during storage, convenient availability of material and harmless to the 

environment (Zalba et al., 2003). Figure 1-3 shows the prospect of integrating TES with CSP 

technology. The heat energy is the primary driving force for CSP power plants, and without 

this continuous supply, the power generation unit cannot function 24/7 period, which leads to 

underutilization of the assets. Generally, the TES systems are also called as the regenerative 

heat exchanger, which can store and release the heat during charging and discharging 

processes. Therefore, the integration of TES with CSP will help to bring down the levelized 

cost of electricity with an increase in capacity factor and efficiency. 
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Table. 1-1 Various solar thermal energy collectors and the feasibility of their integration 

with TES (Pelay et al., 2017). 

Technology 

Operating 

temperature 

(K) 

Feasibility 

of TES 

integration 

Merits De-merits 

Parabolic trough 

collector 
393–673 Feasible 

- Low cost of 

installation. 

- The 

experimental 

response is high. 

- The 

comparatively 

large requirement 

of space. 

- Low operating 

temperature 

resulting in low 

efficiency. 

Linear Fresnel 

collector 
323–573 Feasible 

- Low cost of 

installation. 

- Low operating 

temperature 

resulting in low 

efficiency. 

Central Receiver 

Tower 
573–1273 

Highly 

feasible 

- High operating 

temperature 

resulting in high 

efficiency. 

- The 

comparatively 

large requirement 

of space. 

- High capital 

cost.  

Parabolic dish 

collector 
393–1773 Not feasible 

- Comparatively 

less space 

requirement. 

- High operating 

temperature 

resulting in high 

efficiency. 

- High capital 

cost.  

- The 

experimental 

response is low. 

1.4.1 Thermal energy storage concepts and benefits 

Globally, different concepts of thermal energy systems are adopted based on the requirements 

of end application and the availability of infrastructures. In general, active and passive storage 
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concepts are the common techniques followed to store the thermal energy, which are 

irrespective of the storage material and the heat exchanger design. 

1.4.1.1 Active storage system 

The active storage system is based on the theory of forced convective heat transfer by HTF 

to the TES material. The active storage system is subdivided as direct and indirect storage 

system. The direct storage system is one of the most challenging systems to implement in the 

real-time because the HTF also acts as the storage material. There is a necessity to find an 

HTF, which itself should have a good capacity to store the heat (Herrmann et al., 2004). 

In an indirect storage system, a separate energy storage material will be used to store the heat 

energy and heat exchangers will be used to transfer the heat between HTF and storage 

material during charging and discharging processes (Zaversky et al., 2014). Figure 1-4 

illustrates the different concepts of the active storage system reported in the literature. The 

direct storage systems are more complex than indirect storage due to the requirement of 

multiple tanks for storing HTF (Gil et al., 2010). 

1.4.1.2 Passive storage system 

In this concept, HTF is pumped to pass through the storage material for storing and releasing 

the heat during charging and discharging processes, respectively. In contrast to the active 

 

Figure 1-4. A schematic view of the active storage system (a) direct, (b) indirect. 

Conceptions are adopted from the literature (Gil et al., 2010). 
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storage system, the storage material in the passive concept is made of the solid medium (as 

shown in Figure 1-3). A detailed description of the storage materials is being discussed below. 

These storage concepts are well-recognised for their different key roles in load management 

of thermally driven systems (Mehling and Cabeza, 2008; Ö Paksoy, 2007): 

 The reliability of the thermal system is improved with TES as a standby option and 

coupled in a hybrid system with other energy sources. 

 The total power generation capacity is improved while shifting from the off-peak 

period to high-demand period.  

 Load shifting from high-tariff time to low-tariff time will decrease the energy cost. 

1.4.2 Forms of thermal energy storage systems 

The selection criteria of storage methods are purely depending on the net energy stored per 

unit volume, space, operating temperature range, and the capital investment on infrastructures 

and technology. There is a possibility to store the thermal energy using the sensible heat of a 

liquid/solid medium, the latent heat during the phase change of material and through a 

chemical reaction. Therefore, such useful energy will be stored and used subsequently.  

The primary classification of TES methods: 

 Sensible Heat Storage (SHS) 

 Latent heat storage 

 Thermochemical heat storage. 

1.4.2.1 Sensible heat storage 

In SHS, thermal energy is stored by heating solid or liquid material. The amount of thermal 

energy stored is related to the heat capacity, change in temperature and quantity of the storage 

material (Medrano et al., 2010a). The total energy stored and released is given by Eq. (1.1), 

 pQ mC T  
(1.1) 

During energy storage and discharging process, the SHS materials do not undergo any phase 

transformation, as shown in Figure 1-5. Although liquid materials such as molten salts have 

excellent heat storage properties, they are not completely successful in a commercial aspect, 
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and this is mainly due to the inherent technical challenges such as high freezing point of liquid 

salt, corrosive nature and requirement of large volume tanks. Based on different temperature 

conditions, a wide variety of SHS materials are examined for the heat storage purpose. The 

conventionally used materials are molten salts, solidly packed beds, refractory materials, 

industrial wastes, pebbles, water, hydrocarbon oils and liquid metals (Fernandez et al., 2010). 

The intrinsic characteristics of these materials facilitate energy exchange between the SHS 

material and suitable HTFs which results in a cost-effective solution. However, one of the 

technical bottlenecks of SHS is that it cannot provide consistent HTF outlet temperature 

during the discharge process. 

1.4.2.2 Latent heat storage 

In latent heat storage, thermal energy is stored/discharged during the phase change of the 

energy storage material at the nearly same temperature, as shown in Figure 1-5. Generally, 

the storage of heat is possible during the change in phase from solid to liquid, liquid to vapour 

and solid to solid. Although the energy density in liquid to vapour transition is very high, it 

is not practically employed due to the rapid change in volume (Cárdenas and León, 2013).  

 

Figure 1-5. Variation of energy with respect to temperature in Sensible and Latent heat 

storage (Louis Tse, 2016). 

The main advantages of using the latent heat storage system are: (i) less volume occupancy 

per net energy stored and (ii) constant HTF outlet temperature during the discharge process. 

The major drawbacks of using this technology are poor thermal conductivity (do Couto Aktay 
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et al., 2008), the highly corrosive nature of salts and its tendency to increase the operation 

cost of the storage unit. The total energy stored and released is given by Eq.(1.2), 

   p fQ m C T L  (1.2) 

1.4.2.3 Thermochemical energy storage 

 

Figure 1-6. Heat storage and release process in Thermochemical energy storage (Louis 

Tse, 2016). 

In thermochemical energy storage, energy is stored and released respectively during 

reversible endothermic and exothermic chemical reactions, as shown in Figure 1-6. Such 

chemical reactions will tend to break and reform the molecular bonds during reversible 

reactions. The total energy stored and released is given by Eq. (1.3), 

  eQ m h  (1.3) 

where, m,  eh and   represents mass, endothermic heat reaction and conversion-fraction 

reacted, respectively. 

The main advantage of this storage technology is its high energy density. However, 

thermochemical energy storage is yet to be sufficiently established for real-time commercial 

applications (Pardo et al., 2014). Comparatively, the primary advantage of the SHS system 
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over the other storage mechanisms is its high durability and wider operating temperature 

range of the material. The life of solid SHS material is five times more than the latent heat 

materials and ten times more than the thermochemical storage materials (Nazir et al., 2019). 

Generally, SHS materials are easily available and economically viable. Unlike the other 

storage materials, SHS materials are not corrosive to the infrastructures. On the other hand, 

due to practical challenges in implementation, thermochemical and latent heat storage 

mechanisms are not much commercialised in the high-temperature thermal energy storage 

system. However, each mechanism has its own unique merits and demerits. 

1.4.3 Potentials and barriers of TES 

Thermal energy storage is a perfect alternative energy source to match the demand and 

supply, such that it can decrease the price of the peak power and global warming by replacing 

fossil fuel sources. If the thermal energy storage is extensively incorporated with CSP plant 

and waste heat recovery, it is estimated that approximately 1.4 million GWh of energy per 

year could be saved from heating and cooling loads in the buildings and the industries. Such 

implementation will help to avoid 400 million tons of CO2 emission/year in Europe alone 

(Hauer, 2013). However, during the real-time implementation, TES is facing more number of 

challenges such as high capital cost, poor ES material life cycle and corrosion phenomenon. 

1.5 Motivation of the thesis work 

Solid sensible heat storage systems are highly durable and cost-effective for high-temperature 

thermal energy storage and discharge process. The overall performance of the high-

temperature solid SHS system is highly depended on the optimised design of the heat storage 

module and selection of storage material based on the final end-user requirement. Since the 

experimental studies are expensive, there is an apparent need to analyse the heat transfer 

behaviour of the SHS system using three-dimensional computational study, which also helps 

to predict the charging and discharging performance of the SHS system. Its practical 

implementation requires the developed numerical model of the SHS module to be validated 

through a wide range of high-temperature experimental study as well. In addition, the 

development of a simplified model for the SHS system is required to understand the overall 

system performance which can be used to facilitate the practical applicability of the system 

in various scenarios. In the current thesis work, the performance and aftermaths of the multi-
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tube solid SHS system are studied for the high-temperature range with different cost-effective 

heat storage material. 

1.6 Thesis Structure 

The thesis is organized into five chapters. A brief description of each chapter’s content is 

detailed below:  

Chapter-1 starts with the scenario of energy and renewable energy utilization pattern in India 

as well as the world. A brief introduction is provided for the various storage concepts of TES 

systems and their challenges. The importance of using the sensible heat storage system among 

available TES technology and the subsequent motivation of the present thesis work has been 

elaborated. 

In Chapter-2, the detailed literature survey is presented in the following aspects: 

 Exploring the possibilities of employing different SHS materials for high-temperature 

storage. 

 Reviewing the performance enhancement of different SHS materials in real-time. 

 Describing the design aspects of the thermal energy storage system. 

 Studies on various HTFs employed in TES systems with their merits and demerits. 

 Studies on mathematical and numerical models developed for predicting the 

performance of the TES modules. 

 Exploring the integration of different applications employed using the SHS systems. 

Chapter-3 presents the experimental and numerical investigations carried out on a cast steel 

based sensible heat thermal energy storage system using air as a heat transfer fluid. Details of 

the 3-D model using the COMSOL Multiphysics and 1-D dynamic model using the Dymola 

software, developed for predicting the performance of cast steel module are presented. 

Chapter-4 presents the experimental studies and numerical simulations carried out on 

concrete based thermal energy storage system with air as HTF. The extensive experimental 

investigation on multi-tube module for storing the high-temperature heat is discussed. Details 

of the 3-D model and 1-D dynamic model for predicting the performance of concrete thermal 

energy storage system during the charging and discharging process are presented.  
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Chapter- 5 describes an approach to estimate the performance of the high-temperature multi-

module arrangements of SHS systems. The dynamic modeling approach discussed in Chapter 3 

and Chapter 4 is used to develop the different SHS modules in series/parallel arrangements. The 

charging and discharging performance of various module arrangements is evaluated and 

discussed. The net energy discharge unit cost of different SHS module arrangements are 

calculated and presented. 

In chapter-6, important conclusions obtained from experimental and numerical investigations 

are presented. Scope for future work and recommendations are also presented in this chapter. 

1.7 Summary 

The introduction section starts with the recent global and Indian scenario of energy and 

renewable energy. It is extended with the explanation of different concentrated solar thermal 

power receiver technologies. Further, the classification of energy storage technologies and 

their respective usages are detailed. Various merits and demerits of the different thermal 

energy storage technologies with their brief concepts are explained. Design configurations of 

the different SHS modules are described as well. To sum up, the motivation and structure of 

the thesis are clearly enlightened in the order.
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CHAPTER 2  

STATE OF THE ART 

2.1 Foreword 

 

  

United Nations requested the world community to fight against rising global warming 

and other climate change issues. The solar thermal energy is found to be the best 

alternative energy source against conventional fossil fuel-based power plants, and that 

will help us to reduce the greenhouse effect. The intermittent nature of solar energy 

availability requires the effective TES system to balance both supply and demand 

during peak hours. Therefore, researchers are focused on developing an innovative low-

cost TES system for the solar thermal power application, and a considerable amount of 

research works has been reported. However, there is always a need to develop a 

compact, highly durable and cost-effective solid-phase SHS system. Selecting a cheaper 

SHS material with better thermal properties is an essential factor to achieve low-cost 

storage technology. Development of a versatile numerical model is highly essential to 

study the design aspects. The experimental validation of a thermal energy storage 

model is an important aspect before integrating them with the actual application. 

Therefore, in this chapter, a detailed literature survey on the potential cost-effective 

SHS materials, different aspects of the heat transfer fluids, various approaches for 

numerical modelling of the SHS system, and the practical applicability of solid phase 

SHS system are presented. 
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2.2 Sensible Heat Storage (SHS) materials 

The components of SHS system such as storage medium and container should be compatible 

with the HTF in terms of chemical and structural stability, non-flammability and non-toxicity 

while handling. Any material which is chemically stable, does not degrade rapidly and 

possesses the same thermal properties over multiple charging and discharging heat cycles are 

suitable for the SHS applications. Several studies have mainly focused on the development 

of energy storage material with desired characteristics for the 24/7 operation of the CSP 

plants. 

2.2.1 Liquid SHS materials 

The key benefit of liquid SHS material over the solid SHS material is that they can act as both 

energy storage medium and HTF, and such a system is called an active energy storage system 

(see Figure 1-4). It also minimizes the number of heat exchanger required between solar and 

power loop. In liquid SHS, the material undergoes a change in temperature and density during 

the process of heating and cooling. Therefore, the resultant buoyancy effect creates a thermal 

gradient within the fluid which separates itself as the hot fluid layer on top and the cold fluid 

layer on the bottom (Gil et al., 2010). 

Water is one of the suitable liquid for thermal energy storage media for industries and 

domestic applications in the range of 298 K to 363 K (Hasnain, 1998). It is toxic-free, low 

cost, and has high specific heat capacity. The size of storage tanks may vary from a few 

hundred litres to a few million litres with respect to the storage capacity. For smaller SHS 

system, storage tanks are usually made of steel, concrete wall, aluminium, and fiberglass. For 

a high capacity system, the solar ponds and underground thermal energy storage concept are 

used for storing the heat along with gravels. Both concepts reduce the infrastructure cost 

required for energy storage and allow them to store the heat in a cost-effective way (Kousksou 

et al., 2014). However, the water-based energy storage systems have drawbacks like corrosive 

nature, high vapour pressure, and high heat loss due to diffusion of steam. 

Thermal oil is explored as a thermal energy storage medium that can work for medium 

temperature (~623 K) because the vapour pressure of thermal oil is lower than the water. The 

heat capacity of thermal oil is higher than the water. Therefore, thermal oils can be used as 

both the thermal energy storage material and the HTF in solar thermal applications. As 

compared to water, thermal oil has very negligible corrosion effect with stainless steel. This 
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oil does not freeze at atmospheric temperature (~293 to 318 K), and that allows for robust 

startup and shutdown features for energy storage system without freeze protection system. 

However, the main drawback of using thermal oil is that it is expensive and has a shorter life 

span due to thermal degradation. 

The molten salt mixtures are mostly used in the high-temperature application (~873 K) such 

as CSP plants. The specific heat capacity of molten salts such as carbonate salts and fluoride 

salts are high (approx. 1.5 to 1.9 kJ/kg-K) (Ding et al., 2018). Therefore, the molten salt can 

store more heat in less volume. Different varieties of molten salts are explored for thermal 

energy storage application such as chloride, carbonate and fluoride salts with various mass 

ratio mixtures. Mohan et al. tested the performance of molten chloride salt mixtures as SHS 

material (Mohan et al., 2018). The low-cost chloride salt mixtures are found to have excellent 

thermal stability and better thermal properties than the nitrate salt mixtures (Villada et al., 

2018). However, molten chloride salt mixtures are hygroscopic and highly corrosive with 

stainless steel (SS310 and SS316) tank materials. The possibility of reducing the corrosion 

by molten salt was explored by using the electrolysis (salt purification) process, especially at 

high temperature (Ding et al., 2019). Due to this salt purification, the rate of corrosion had 

reduced by 93% after removing the impurity MgOH+ from the molten chloride salt mixtures. 

Liquid metals are widely used as HTF in a nuclear reactor and it is explored as a thermal 

energy storage medium in the solar thermal application. The operating temperature of the 

liquid metals is lower than the molten salt mixtures. The advantages for the liquid metals are 

their low viscosity, high thermal conductivity and a wide operating temperature range. The 

main drawbacks of the liquid metals are their high cost and low specific heat capacity in 

comparison with molten salts (Alva et al., 2017). 

Andreu-Cabedo et al. (2014) had measured the specific heat capacity of eutectic salt mixtures 

by adding silica nanoparticles at a different weight ratio (0.5, 1, 1.5 and 2%). The specific 

heat of 1% weight ratio mixture was found to be 25% higher than the eutectic salt mixtures, 

and such an increase in heat capacity had reduced the cost of TES material. 

Herrmann et al. (2004) had studied the techno-economic feasibility of 2-tank molten salt 

storage system for solar thermal application. The estimated cost of the molten salt system was 

found to be in the range of 30-40 USD/kWhth. Also, they proposed that by increasing the 

storage capacity for 12 h, the levelized electricity cost could be reduced by 10%. 
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Kearney et al. (2003) had analysed the possibility of using the molten salt as HTF and storage 

material in the parabolic trough collectors based CSP plants. The result has concluded that 

parabolic trough collectors with a molten salt system can provide low levelized electricity 

cost (14.2%) than the plant operated with synthetic oil consisting of a eutectic mixture of 

biphenyl/diphenyl oxide. Also, Kearney et al. (2004) had analysed the engineering aspects 

for the operation and maintenance of the CSP plants such as freeze protection of molten salts, 

CSP loop maintenance, selection of materials for piping and fitting materials, and CSP’s pre-

heat method. 

2.2.2 Solid SHS materials 

The solid SHS system is suitable for both low and high-temperature applications, and they 

are highly durable and low cost in comparison to molten salt or liquid metal-based SHS 

system. They also possess advantages like zero evaporation loss, operation in ambient 

pressure and can operate without freeze protection system. In solid SHS system, the storage 

material is in a static condition, and it can be called the passive energy storage system. The 

temperature of the solid SHS medium varies during the charging and discharging process. 

Due to this phenomenon, the HTF temperature also varies during the discharge process which 

leads to variable energy output from the SHS system. 

Lugolole et al. (2019) has compared the energy dissipation performance of sunflower oil-

based liquid SHS system and granite pebble based solid SHS system. The size of the granite 

pebble and the HTF velocity are considered as the design variable. The experimental result 

has concluded that the energy rate, exergy rate and discharging time were the function of the 

HTF flow rate and granite pebble size. The performance of the granite pebble based solid 

SHS system was found to be a better performance than the sunflower oil-based liquid SHS 

system. 

Jemmal et al. (2017) had studied the prospects of packed bed flint and quartzite rock as an 

SHS material. The result from the characterization of these rocks had concluded that the 

quartzite rock can fulfil the necessity of TES material. In addition, during the cyclic thermal 

operation, degradation of the rock was observed due to the presence of silanol in the quartzite 

rocks. This could be avoided by removing the silanol from quartzite rocks using heat 

treatment. 
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Girardi et al. (2017) had fabricated and tested two types of concrete based SHS systems such 

as: (i) concrete with recycled aggregates and (ii) concrete with polyamide fibres, steel fibres 

and metallic powders or shavings. The later one was found to be 300% more durable than the 

ordinary concrete. After the heat treatment of the SHS module at 573 K for 4 h, they found 

that the morphology of the second type material was closely packed with minimal cracks. 

Further, due to the thermal treatment, the thermal conductivity of the second type of material 

was reduced from 2.74 W/m-K to 2.13 W/m-K. 

Xu et al. (2017) had tested the degradation and thermal expansion characteristics of a low-

cost SHS material (sand saturated with thermal conductive fluid) and compared it with 

concrete based SHS system. The performance of their SHS material was found to be better 

than concrete or sand-based SHS system. Further, they suggested that the stability of the 

thermal conductive fluid should be studied for an extended period to conclude the stability of 

sand saturated with thermal conductive fluid SHS system. 

Grirate et al. (2016) had tested the thermal behaviour of different types of rock such as marble, 

basalt, cipolin, hornfels, granite and quartzite as an SHS material. The properties of the 

selected SHS materials were tested in the temperature range of 523-623 K with direct contact 

to the synthetic oil (HTF). The performance of cipolin and quartzite were found to be better 

than the other materials. 

Jemmal et al. (2016) had characterized and tested the potential of gneiss rock as a storage 

material for the packed bed TES system. The gneiss rock had been subjected to temperature 

up to 1273 K. The thermal properties of the rock sample were measured using the thermo-

gravimetric and differential thermal analyzer; also, crystalline phases and chemical 

composition of the rock were recognised using the X-ray diffraction and X-ray fluorescence 

methods, respectively. The result has proved that the selected TES material was exhibiting 

excellent thermal properties up to 823 K 

Schlipf et al. (2015) tested the feasibility of using silica sand (0.2 mm grain size) and quartz 

gravel (1-2 mm diameter) as the thermal energy storage material. The storage and discharge 

potential of these materials were found to be superior up to 823 K. The small size of sand had 

resulted in high heat storage capacity with fast charging and discharging potential. 

Klein et al. (2013) had experimented to analyse the performance of the high-temperature 

packed bed loaded with Denstone ceramic pebbles material for the solar gas turbine cycles. 
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The experiments were conducted in the temperature range of 623 - 1173 K. The temperatures 

of the HTF and storage materials were recorded across the packed bed, and the same was 

used for the validation of a numerical model for the heat transfer analysis. 

Zanganeh et al. (2012) had developed and tested the rock-based packed bed SHS system using 

air as the HTF, with the storage capacity of 6.5 MWhth. A dynamic numerical model was 

developed to solve the unsteady state heat transfer equations and the same had been validated 

with the experimental conditions. The developed model was further scaled up for the 

electricity production of 26 MWe with two storage system of capacity 7.2 GWhth each. During 

the steady cyclic behaviour of the plant, 95% of overall thermal efficiency had been achieved 

in the storage system.  

Hänchen et al. (2011) had developed and tested the magnesium silicate rock-based packed 

bed SHS system using the air as HTF at a maximum operating temperature of 793 K. Using 

the crushed rock with small particle size resulted with highest overall efficiency (90% at the 

optimal condition) of the storage. Since the size of the rock was small and the void space was 

less in-between the rocks, the heat loss was minimized despite the poor thermal conductivity. 

The main advantage of rock is that they are readily available, very cheap, non-flammable and 

non-toxic. However, the disadvantages are high-pressure drop and high HTF flow rate 

requirements. 

Brosseau et al. (2005) had performed a life cycle study to demonstrate the stability of filler 

based SHS material like quartzite rock and silica in the molten nitrate salt (HTF) environment. 

The filler loaded molten salt SHS system was able to provide a stable performance without 

degradation. 

Fricker (1991) had tested the performance of high temperature (673 K) heat storage system 

based on a natural rock as storage material and air as the HTF. The rocks were arranged in a 

pebble bed structure inside the steel container. The problem due to the ratcheting had been 

addressed by decreasing the container height with respect to diameter. Further to achieve 

optimized pressure drop and heat transfer rate, the diameter of the container was 

recommended to be maintained between 16 - 20 m. 

Beasley et al. (1985) had studied the transient behaviour of the rock-based SHS system while 

being charged by a solar air heating system. The dynamic temperature profile across the SHS 

system during discharge at no airflow condition showed that net heat was transferred from 
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high-temperature section to low-temperature section due to internal heat diffusion and natural 

convective mixing of air within the packing. The heat losses from the SHS module boundary 

to the environment had resulted in a 30% reduction in energy availability. Therefore, while 

designing the SHS module, the effect of the above-mentioned phenomenon has to be taken 

care to minimize energy loss. 

Although there were multiple choices for storing the heat in a solid medium, there was a 

parallel development in exploring concrete which is exhibiting high specific heat capacity, 

low cost, high thermal conductivity, easy adaptability, high durability, no thermal expansion 

coefficient, wide operating temperature ranges and environment-friendly. Due to its better 

stability, it does not require a storage tank for SHS material, and hence it acts as a passive 

heat storage system. Considering the advantages of concrete as SHS material, recently, 

Hoivik et al. (2019) have demonstrated the performance of two concrete based thermal energy 

storage systems of capacity 500 kWhth. The material used for TES has been mass-produced 

from a unique concrete mixture called HEATCRETE® vp1. The performance of concrete 

SHS system was analysed at the temperature of 653 K for 20 months, comprising of 279 

charging and discharging cycles. The result showed that there was no cracking or spalling on 

the TES material. The mechanical and thermal properties of the sample before and after the 

test has shown that the properties were stable. 

Felizardo et al. (2019) have tested the thermal performance and stability of the concrete 

structure with and without the refractory coatings (alumina mortar and zircon paint), and 

allowed them to be in contact with the mixture of molten salts for 1500 h. The concrete 

structure was tested by varying the temperature from 563 - 773 K. The result showed that the 

thermal conductivity of the concrete with the refractory coating has increased without 

affecting the heat capacity. The molten salt was able to penetrate with sand alone concrete, 

but it was not able to diffuse in the case of refractory coated concrete.  

The SHS system can not provide constant energy output in comparison with latent heat based 

storage system. Therefore, the integration of both systems may enable benefits like high heat 

storage density, constant temperature output during discharge, and at a low cost. To achieve 

the same, Miliozzi et al. (2019) have studied the performance of concrete SHS system by 

adding 2% of phase change material (PCM) by weight. The PCM embedded concrete material 

was found to have increased heat capacity and thermal conductivity than the stand-alone 
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concrete. The volume and cost of the PCM embedded concrete material were reduced by 10% 

compared to the stand-alone concrete based TES system. 

Many studies have reported that the expansion of concrete material might lead to a gap 

between HTF tubes and SHS material, which would result in reduced heat transfer and storage 

capacity (Khoury, 2000; Li et al., 2004; Sivakumar and Santhanam, 2007; Skinner et al., 

2014). To overcome this issue, Skinner et al. had introduced heat curing fibered paste (HCFP) 

and polytetrafluoroethylene (PTFE) layer in between the SHS material and HTF tubes. The 

stability of the concrete SHS system was tested using molten salt as the HTF by varying 

temperature from 673 – 773 K. The HCFP layer had reduced the crack formation but not to 

the expected level, and PTFE had improved the heat transfer in-between the HTF and concrete 

material (Skinner et al., 2014). 

In another approach, Ozger et al. (2013) had mixed the nylon fibre inside the concrete TES 

material to test thermal and mechanical properties by comparing it with the ordinary concrete. 

The respective thermal conductivity and specific heat capacity for the fibre reinforced 

concrete was 1.16 W/m-K and 0.63 J/kg-K, whereas for the ordinary concrete was 1.02 W/m-

K and 0.81 J/kg-K. After introducing the nylon fibres with the TES material, the thermal 

stability had increased until 773 K. After 433 K, the nylon fibres melted and filled the gaps 

generated due to spalling and this avoided the formation of cracks by bearing the thermal 

strains 

Similarly, Skinner et al. (2011) had tested the ability of the polytetrafluoroethylene (PTFE) 

and a heat-curing, fibered paste to reduce the cracks between HTF tube and concrete using 

nitrate salt as the HTF. The SHS unit was operated in the temperature range from 723 K to 

773 K. The long-term performance analysis of SHS module concluded that both interfacing 

materials were able to reduce the number of cracks in the SHS module. 

John et al. (2011) had tested concrete based thermal energy storage material using a cement 

mixture consisting of steel fibres, calcium aluminate, and polypropylene. The study 

comprised of testing the TES sample material by varying the temperature from ambient to 

773 K. The result has concluded that after ten heating and cooling cycles, the material could 

retain 75% of the compressive strength without any cracks. 

Khare et al. (2013) had proposed a methodology to identify the best suitable SHS material for 

the high-temperature TES. The proposed method used the cost of SHS material, mechanical 
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and thermal properties as an input parameter to select the best material for high-temperature 

application. The SHS materials such as alumina, silicon carbide, high-temperature concrete, 

graphite, cast iron and steel were found to be highly suitable for high-temperature application. 

The performance of SHS material was benchmarked based on the cost of thermal energy 

storage, i.e. $US/kWh. The proposed methodology concluded that the high alumina concrete 

and magnesia were found to be cost-effective material with better thermal properties 

John et al. (2013) had prepared SHS material by manipulating concrete mixture proportions 

and its unit cost of storage varied from $ 30/ kWhth to $ 0.88/ kWhth. The stability of concrete 

mixtures was tested under different operating conditions as follows: (i) The concrete sample 

was kept in a molten salt bath at 858 K for 500 h; (ii) after 500 h, the sample was exposed to 

30 cycles of charging and discharging process (between 573 - 873 K). The test result 

concluded that the concrete made out of ordinary portland cement and fly ash was found to be 

inexpensive SHS material with high specific heat and thermal conductivity. 

John et al. (2010) had tested the durability of the concrete TES material with respect to the 

heating rate. The testing material had been moulded with the water and cement ratio of 0.15 

to 0.3 at 180 MPa of compressive strength. The casted material was exposed to the heat in the 

rate of 9, 7, 5 and 3 K/min. The test samples were prepared with and without the mixing of 

polypropylene fibres. Beyond 773 K, at the heating rate of 7 K/min, the concrete mixture 

without the polypropylene fibres had lost the stability and spalling was observed. However, 

at all the heating rates, the concrete mixture with polypropylene fibres was able to withstand 

up to 873 K without any spalling. 

Guo et al. (2010) had developed a new mixture of concrete material for high-temperature TES 

application in CSP plants. They added graphite material for improving the thermal 

conductivity while basalt and bauxite rocks were added as an aggregate to enhance the 

specific heat capacity of the TES material. The new concrete mixture was found to have 

improved thermal conductivity of 2.34 W/m-K, which is higher than the conventional 

concrete (1.4 W/m-K) material used in TES. On the other hand, the mechanical strength of 

the new concrete mixture had decreased due to the addition of graphite.  

Laing et al. (2006) had compared the performance of cast-able ceramic and high-temperature 

concrete as SHS material at 663 K for storing 350 kW of energy. Due to the low cost, high 

mechanical strength and ease of handling, concrete was preferred than the ceramic. However, 
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the ceramic material was having 35% more thermal conductivity and 20% more heat capacity 

when compared to concrete. After 60 thermal cycles of charging and discharging operation, 

both materials were found to be stable, and no degradation in heat transfer was observed. 

After successful testing in lab scale, both the materials were used in a commercial application.  

2.3 Heat transfer fluid 

The HTF is a crucial component for storing and transferring of energy within the TES system. 

The efficiency and stability of the CSP plants are also based on the selection of most suitable 

heat transfer fluids and its compatibility with the SHS material. There are some parameters 

which should be considered while selecting the HTF such as low viscosity, cost-effectiveness, 

high thermal conductivity, low corrosion with infrastructure, thermal stability without the 

degradation for a longer duration, low vapour pressure, high boiling point and low melting 

point (Cordaro et al., 2011; Pacio and Wetzel, 2013). The HTF can be majorly classified 

based on the nature of the material. The materials are thermal oils, molten salts, water/steam, 

liquid metal and air/other gases (Pacio and Wetzel, 2013; Tian and Zhao, 2013). Some of the 

HTFs have the potential to act as the thermal energy storage material as well in the active 

type storage system which were previously detailed in Section 2.2.1. 

Air as HTF fluid is not studied extensively in the CSP plants. At present, Ait-Baha CSP pilot 

plant (Good et al., 2014) and Jülich solar tower (Zunft et al., 2011) are using air as the HTF. 

Though the thermal properties of air such as thermal conductivity and specific heat are more 

inferior than other commercially available HTFs, the air has its advantages such as free 

availability, high corrosion-resistance (Guillot et al., 2012) and higher operating temperature 

range of up to 1373 K. It is suitable to be used for a wide variety of thermal applications. 

Additionally, the air has excellent flowing characteristics at higher temperature due to low 

dynamic viscosity (approx. 3 × 10−5 Pa s at 773 K) (Liu et al., 2014). Apart from the air, 

supercritical CO2 and helium are being used as HTF in nuclear power and CSP plants. The 

cost of these gases is found to be affordable for the continuous operation of power plants. 

Although helium gas can be used for high-temperature applications similar to air (Xu et al., 

2010), the specific heat capacity and heat transfer efficiency are observed to be below than 

that of air. Results from National Renewable Energy Laboratory’s research have highlighted 

the possibility of using supercritical CO2 for very high-temperature CSP application (Neises 

and Turchi, 2014). 
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2.4 Design of the thermal energy storage module 

The optimal sizing of thermal storage will minimize the energy storage time and maximize 

storage capacity per unit volume of the module. The sizing of the module includes the design 

of HTF passages and the capacity of the module. Four types of thermal storage modules are 

studied in the literature, and their potentials and limitations are summarised below: 

 Water tank storage system: Water is one of the most available and cheapest material 

commonly used in the SHS system (Basecq et al., 2013). Storing of heat via hot 

aquatic containers are a well-known technology. In this type, water is directly allowed 

to pass through the solar collector, and once it attains the required storage temperature, 

it is directly stored in a well-insulated container and can be used for various 

applications.  

 Seasonal bore well storage: In this type, the energy can be stored whenever it is 

available and used whenever it is needed. Vertical pipes containing HTFs will be used 

for transferring the heat from ground level to underground level where the heat is 

stored inside the soil, gravel and clay around the different borehole provisions 

(Lanahan and Tabares-Velasco, 2017). The countries which have poor access to solar 

energy are adopting this technology for the extended usage during long winters (Gao 

et al., 2015). 

 Packed bed storage system: In this system, rocks or pebbles are the storage material 

packed inside the container. The hot/cold HTF is pumped through porous SHS 

material for charging and discharging operations (Singh et al., 2010). 

 Shell and tube heat storage system: In this configuration, the solid or liquid SHS 

materials are filled in the shell side, and tube side is used as HTF passages. HTFs like 

thermal oil, air and molten salts are commonly used for the effective heat transfer 

operation. 

From the literature mentioned above, it can be concluded that most engineering systems 

employed structural pipelines in the plants which were cylindrical in shapes. Therefore, 

implementing the cylindrical structured shell and tube heat storage system provides the 

advantage of even distribution of heat in radial planes with the minimal heat loss to the 

surroundings (Kuravi et al., 2013). 
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2.5 Modelling of the SHS system 

The optimal design of a thermal energy storage system is an influential part of achieving low 

energy cost. Mathematical models are being developed to study the optimization of the design 

configuration of the TES system. To identify the different modelling methodologies and their 

application, a more detailed literature analysis on modelling of energy storage systems is 

presented in this section. In recent times, Singh et al. (2019) have developed a 1-D model 

based on the Schumann model (refers to the transient convective heat transfer between the 

fluid and solid medium (Schumann, 1929)). The dynamic models were developed to simulate 

the fluid and solid phases of the conical shaped packed-bed TES with a volume of 1,75,000 

m3
. Various design parameters such as the thickness of the insulation, rock diameter, energy 

storage-discharge rate and shape of the storage module were analysed to estimate the overall 

performance of the storage system. During the discharging process, the minimum loss of 1% 

of the energy stored was achieved when parameters such as 3 cm of average rock diameter, 

0.6 m of insulation thickness and 553 kg/s of energy storage and discharge rate were 

considered. Also, the resultant energy and exergy efficiencies were above 98%.  

Doretti et al. (2019) have developed the 1-D model for two different concrete mixtures based 

on the lumped capacitance method. Mineral oil was used as the HTF for charging and 

discharging of the concrete TES. They suggested that the developed model is a useful tool for 

estimating the overall performance of any SHS system with less computational time as 

compared to the conventional three-dimensional model. Besides, they also proposed a 

methodology for the estimation of the thermal efficiency of the storage module. The result 

has concluded that the mass flux of the HTF was proportional to the efficiency of the storage 

module.  

Mahmood et al. (2018) have developed 1-D and 2-D dynamic models, where the storage 

characteristics of honeycomb ceramic module TES system were validated with the help of an 

experimental study. It was concluded that the computational time and cost could be reduced 

by solving the system using 1-D dynamic model while comparing it with the commercially 

available 3-D modelling software’s. 

Buscemi et al. (2018) had studied the feasibility of integrating the linear Fresnel collector and 

concrete thermal energy storage. For this, they had developed a TRANSYS model to simulate 

the performance of the overall system with the objective of optimizing the design parameters 
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such as storage volume, insulation thickness and the number of collectors. Based on the 

developed model they proposed that, for the available direct normal irradiance (~39% of 

average annual efficiency), it is possible to supply 40% of yearly baseload using power 

generated from the solar collector and SHS system. They also determined that the payback 

period could be eight years.  

Bataineh and Gharaibeh (2018) had developed a 3-D model to study the performance of the 

storage module. The material used for studying the storage module was Basalt rocks, concrete 

bed and the Dead Sea salt. The temperature range of the heat storage was from 523 K to 673 

K and the estimated capacity of the system was 136.7 MW. The performance of the SHS 

system was studied with the variation in the number of HTF tubes, diameter of charging tubes, 

number of fins, and storage volume. It took approximately three hours for charging of all 

three storage modules and the incorporation of fins played a significant role in charging. The 

results concluded that the Dead Sea salt and Basalt rocks performed superior when compared 

to other solid SHS materials. 

Montañés et al. (2018) had developed a dynamic model using the Modelica language. Several 

models were integrated to study the complete functioning of the solar power plant. The 

models included in the study were that of Sun, parabolic trough collector, thermal energy 

storage tank of molten salts, power block and influence of climatic condition. The integrated 

models were beneficial for analysing the storage concepts, design configurations and plant 

operation strategies. Regarding the TES model, the developed model was able to predict on 

par with the literature. 

Singh and Sørensen (2017) had studied the performance of concrete thermal energy storage 

system using the 3-D model. The model was employed to analyse the heat transfer from the 

fluid flow to the storage module considering with and without fins. The addition of fins on 

the heat transfer tube had decreased the charging time by 11%. The same effect was reflected 

in the energy and exergy efficiency variation as well. 

Jian et al. (2015a), (2015b) had derived an analytical solution to predict the performance of 

the SHS system by assuming the lumped capacitance concept. They derived the effective heat 

transfer coefficient equation for the lumped capacitance concept by including transient terms 

in the fluid energy equation. The dynamic lumped capacitance model was compared against 

analytical results and was validated with experimental data. They used water as the heat 
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transfer fluid and concrete as the storage material. The model-based SHS storage design 

procedure was also presented. Later, the validated model was used for the optimization of 

SHS system by minimizing energy storage cost, wherein the design parameters such as 

diameter ratio, storage length, average velocity in the tubes and the number of heat transfer 

tubes were calculated. The optimized results indicated that the optimal storage cost increased 

as the required HTF outlet temperature was increased. This finding is important because 

operating cost is a very large part of the total storage system cost when large storage capacity 

systems are considered. 

Strasser and Selvam (2014) had suggested the usage of concrete structural modules in the 

thermocline based storage systems to tackle the issues faced due to thermal ratcheting and 

material settlement. They developed a model to analyse the performance of the packed bed 

thermocline storage system and the concrete based thermocline storage system. The result 

concluded that the packed bed systems were 8.5% more efficient than the concrete based 

thermocline storage system. However, ratcheting due to the thermal stress was a significant 

concern in the packed bed system. Therefore, structured concrete based thermocline storage 

system was found to be most suitable for long-term operation of the power plant. To overcome 

the problem due to the thermal stress and expansion of the storage material, Zanganeh et al. 

(2012) had demonstrated a new concept tank in the shape of an inverted frustum. Such novel 

tanks are helpful to move the thermal expansion of material in the upward direction. 

Wu et al. (2014) had developed a transient model using the lumped capacitance method to 

analyse the discharging performance of four different configurations of concrete based 

thermocline TES system. The configurations were (a) packed-bed structure, (b) rod-bundle 

structure, (c) parallel-plate structure and (d) channel-embedded structure. The performance 

parameters analysed were structure size and HTF fluid inlet velocity. The discharging 

efficiency of the packed-bed structure was best which was followed by the rod-bundle 

configuration and then the parallel-plate configuration. The performance of channel-

embedded configuration was poor among them all. The velocity of the HTF significantly 

influenced the discharging efficiency of all the storage configurations except that of packed-

bed structure. 

Zavattoni et al. (2014) had developed a transient 3-D model to analyse the performance of 

the rock-bed based TES system. They continuously studied the performance over time for 15 

charging and discharging cycles. The developed model was having a good agreement with 
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the experimental result of 6.5 MWhth prototype system. The study was also used for analysing 

round the clock efficiency for charging, discharging and overall cycle, and they were reported 

to be 96%, 95% and 92%, respectively. 

Cascetta et al. (2014) had studied the dynamic behaviour of the packed bed TES system made 

up of spherical alumina particles considering different HTFs (air, oil and molten salt). The 

model was based on the 1-D modified Schumann model. Analysing the distribution of 

temperature inside the storage system and thermocline formation during the continuous 

charging and discharging cycle were the key objectives of the study. Usage of oil and molten 

salt had exhibited good performance after continuous cycles. However, in the case of air, the 

energy storage capacity had reduced after the few charging and discharging cycles. The result 

also suggested that using air as HTF has benefits of operating with wide operating temperature 

range and availability without environmental impact.  

Prasad and Muthukumar (2013) had developed a finite element based 3-D model for 

analysing the performance of concrete TES system of 10 MJ energy capacity in the working 

temperature range of 523 K–673 K. The heat transfer fluid used in the study was Therminol 

55, which was allowed to pass through the tubes embedded inside the concrete material. They 

analysed the concrete TES system considering a different number of fin configurations on the 

HTF tubes. The result showed that the charging time had reduced by 41.41% (charging time 

= 1187 s) and 35.48% (charging time=1307 s) for the six and four fin configurations, 

respectively. 

Bindra et al. (2013) had analysed the dynamic behaviour of the packed bed thermal energy 

storage based on the alumina particles of 3 mm size. The heat transfer inside wall and 

diffusion effects in between the particles were considered during the modelling. The model 

was able to predict the performance of the packed bed system considering the axial dispersion, 

ambient heat losses and energy storage density of the storage material. In results, low exergy 

efficiency was observed due to the higher axial dispersion and higher ambient heat losses. 

B. Xu et al. (2012) had developed the 1-D dynamic model based on the lumped capacitance 

method to predict the heat transfer coefficient between fluid and solid materials. The 

developed model was mainly used to predict the heat storage for four different configurations 

such as solid TES with a flat plate; a cylinder with HTF flowing around it; a tube with HTF 

flowing inside it; and spherical particles. Increase in the HTF flow rate was not having much 
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influence in the thermocline development and discharging efficiency. This study has given a 

framework for finding the optimized design parameters, operational strategies and 

thermocline behaviour. 

C. Xu et al. (2012) had developed a 2-D model to predict the behaviour of the discharging 

process in the pack-bed thermocline system. Molten salt was used as the HTF material. The 

developed model was used to evaluate the interstitial heat transfer coefficient, and the effect 

of the thermal conductivity of solid fillers. During the discharging process, the TES tank was 

observed with the expansion of the thermocline region in an upward direction. Based on the 

correlations in the developed model, the study had also concluded that increasing the thermal 

conductivity of solid filler material from 0 to 400 W/m-K or decreasing the interstitial heat 

transfer coefficient by 1/100th would increase the thickness of the thermocline region. Varying 

these two parameters would help to reduce the time taken for discharging and lower the 

discharging efficiency from 89.9% to 81.7%. Therefore, the study recommended not to prefer 

high thermal conductive materials for packed-bed molten-salt thermocline thermal storage 

system primarily considering the cost. 

Bai and Xu (2011) had carried out the thermal analysis of two-stage TES system through the 

numerical simulation. The material used in the first stage for storing the high temperature was 

concrete, and steam accumulator was used in the second stage for storing the low-temperature 

heat. From results, the drop in temperature from the outlets of the steam accumulator and 

concrete TES were observed throughout the discharging process. The temperature 

distribution was observed to be uniform while increasing the thermal conductivity of the 

concrete. The concept of this study would be helpful in considering the cascaded application 

of heat energy storage. 

Van Lew et al. (2011) had developed the model to simulate the packed bed TES system 

performance. The model was developed by reducing the governing equations into 

dimensionless forms and with good versatility for describing the initial and boundary 

conditions. Therefore, the results obtained from this model were a powerful and highly 

accurate solution in a short computational time. The work also details about the methodology 

of designing and operating strategies of the thermocline heat storage system. The results 

obtained were having close agreements with the experimental results from the literature 

Pacheco et al. (2002). 
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Selvam and Castro (2010) had developed a 3-D model to study the charging and discharging 

performance of the concrete based TES with different fin configuration in the HTF tubes. The 

different fin configurations in HTF tubes were an attachment of rods, plates and disks. The 

result concluded that adding four disks at the equal interval was able to reduce the charging 

time by 37%. Comparatively, the addition of two plates to the HTF tube had reduced the 

charging time by 58.6%, while eight rods configuration had reduced the charging time by 

19.4% only. Increasing the fin sizes and shapes may increase the rate of heat transfer, but it 

decreases the amount of energy stored for the same size of the storage module. 

Mawire et al. (2009) had developed a simplified 1-D model in terms of the vertical axis for 

the pebble bed TES system with thermal oil as HTF. The model was used to evaluate the 

performance of three different storage materials such as stainless steel, alumina and fused 

silica glass. The results indicated that the amount of energy stored was high in terms of 

stainless steel while the thermal stratification was high in silica glass. The material which 

possesses high value in terms of total exergy to total energy ratio was said to be the good 

thermal performance material. Therefore, alumina was exhibiting high thermal performance 

with high storage and discharged rate as compared to the fused silica. The results of the 

developed model were having a good agreement with experimental results by Mawire and 

McPherson (2009). 

Laing et al. (2008) had numerically investigated the performance of the concrete based TES 

with three different heat exchanger configurations in the temperature range between 623 K 

and 663 K. Synthetic oil was used as the HTF. Different heat exchanger configurations were 

adopted to make TES system such as tubeless, encapsulated and tube register designs. The 

heat exchanger with straight parallel tube and without any added shapes or structures was 

observed to improve the heat transfer.  

Tamme et al. (2004) had developed a numerical model based on the Modelica language to 

analyse the performance of cast-able ceramic and concrete storage material with synthetic oil 

as HTF. The rectangular storage unit was of 23 m in length with 36 simple HTF tubes. The 

storage temperature was in the range of 623 K to 663 K. The developed model was highly 

useful to study the influence and importance of design parameters in the storage system. The 

results obtained from the simulation showed that the role of storage material properties was 

not significant. The study further suggested that the economics of the storage system can be 

improved by developing optimized operation strategies. 
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Tamme et al. (2003) had studied the effect of tube arrangement in the solid SHS system 

through numerical simulations. The result concludes that if the distance between each HTF 

channel exceeds 0.08 m, the amount of energy stored would be reduced even with no heat 

loss to surrounding. Such low energy capacity was due to more radial temperature difference 

at the end of the charging process. 

Ismail and Stuginsky Jr (1999) had developed and investigated four different numerical 

models with varying assumptions to analyse the computational effort required for solving the 

packed bed storage system. The different models were Schumann’s model, a continuous solid 

phase model (storage material was assumed to behave as a continuous solid medium), a model 

with the thermal gradient in the solid particles, and a single-phase model (instantaneous 

temperatures of the solid and fluid phases were equal). The result showed that the time and 

effort required to solve the model with a thermal gradient inside the packed solid material 

was twenty times more than the Schumann’s model. Schumann’s model is one of the popular 

model employed in the study of solid thermal energy storage. It should also be noted that the 

effect of packed solid material size was high in case of the model with the thermal gradient 

in solid particles. 

Eames and Norton (1998) had developed a 3-D model based on the finite volume method to 

investigate the effect of the tank geometry on the thermal stratification. The results of the 

developed model were validated with the experiments performed. The parameters used to 

study the thermal behaviour inside the water tank were initial storage stratification profiles, 

inlet velocity and temperature of the water. The study on storage tank performance also 

considered the positions of the inlet and the outlet ports of the water with different 

temperature and velocity. The result showed that a single inlet port with a different 

temperature at inlet port resulted in poor charging performance. The improved performance 

of the storage tank could be attained by having a range of ports at a different height while the 

fluid inlet of the tank was at the height at which the resident storage tank fluid temperature 

was nearly same as that of the inlet temperature of the water. 

Aly and El-Sharkawy (1990) had developed the 1-D model to estimate the performance of 

packed bed TES concerning the thermal properties of the storage material. The developed 

model had concluded that the increase in specific heat capacity or density of the storage 

material would increase the rate and amount of energy stored. Also, the increase in thermal 

conductivity would reduce the charging time. 
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Sragovich (1989) had evaluated the performance of the high-temperature sensible heat 

storage system in transient conditions. The configuration of the TES system was tubular. The 

selected material for storage was magnesia and heat transfer fluid as air. The results were 

concluding that sudden drop in outlet temperature was observed during a shift in the flow 

from laminar to transitional. He also reported that the increase in convective heat transfer was 

observed while decreasing the HTF tube diameter. This has resulted in an increase in outlet 

temperature from the TES system. The evaluation was helpful to understand the TES system 

operation. 

Riaz (1977) had developed an analytical model to predict the dynamic performance of the 

rock-bed TES system. They developed two models based on the Schumann two-phase model 

and the single-phase model. In the Schumann two-phase model, the axial conduction of heat 

was ignored while the single-phase model was considering simple convection and conduction 

from the air to rock at the same temperature. The results of both the models were similar and 

helped to estimate the long-term performance of the TES system without complex 

simulations. 

2.6 Established applications of SHS 

The success of the SHS system depends upon the selection of appropriate energy storage 

material and application. The storage temperature range is decided based on the end-use of 

the thermal energy. In this section, various energy storage applications of the SHS system 

reported in the literature are detailed. Gibb et al. (2018) had conducted a detailed review of 

integrating TES with real-time applications operating between low and high temperatures. 

Many researchers have studied the application of SHS system for the following applications: 

steam generation for power (Martins et al., 2015), chemical process (Geyer et al., 1987), 

desalination (Gude, 2015), cooking (Okello et al., 2016), and district and water heating 

(Gudmundsson et al., 2018). These applications were integrated with either solid or liquid-

based energy storage mediums. The solid mediums used were concrete, rock and cast iron, 

whereas, in the liquid medium, synthetic oils and molten salts are most commonly used. 

Solar heating/cooling application: In many large communities, there is always a demand for 

peak power just before the business hours. Once the peak power load is balanced, the load 

requirement decreases. Mostly, the requirements are thermal management of hot water 

generation, cooking, space heating and melting the snow on roads and runways during the 
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winters (Epting et al., 2018). The project namely “Drake Landing Solar Community” had 

made a massive impact on energy saving with the proficient utilisation of available natural 

resources in borehole seasonal storage for heating applications (Mesquita et al., 2017). In 

similar projects, the cold stored during winter can be used in various buildings during summer 

for the replacement of conventional chillers. Such cooling application had facilitated 

Çukurova University Balcali Hospital in Turkey to save 10,000 MW annually (Paksoy et al., 

2000). 

Power production: CSP is one of the attractive energy conversion technologies for power 

production. However, to overcome the intermittent character of solar power, an efficient and 

cost-effective TES technology has to be integrated. Due to the high durability, high operating 

temperature range, stress-free erection, high experimental feedback and low cost, the SHS is 

mostly preferred for integration with CSP plants. 

Cooking application: Solar thermal energy-based cooking is having immense scope in the 

domestic sector. Solar steam generation projects such as the one at Brahmakumaris, India 

(CSH India, 2001) have been found to be cost-effective while addressing the cooking needs 

of small communities and districts which reduces tons of natural gas consumption every year. 

Solar Drying: The quality of the several agriculture products deteriorates due to poor storage 

provisions and poor preservation methods. The practice of drying food for its conservation is 

very common. One of the ancient technique to preserve the food is drying by solar energy. 

Continuous drying of agriculture and food products requires TES based solar dryer during the 

off-Sun period. In general, the best suitable temperature for drying the agriculture product is 

313-333 K. Lingayat et al. (2020) and Kant et al. (2016) have carried out a detailed review 

about the importance of SHS in solar dryer. The most commonly used SHS materials in solar 

drying application are Earth materials. 

Waste heat recovery: Industries such as paper and pulp mills, die casting, steelworks, 

industrial waste incineration, etc. are generating excess heat beyond their requirement. Such 

industries can save a considerable amount of energy and reduce CO2 emissions by recovering 

waste heat. This waste heat can be recovered using the compact and adequately sized SHS 

module. The recovered heat could be utilised to cope up with the heat loads in different 

applications in the industry during high peak power demand (Miró et al., 2016). 
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2.7 Literature closure 

The following conclusions are made from the above-discussed works of literature: 

 Several researchers have studied the possibility of using different solid and liquid 

sensible heat storage materials. They have analysed the potential of the material 

through various characterisation process. However, most of the identified materials 

are neither cost-effective nor highly durable for operation in the high-temperature heat 

storage. 

 The previously reported literature on solid TES was mainly focused on the 

improvement of material properties (Diago et al., 2018; Xu et al., 2017), studying the 

degradation of material properties at high temperature (Hoivik et al., 2019; John et al., 

2011; Skinner et al., 2014) and exploration of new materials (Lin et al., 2019; Lopez 

Ferber et al., 2019; Mohan et al., 2018). Very few research works have concentrated 

towards the design, modeling and experimentation of multi-tube SHS system for high-

temperature application (Buscemi et al., 2018) and very few efforts have been made 

to improve the heat transfer in a concrete based energy storage system (Girardi et al., 

2017). 

 Many researchers have reported the SHS system based on the simple configuration. 

But there is a lack of study on the shell and multi-tubes configuration design of the 

high-temperature sensible heat storage system. 

 The capital investment on the thermal energy storage materials and HTF is the primary 

stake for the high-temperature SHS system. The majority of the high-temperature CSP 

projects in operation use molten salts and thermal oils as HTF. The major issues 

concerned with these HTFs are their high capital cost, thermal degradation, 

incompatibility with heat exchanger materials due to their highly corrosive nature, and 

the requirement of additional infrastructures like freeze protection system in case of 

molten salts. 

 There is a lack of profound experimental investigations on TES systems with the cost-

effective SHS materials having high thermal conductivity and high durability for high-

temperature energy storage using ambient air as heat transfer fluid. 

 It is also observed from the literature survey that no investigator has developed a 

dynamic model for predicting the real-time performance of the solid TES system by 
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considering the actual variation in inlet temperature and velocity of HTF encountered 

during experiments. 

By considering the above-mentioned research gaps from the literature review, the 

motivation of this thesis is to expand the research in the area of thermal energy storage 

and to specifically contribute towards the understanding of the developed system of this 

study. To accomplish this, the specific goals for this work are as follows: 

 Design and fabrication of experimental setup of High-temperature TES system with 

air heater.  

 Design and development of high-temperature sensible heat storage modules that are 

made up of cast steel and concrete. 

 Develop 3-D numerical model to predict the performance of the high-temperature 

under various operating conditions. 

 Test the heat storage performances of the developed storage module at different 

operating conditions during charging and discharging processes. 

 To develop a dynamic model for simulating the performances of the SHS prototypes 

with real-time experimental conditions. 

 To study the performance of multiple-module SHS systems in different series/parallel 

arrangements using the 1-D dynamic model and to estimate the cost of the net energy 

discharged. 

2.8 Summary 

In this chapter, the detailed literature survey is presented covering the following aspects: 

 Explored the possibilities of employing different solid and liquid SHS materials for 

high-temperature storage. 

 Literature published on performance enhancement of different SHS materials in real-

time. 

 Design aspects of the thermal energy storage system. 

 Various studies regarding the different HTFs employed in TES systems with their 

merits and demerits. 

 Various studies on mathematical and numerical models developed for predicting the 

performance of the TES modules. 
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 Exploring the different applications employed using the SHS systems. 

Finally, the research gaps from reported literature have been identified and based on this, the 

principle objectives of this dissertation have been framed.
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CHAPTER 3  

STUDIES ON CAST STEEL BASED SHS SYSTEM1 

3.1 Foreword 

 

                                                 

1Content in this chapter has been published as the following research article: 

 Vigneshwaran, K., Sodhi, G.S., Muthukumar, P., Guha, A. and Senthilmurugan, S., 

2019. Experimental and numerical investigations on high temperature cast steel based 

sensible heat storage system. Applied Energy, 251, p.113322. 

 

The work presented in this chapter is focused on the design and development of a multi-

passage high-temperature SHS system with an SHS-HTF combination having a higher 

heat transfer rate at lower system cost. Cast steel and atmospheric air are chosen as the 

SHS material and HTF, respectively. The use of air highlights its potential as HTF for high-

temperature application, which further reduces the overall cost of the system. The 

experiments are designed based on the inlet process conditions for studying the thermal 

behaviour of the SHS module and the HTF fluid. To observe the intrinsic spatial behaviour 

during energy transfer between the SHS material and the air, a 3-D model based on the 

finite volume method is developed. This model helps in studying the charging and 

discharging characteristics of the SHS system. In addition, a simplified 1-D dynamic 

model is developed to study the performance of the SHS module and also to explore the 

possibility of analysing system behaviour in a relatively shorter time as compared to the 

3-D model. Numerical predictions from the developed 3-D and 1-D models are validated 

with the experiment results. Based on the results obtained, various applications of the 

SHS system are explored. 
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3.2 Description of Experimental Setup and Procedure 

3.2.1 Experimental Setup 

 

Figure 3-1. Schematic of the fully insulated experimental setup of cast steel based TES 

system with important components. 

In order to analyse the performance of the TES system in the real-time, an experimental setup 

has been designed and fabricated at the Indian Institute of Technology Guwahati. The TES 

system has been designed to have maximum flexibility in the criterion like topology, 

orientation, the quantity of storage material and placement of temperature sensors for testing 

various TES prototypes. The schematic representation given in Figure 3-1 illustrates the 

experimental setup of the TES system. The TES system comprised of several major 

components like control panel, air blower, nichrome element heaters, Pitot tube, data 

acquisition system and thermal energy storage module. Air is chosen as HTF for energy 

interaction with the storage medium. The details of the major components used in the 

experimental setup are briefed in Appendix-A. 

3.2.2 The thermal energy storage module 

The horizontal cut-section view of the SHS module is shown in Figure 3-2(a). Cast steel used 

as the storage material in the present study has a high volumetric heat capacity and thermal 

conductivity. Even though, the initial cost of the cast steel is comparatively higher than other 

solid-state storage materials such as cast iron, concrete and magnesia bricks (Gil et al., 2010), 

Blower and motor

Heater 

compartment
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cast steel is selected as the storage material due to its favourable thermal properties and no 

deformation over time. The dimensions of the storage module are given in Table. 3-1. 

Nineteen holes (HTF passages/tubes) of diameter 12.7 mm each are drilled throughout the 

length of the storage module. Nine K-Type thermocouples are used for measuring the 

temperature of the SHS module at different axial and radial locations (illustrated in Figure 

3-2 (a) and (b) and described in Table. 3-2). The total volume of the storage module is divided 

into three sections namely: ‘Section- A’, ‘Section- B’ and ‘Section- C’. Additionally, the air 

inlet and outlet temperatures of the SHS module are also measured and recorded. 

Table. 3-1 Geometric configuration of SHS module. 

SHS 

medium 

Length, L 

(mm) 

Diameter, D 

(mm) 
n NP 

Dpcd,i 

(mm) 

Dpcd,o 

(mm) 

dtube 

(mm) 

Cast-Steel 740 267 19 1, 6 and 12 110 220 12.7 

Table. 3-2 Thermocouple positions in the SHS module. 

Thermocouple 

nomenclature 

Axial length position from 

module inlet section of HTF 

(mm) 

Radial distance from 

module outer 

periphery (mm) 

A_25/A_50/A_75  22/370/718 25/50/75 

B_25/B_50/B_75  22/370/718 25/50/75 

C_25/C_50/C_75  22/370/718 25/50/75 

Table. 3-3 SHS material properties (Pilkington Solar International GmbH, 2000). 

Material ks (W/mK) Cps (J/kgK) ρs(kg/m3) 

Cast steel 40 600 7800 

The number of HTF passages are decided based on previous studies on SHS design 

optimization conducted by the author’s research team (Prasad and Muthukumar, 2013). It was 

observed that though the charging time got reduced by adding more number of tubes, there 

was a definite threshold after which the charging time does not reduce with further increase 
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in the number of HTF passages. So, SHS module with 19 tubes embedded in concrete as the 

storage medium was selected for performance evaluation. In the current study, SHS material 

has been replaced by cast steel (1.0% C) having a higher thermal conductivity and hence, 

lesser charging and discharging times are expected than the concrete module. The properties 

of cast steel are presented in Table. 3-3. The arrangement of HTF tubes in the current SHS 

module is presented in Figure 3-2(c). 

 

 

 

All dimensions are in mm

Section A

Section B

Section C
Inlet

Outlet

K- Type Thermocouple

SHS Module

HTF Passage / Tube

 12.7

 267
 101.6(a)

(b)
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Figure 3-2. (a) Isometric view of the cut sectioned SHS module with thermocouple 

positions, (b) Picture of SHS module without insulation and (c) Cross-sectional view of 

HTF passages in the SHS module. 

The module is designed by fixing a heat storage capacity as 15 MJ. The estimated mass of 

the storage medium is 309.28 kg. The volume (V) of the SHS module can be calculated as 

follows (Prasad and Muthukumar, 2013);  

 

 2 2

4
tubeV D nd L


   (3.1) 

where, D and dtube are the diameter of the SHS module and HTF passage, and L is the length 

of the SHS module. 

The amount of heat energy (Qs) stored and discharged are calculated using the following 

expressions (Prasad and Muthukumar, 2013); 

 ,( ) ( )s s s ps s avg iniQ t V C T t T   (3.2) 

 ,( ) ( )s s s ps ini s avgQ t V C T T t   
(3.3) 

where,   and Cp, are density and specific heat of SHS material. 

 

(c)

 110

 220

 12.7

All dimensions are in mm

 267

60 

30 
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3.2.3 Testing procedure 

The layout of the experimental setup is shown in Figure 3-3. The experiments can be divided 

into two major processes; (i) charging and (ii) discharging. The procedures for conducting 

the charging and discharging experiments are as follows;  

Initially, the fresh HTF (air) is drawn inside the centrifugal blower. The air is allowed to pass 

through the air heater and heated until the air reaches the temperature set point. The set point 

in the temperature controller is fixed as per the required inlet temperature specified in Table. 

3-4 and Table. 3-5. The heated air is supplied to the module through an inlet channel, and 

later this flow is divided into nineteen passages, as shown in Figure 3-2(a). As the TES system 

is not equipped with an automated PID controller, to maintain the bulk fluid at a constant 

temperature is very difficult and hence, a slight variation is observed in the inlet temperature 

of the HTF. The flow velocity is monitored at the inlet channel, immediately before the 

storage module. The charging/discharging experiment is started once the module reaches the 

initial temperature ( iniT ).  

The experiment begins with the supply of the HTF at the required temperature inside the SHS 

module. The SHS module either absorbs or releases the heat energy from or to the HTF. The 

experiment is stopped when the SHS module reaches a steady-state volume average 

temperature ( ,s avgT ). After passing through the SHS module, the air is allowed to pass to the 

atmosphere through the outlet valve. The bypass from the heater towards valve 2 is opened 

only if the inlet temperature ( ,f inT ) does not reach the required operating temperature. In such 

a case, the air is recirculated to blower and back to the heater to attain the required 

temperature. 

Before starting any charging or discharging experiment, the whole module is brought to a 

uniform volume average temperature with a minimal temperature gradient. Charging and 

discharging experiments are conducted with an initial temperature difference of 80 K between 

the module and air. After conducting charging experiment, discharging does not start 

immediately. The discharging begins only after the volume average temperature of the SHS 

module reaches a uniform temperature (Tini), and the same can be estimated once all the 
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thermocouple placed in the SHS module reaches a steady value. Therefore, charging and 

discharging experiments are not conducted in a continuous cyclic mode. 

  

Figure 3-3. Layout of TES system indicating flow directions. 

The volume average temperature of the module is estimated by dividing them into nine 

elements (e) as shown in Figure 3-4. The temperature of the respective element is measured 

with the corresponding thermocouple placed in that element. The module average is estimated 

for the complete system including the SHS volume and the HTF passage (tube) volume. The 

volume average temperature (Ts,avg) of the module is calculated using below Eq. (3.4); 

9

,

1

,

( )

( )
e s e

s avg

s

e

V T

T
V

t

t 


 

(3.4) 

To analyse the charging and discharging characteristics of the system, the experiments are 

conducted for three different HTF velocities and three different operating temperature ranges. 

All the experimental conditions are described in Table. 3-4 and Table. 3-5. 

  

Electric Control Panel

Air 

Blower
Air Heater

Data Acquisition 

System

0.8 0.5 1.7 1.3 0.4

Heat Storage Module

1.92

0
.8

Pipe ID = 0.1016 m; 

Thickness = 0.004 m

0.1016 m thickness 

insulation 

Vo2

Vo1

Vo3

Inlet 

Vo

Outlet 

Vo

- K - Type Thermocouple 

- Pitot Tube

- Valve, Vo

- 0.1016 m ID Pipeline

- 0.1016 m Thickness Insulation 

ALL DIMENSIONS ARE IN m
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Table. 3-4 Experimental conditions for the charging process. 

Experiment 

No. 
,f inT  (K) iniT  (K) 

Operating range 

(80 K) 
chv  (m/s) 

tubev

(m/s) 

1 

573 493 493-573 

4.5 20 

2 3.5 15 

3 2.5 11 

4 

523 443 443-523 

4.5 20 

5 3.5 15 

6 2.5 11 

7 

473 393 393-473 

4.5 20 

8 3.5 15 

9 2.5 11 

Table. 3-5 Experimental conditions for the discharging process. 

Experiment 

No. 
,f inT  (K) iniT  (K) 

Operating range 

(80 K) 

chv  

(m/s) 

tubev

(m/s) 

10 

493 573 573-493 

4.5 20 

11 3.5 15 

12 2.5 11 

13 

443 523 523-443 

4.5 20 

14 3.5 15 

15 2.5 11 

16 

393 473 473-393 

4.5 20 

17 3.5 15 

18 2.5 11 
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3.2.4 Error analysis for cast steel module 

The uncertainty in the calculated quantities arises due to the error associated with the various 

measured quantities (obtained from measurement devices). The methodology for estimating 

the uncertainty which is reported by Kline and Mcclintock, (1953) is used to determine the 

uncertainty of any dependent parameter (E), which depends on independent measured 

quantities. If the independent variables such as 1 2, ,..... nw w w , are depending upon the ‘E’, the 

function can be expressed as given in Eq. (3.5). The uncertainty of any parameter (E ) is 

given by Eq. (3.6). 

 1 2, ,..... nE E w w w   
(3.5) 

0.5
22 2

1 2

1 2

....
       
                     

n

n

E E E
E w w w

w w w
 (3.6) 

The estimated maximum experimental error on the mass flow rate is ± 2.2% (± 0.00109 kg/s), 

and on energy stored and discharged are ± 4.9% (± 0.7 MJ). 

 

Figure 3-4. The pictorial representation of nine elements of the SHS module representing 

various thermocouples for determining Ts,avg. 

Ts,1

Ts,2

Ts,3

Ts,4

Ts,5

Ts,7

Ts,8
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3.3 3-D model of the SHS system 

The three-dimensional (3-D) model is useful to understand the spatial behaviour of heat 

storage material during the energy exchange between the HTF and SHS module. The 3-D 

modelling of the system is carried out using the simulation tool Comsol Multiphysics 4.3a 

(COMSOL Multiphysics, 2017).  

The conjugate heat transfer problem combining the HTF flow and energy exchange is solved 

by imposing different initial and boundary conditions on the governing equations. The HTF 

flow and energy interactions between the HTF and SHS module are governed by the 

following set of equations (Niyas et al., 2015); 

Continuity equation for flow: 

.( ) 0f fv   (3.7) 

Momentum equation for flow: 

2
( )f f

f f

D v
P v

Dt


    (3.8) 

The energy equation for flow: 

2

,

( )f f

p f f f

D T
C k T

Dt

 
  

 
 (3.9) 

Heat conduction for SHS module is given by; 

2

,
s

s p s s s

T
C k T

t


 
  

 
 (3.10) 

where,  , Cp and k represent density, specific heat and thermal conductivity of the cast steel, 

respectively. P and v represent the pressure and velocity. Ts and Tf represent the temperature 

of solid (cast steel) and fluid (air). 

The numerical analysis is conducted on the basis of the following assumptions: 

1. The model is perfectly insulated, i.e. heat loss from the model to the surrounding is zero. 
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2. The storage material is isotropic and homogenous. 

3. Effect of radiation heat transfer from the system is neglected. 

The flow of air through the inlet channel is assumed to be perfectly divided into 19 passages 

inside the SHS module based on the below equation. 

,tube f in ch chnA v A v  (3.11) 

where n represents the number of HTF passages and, Atube and Ach represent the cross-section 

area of tube and channel. 

3.3.1 Initial and Boundary conditions 

The initial and boundary conditions used for solving mass, momentum and energy equations 

are given in Table. 3-6. 

Table. 3-6 Initial and boundary conditions for the 3-D model. 

  

For charging and 

discharging 

(Initial condition) 

At t =0; , 0
ini fT T v   

For SHS 

   0
, , )

0;
( ,T r z t

At z
z








 

( , , ,
 

)
  ; 0

T r z t
At z L

z








              (Adiabatic) 

   /
( , , , )

2;  0
T

At r D
r z t

z








 

For HTF 

, ,( , , , )   0; ( , , , ) ,
inf f f fin rAt z v r z t v T z t T     

   ; ( , , ,) , )( 0
atmf fn kA Tt z rPL L t P    (Atmospheric 

pressure) 

; ( , , , ) 0/ 2tube fAt r d v r z t   (no-slip) 
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3.3.2 Computational methodology 

 

Figure 3-5. 3-D model of the SHS system displaying the mesh features. 

The computational model is shown in Figure 3-5. The implicit scheme Backward 

Differentiation Formula is used for solving Eqs. (3.7) - (3.11). A parallel direct solver 

available in Comsol Multiphysics is used. Instead of using a constant time step, dynamic time 

stepping is adopted to save the computational time. The initial minimum time step and the 

maximum automatic time step are 0.001 s and 0.1 s, respectively. Since the module is 

symmetric to ‘ ’, only half diameter SHS model is simulated.  

Triangular and free tetrahedral elements are used to generate the mesh of the model. To take 

care of boundary layer effects, the fine mesh is generated near the walls, whereas, it is coarse 

in the core of the domains in order to reduce the total number of elements. The cost of 

handling computation relies upon the total number of elements. Also, the quality of the grid 

chosen to be optimum in order to match the real-time experimental data. Therefore, the grid 

is made independent of the solution quality, so that the results do not vary much after selecting 

the best possible grid size. The numerical model is solved for different grid sizes by varying 

the total number of elements as follows; 208922, 327000, 376838 and 567068. The variation 

in the volume average temperature of the module with respect to time for all grid sizes is 

plotted in to find an optimal number of elements. It is observed that the predicted volume 

average temperature is independent of the grid size for 376838 elements and above. So, in 

order to solve in lesser computation time, all subsequent simulations are carried with 376838 

elements. 

Boundary layer mesh

Fine mesh

Coarse mesh
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Figure 3-6. Volume average temperature of the module for different grid sizes. 

3.4 1-D Mathematical model and parameter estimation 

In general, 3-D models provide flexibility in terms of variation in geometrical design features, 

but due to high computational time, they cannot be employed for real-time monitoring and 

optimization. In this respect, 1-D dynamic modeling is advantageous over 3-D modeling. 

Further, the 1-D model has the following advantages:  

(i) It is possible to input the dynamic fluctuations in the HTF inlet temperature 

observed during the real-time experiments. This helps in predicting the SHS 

system behaviour more realistically, which is not possible in the case of 3-D 

modeling. 

(ii) 1-D simulations are several hundred times faster than 3-D simulations. 

(iii) It is highly feasible to integrate the developed 1-D model with a real-time 

application to study the dynamic behaviour of the system. 

(iv) Based on the downstream requirement, system capacity modulation can be varied 

easily using 1-D modeling. 
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The Modelica language is widely adopted in the automation industry to develop the real-time 

monitoring and optimization tool. Therefore, in this work, a simplified 1-D dynamic model 

for the SHS system is developed and implemented using Modelica language in Dymola 

software tool (Dassault systems, 2018). 

The objectives of the 1-D model are (i) to predict the temperature variation along the length 

of the SHS, and (ii) to estimate the output power of the HTF and charging/discharging time 

for monitoring and optimization application. To incorporate the temperature variation along 

the length, the concept of multiple Continuous Stirred Tank (CST) in series is used by 

adopting an object-oriented framework of Modelica language. From experimental results, it 

is observed that the temperature variation in the radial direction is negligible. Therefore, 

elements 1, 2 and 3 are modelled as ‘CST-1’, elements 4,5,6 are modelled as ‘CST-2’ and 

elements 7,8,9 are modelled as ‘CST-3’ (refer Figure 3-4). All three CST’s are connected in 

series. The model equations for a single CST are as given below;  

The unsteady-state mass and heat balance for HTF is given below;  

 , , , , ,( )tube f out tube f in f in f out f out

d
nV nA v v

dt
     (3.12) 

, , , , , , , , , , ,( ) ( )tube f out pf out f out tube f in f in pf in f in f out f out pf out f out

d
nV c T nA v C T v C T q

dt
      (3.13) 

The volume average temperature of the storage module is estimated by the heat balance 

between the HTF and the storage module. 

,


s avg

s ps

dT
m C q

dt
 (3.14) 

( )

ln

o tube in out

in

out

U A n T T
q

T

T

 
 

  
  
     

 (3.15) 

where n and V represent the number and volume of the HTF passages.  , v, Cpf and Tf 

represent density, velocity, specific heat and temperature of the HTF, respectively. Uo and q 

represent the overall heat transfer coefficient and heat transfer rate. 

TH-2478_146151002



Chapter 3                                                           Thesis | Studies on cast steel based SHS system 

  

55 

 

The temperature difference between HTF inlet temperature and module average temperature 

is given by; 

, ,in f in s avgT T T    (3.16) 

The HTF passage consists of drilled holes in the storage module. Hence, the conductive 

resistance due to the tube material is not taken into consideration. So, the overall heat transfer 

coefficient is estimated only based on the convective heat transfer (hi) resistance existing in 

the fluid (Bergman et al., 2011). 

o iU h  (3.17) 

The HTF pressure (P) drop is calculated by using the Hagen- Poiseuille equation (Bergman 

et al., 2011). 

,

,4

128 f avgout in
tube f avg

tube

P P
A v

L d





   
   
  

 (3.18) 

The density of air at inlet and outlet of the storage module is estimated using ideal gas law 

(Bergman et al., 2011),  

PM

RT
   (3.19) 

where, P, R and M represent the pressure, universal gas constant and molecular weight of the 

air respectively.  

Heat transfer coefficient is estimated from the dimensionless parameter Nusselt number (Nu) 

which is further expressed as a function of Reynolds number (Re) and Prandtl number (Pr) 

number in the Dittus-Boelter equation (Bergman et al., 2011). 

b cNu aRe Pr  (3.20) 

f

i

tube

Nu k
h

d
  (3.21) 
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Table. 3-7 Parameter values in the Dittus-Boelter equation. 

Parameters Values 

a 0.023 

b 0.8 

c 0.4 

The maximum estimated value of the Reynolds number for the flow conditions inside the 

HTF passage is 5048. Reynolds number (Re) and Prandtl number (Pr) are calculated as 

(Bergman et al., 2011); 

, ,

,

f avg tube f avg

f avg

d V
Re




  (3.22) 

, ,f avg pf avg

f

C
Pr

k


  (3.23) 

where  f  represents the dynamic viscosity of the fluid (air). 

The average velocity of air is given by; 

, ,

,
2

f in f out

f avg

v v
v


  (3.24) 

The total mass of the storage module (ms) is estimated by; 

2 2

4
s tube sm D d n L




 
     

 
 (3.25) 

Mass of SHS material per HTF passage,  

/
s

s tube

m
m

n
  (3.26) 
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The temperature difference between the module average and module initial temperature is 

given by; 

,s avg iniT T T    (3.27) 

The heat gained/released by the SHS module is calculated using Eqs. (3.2) and (3.3), 

respectively. Different properties of the HTF are estimated as the function of temperature 

through the following empirical equations (Zografos et al., 1987). 

1345.57( 2.6884) , 150 3000T K T K      (3.28) 

15 3 11 2 8 62.5914 10 1.4346 10 5.0523 10 4.1130 10T T T             (3.29) 

13 4 10 3 6 2 41.3864 10 6.4747 10 1.0234 10 4.3282 10 1.0613pC T T T T             (3.30) 

17 5 14 4 10 2

7 2 4 3

1.5797 10 9.46 10 2.2012 10

2.3758 10 1.7082 10 7.488 10

  

  

     

     

k T T T

T T
 (3.31) 

The model parameters of the heat transfer coefficient are unknown and have to be estimated 

from experimental data. The Dymola’s design library is used to minimize the error between 

the model prediction and the experimentally measured temperature along the length of the 

module. The decision variables for optimization are ‘a’, ‘b’ and ‘c’ of the Dittus-Boelter 

equation (refer Table. 3-7). The error function is given below (Dassault systems, 2018); 

2 2

, ,

1 , ,

( ( )) ( ( ))
( ) 1 1

( ( )) ( ( ))

 
              

    
 


t

s avg Sim f out Sim

t s avg Exp f out Exp

T t T t
Error t

T t T t
 (3.32) 

where, Sim and Exp represent the Simulation value and Experiment value, respectively. 

The methodology for 1-D dynamic model simulation is described as a flowchart given in 

Appendix-B of the thesis.  
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3.5 Results and discussion 

 

 

Figure 3-7. Validation of numerical 3-D and 1-D dynamic models with experiment results 

during (a) charging and (b) discharging processes. 
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In this section, results obtained from 3-D and 1-D mathematical models, and experimental 

studies are presented. The performance characteristics of SHS such as the energy stored and 

discharged during charging and discharging processes are also discussed in detail. The 

experiments are performed as per the design of experiments reported in Table. 3-4 and Table. 

3-5. 

Numerically predicted energy storage and discharge rates are validated with the experiment 

data. Experiment Nos. 7 and 16 are considered for the validation of numerically predicted 

charging and discharging rates, respectively. In the numerical simulation, the initial 

temperature (Tini) of the SHS module and the HTF inlet temperature (Tf,in) are fixed as 393 K 

and 473 K during charging and 473 K and 393 K during discharging. For both 1-D and 3-D 

validation studies, the velocity of the HTF (vtube) is maintained at 20 m/s. Figure 3-7(a) and 

(b) illustrates the validation of the developed thermal models with the corresponding 

experimental data in terms of energy storage and discharge rates. The flowchart given in the 

Appendix-B provides the various steps involved in the validation of 1-D dynamic modelling. 

It is observed that predictions from both 1-D and 3-D models match closely with 

experimentally estimated values within the error of ± 3.3% for the 1-D model and ± 9% for 

the 3-D model. The dynamic fluctuation in the air inlet temperature is not possible to include 

in the 3-D model simulation due to limitations in the Comsol Multiphysics 4.3a software tool. 

Even if it is possible, due to the large computational requirement, the simulation may require 

huge computational time. Therefore, the more deviation is observed in 3-D model prediction 

as compared to the 1-D model. 

3.5.1 Experimental results 

3.5.1.1 Temperature variation during charging and discharging processes 

The variation in air inlet temperature ( ,f inT ), air outlet temperature ( ,f outT ) and module 

volume average temperature ( ,s avgT ) with respect to time are shown in Figure 3-8. The air 

inlet temperature fluctuated within a temperature range of 5-8 K while conducting both 

charging and discharging experiments due to practical limitations of the temperature 

controller.  
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During the charging, the storage module was maintained at an initial temperature of 493 K 

(for instance, Experiment No. 1 is taken for discussion). ,f inT and ,f inv were maintained at 573 

K and 20 m/s, respectively. It is observed that the module temperature increases linearly with 

time till 100 min, later follows the non-linear profile and reaches an asymptotic value. 

Approximately, 70% of the total module energy is stored within 40% of the total time (119 

min) and remaining 30% of the total energy storage takes 60% of the total time (159 min). 

Similarly, for discharging, the initial module temperature was maintained at 573 K (for 

instance, Experiment No. 10 is taken for discussion), whereas ,f inT and ,f inv  were maintained 

at 493 K and 20 m/s, respectively. Also, the temperature profile shown in Figure 3-8(b) 

reflects that the discharging process is found to be similar to charging, but with heat flow 

from the module to the HTF. 

The charging and discharging experiments are stopped once the module reaches a steady-

state condition, such that no heat exchange takes place between the air and the SHS module. 

Therefore, the net heat loss from the air decreases with a reduced temperature gradient 

between the module and air. Further, this can be verified from the variation of T (HTF), 

which tends to zero at the end of the experiment. Thus, the temperature of the air at the outlet 

tends towards the inlet temperature as shown by ,f outT in Figure 3-8(a) and (b). The 

temperature profiles measured at different thermocouple locations during the charging and 

the discharging processes are shown in Figure 3-9(a) and (b). 

‘Section-A’, ‘Section-B’ and ‘Section-C’ represent temperature data of three thermocouples 

located in each of these sections (as illustrated in Figure 3-4). It is observed from the 

temperature data measured at ‘Section-A’ that the heat transfer in this section is faster as 

compared to ‘Section-B and Section C’. Such an increased heat transfer rate is observed due 

to the high-temperature difference between the air and the module at ‘Section-A’. As expected 

from the direction of heat transfer, the air temperature drops along the length of the HTF 

passages during the charging process and increases during the discharging process. 
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Figure 3-8. Variation in module volume average temperature with time during (a) charging 

and (b) discharging processes. 
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Figure 3-9. Variation in temperature at different thermocouple positions of the SHS 

module during (a) charging and (b) discharging. 

Uncertainty:  0.5 K 

Uncertainty:  0.5 K 
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3.5.1.2 Energy stored and energy discharge rates 

 

Figure 3-10. Energy profile for charging - Experiment Nos. 1/4/7.  

Figure 3-10 provides details about the amount of energy stored during the charging process. 

During this process, ,f inv was maintained at 20 m/s and ,f inT  was varied at three different inlet 

conditions 393 K, 443 K and 493 K and their respective iniT  were 473 K, 523 K and 573 K. 

As a result, the total energy stored during charging Experiment Nos. 1/ 4 / 7 was calculated 

as 13.14 MJ/ 11.85 MJ/ 11.36 MJ, respectively. For all temperature ranges discussed in the 

experiments, the rate of heat transfer and quantity of energy transfer by the air are higher at 

lower temperature range as compared to the higher temperature range. This happens primarily 

because the density of air is relatively high at low temperature. Thus, the mass flow rate and 

the amount of energy transferred by the air is higher. Hence, better system performance is 

observed at relatively lower temperatures of the air. 

While discharging, achieving a constant power output is one of the vital aspects to run any 

downstream process at steady state. To accomplish a steady-state operation, both the HTF 

flow rate and temperature need careful manipulation. Higher flowrates lead to high rate of 

Uncertainty:  0.7 MJ 
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charging and discharging, but at the same time, the temperature difference between the HTF 

inlet and outlet will be less, resulting in less utilisation of supplied heat. Higher HTF inlet 

temperature increases both the quality and the quantity of the heat stored. In the context of 

the present study, increasing the flow rate restricts the rise in HTF temperature due to lesser 

residence time inside the air heater.  

 

Figure 3-11. Energy and power profile for discharging - Experiment Nos. 10/13/16. 

On the contrary, reducing the flowrate helps to attain higher HTF inlet temperatures. In the 

current experimental investigations, flowrate and temperature of the air were manipulated and 

accordingly, different experiments were performed. For a fixed airflow rate, the heat transfer 

rate between the HTF and SHS module decreases with time due to drop in a temperature 

gradient. Hence, the obtained output power decreases linearly with time, as illustrated in 

Figure 3-11. The peak power discharged at lower operating temperature range is observed to 

be high due to the high amount of energy discharged. The trend of power (rate of energy 

discharged) and energy discharged for the temperature range of 473-393 K is almost similar 

to the range of 523-443 K. The beginning of the discharging is marked by peak power, which 

gets reduced gradually towards the end. In a sensible heat storage system, the peak power 
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output is delivered at the start of the discharging process, and this may be an advantage for 

balancing the peak load during intermittent operation. The sensible heat storage may not be 

suitable for steady power output conditions for a longer duration. 

3.5.1.3 Axial temperature variation in SHS module during charging and discharging 

processes 

The variation in temperature along the axial direction of the SHS module with time, during 

both charging and discharging processes are illustrated in Figure 3-12 (a) and (b). During the 

charging process, ,f inT and iniT were fixed as 573 K and 493 K (Experiment No. 1), 

respectively; and vice-versa in discharging (Experiment No. 10). As shown in Figure 3-2 and 

Table. 3-2, the thermocouples were located in three different axial positions at 22 mm, 378 

mm and 718 mm from the inlet of the SHS module. After 60 min of the charging process, 

approximately 18 K of temperature difference exists consecutively between the three sections 

(A, B, C) in the axial direction. This behaviour was observed until 120 min, after which the 

temperature difference between consecutive sections reduces. This happens because the heat 

transfer between the HTF and SHS module reduces gradually over time. Finally, at steady 

state, as ,f outT approaches close to ,s avgT , the temperature difference between consecutive 

sections is only 2 K. The trend of axial variation during the discharging process is similar to 

the charging process. Therefore, significant temperature variations are observed along the 

length of the SHS module during the initial period of charging and discharging processes, 

which are found to reduce over time. 
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Figure 3-12. Axial temperature variation in SHS module during (a) charging and (b) 

discharging processes. 
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3.5.1.4 Radial temperature variation during charging and discharging processes 

 

 

Figure 3-13. Radial temperature variation in SHS module during (a) charging and (b) 

discharging processes. 
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To understand the thermal behaviour of the system in the radial direction, the temperature 

variations along all the radial thermocouple locations for Experiment Nos. 1 and 10 are 

analysed. The thermocouple positions are illustrated at the bottom right corner in Figure 3-13 

(a) and (b). Due to the distribution of HTF passages uniformly in the radial direction, the 

conduction heat transfer rate is faster in all the sections. Therefore, the temperature gradient 

between any radial location is negligible at any time interval throughout charging and 

discharging processes. The same observations are conferred from the 3-D modelling results. 

This concludes that the heat transfer does not vary significantly in the radial direction as 

compared to the axial direction. 

3.5.1.5 Influence of the HTF velocity 

 

Figure 3-14. Influence of HTF velocity on Ts,avg during charging (red line) and 

discharging (blue line) between the temperature range of 443- 523 K. 

During experiments (Experiment Nos. 4/5/6 and 13/14/15), the influence of different HTF 

velocities on volume-averaged temperature (Ts,avg) of the SHS module throughout the 

charging and discharging processes are described as red and blue colour, respectively in 

Figure 3-14. The velocity of the HTF is varied to 2.5 m/s, 3.5 m/s and 4.5 m/s for both 

processes. As expected, a higher velocity of HTF increases the mass flow rate of the HTF, 
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which leads to rapid heat transfer from the HTF to the storage module. The increased heat 

transfer rate ensures that the steady-state of Ts,avg at a faster rate. The observations are the 

same in both charging and discharging processes. The rate of charging and discharging 

increases with HTF velocity and such increment is observed due to higher heat transfer 

coefficient and mass flow rate. However, based on the downstream and upstream application 

requirements, the temperature and flow rate of HTF have to be well adjusted. 

3.5.2 Analysis of SHS performance using the 3-D model 

The three-dimensional model of the SHS system is useful to visualise the physical behaviour 

of the module during the energy interactions. Additionally, it is highly useful to study the 

axial and radial temperature variations in the SHS module. The simulation result of SHS 

module for higher operating temperature range is shown in Figure 3-15. It is observed that 

there is a negligible variation of temperature in a radial direction than axial direction. This 

behaviour has also been verified from experimental observation. This is mainly due to the 

domination of conduction heat transfer in radial directions as shown in Figure 3-15. Whereas 

along the axial direction, the heat transfer rate drops gradually along the length due to the 

reduction in the temperature gradient between the HTF and the SHS module. It should be 

noted that similar behaviour is observed for other operating temperature ranges, with the only 

difference is their respective charging and discharging times. 

The numerical simulations at all three velocities namely; 11 m/s, 15 m/s and 20 m/s are 

performed. The predicted temperature contours along the module length show that the front 

end of the module attains high-temperature much faster for charging and vice-versa for 

discharging. The percentage completion of the charging and discharging processes in the 

operating temperature range of 493-573 K at different flow velocities is mentioned in Figure 

3-15. 
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Figure 3-15. Temperature contours obtained from the 3-D model results during charging 

and discharging processes at different inlet HTF velocities. 
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The predicted charging and discharging rates are found to be similar to the experimental 

results reported in Section 3.5.1. A decrease in time is observed due to an increase in the heat 

transfer rate between the air and the SHS module. At t = 13 min, the temperature contours 

during charging and discharging reveal that the heat transfer starts in a similar fashion at all 

the velocities. At t = 52 min, the charging and discharging for 20 m/s is only 7% faster than 

11 m/s. The maximum variation in the percentage charging (approximately 8.3%) between 

the highest and lowest velocity is only seen at t = 278 min. Hence, a very less reduction in 

charging or discharging time is observed with an increase in velocity. 

3.5.3 Analysis of SHS performance using the 1-D dynamic model 

The result obtained from the 1-D model is validated by comparing the model prediction with 

experimentally measured temperature of three CST’s and air outlet temperature. Here, the 

dynamic variation of the air inlet temperature during experiments is given as an input. The 

experimental CST temperature is estimated by calculating the module volume average 

temperature using the temperature readings measured at different radial locations. In the 1-D 

model, the notations A, B and C stand for CST 1,2 and 3 respectively. The variations observed 

in the volume average temperature of different sections of the SHS module are denoted by A 

(red), B (blue) and C (yellow) as shown in Figure 3-16 and Figure 3-17. The dotted lines and 

continuous lines represent the variation of Ts,avg for each section obtained through the 1-D 

simulation data and experiment data, respectively. After obtaining the initial Ts,avg and Tf,out 

profiles, the software design library follows specific procedures (refer Appendix-B section) 

to reduce the error in the profiles with reference to actual experimental Ts,avg and Tf,out data. 

After fulfilling this objective, the final simulated values of Ts,avg and Tf,out are plotted in Figure 

3-16 and Figure 3-17. During the mathematical model validation, parameters (‘a’, ‘b’ and ‘c’) 

in the Dittus- Boelter equation are updated and tabulated in Table. 3-8. The values of ‘b’ and 

‘c’ are estimated to be 0.8 and 0.4, respectively. The value of ‘a’ is varying in the range of 

2.4 to 2.72 in the case of the charging, and from 2.51 to 3 in the case of discharging. While 

charging, the coefficient ‘a’ is always increasing with respect to velocity. But in the case of 

discharging, coefficient ‘a’ is found to be constant for high HTF temperature. The updated 

values of parameters ‘a’, ‘b’ and ‘c’ are the final model variables representing the validated 

condition of the mathematical model with experimental data. The results conclude that the 

developed 1-D dynamic model can predict both charging and discharging temperature 

profiles closely, and it is feasible to integrate them with real-time applications and processes. 
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Table. 3-8 Estimation of the Dittus-Boelter co-relation parameter 'a' during charging and 

discharging processes. 

  

Charging 

Experiment No. 

vf,in 

(m/s) 

Simulated 

‘a’ value 

Discharging 

Experiment No. 

vf,in 

(m/s) 

Simulated 

‘a’ value 

1 20 2.72 10 20 3.00 

2 15 2.62 11 15 3.00 

3 11 2.45 12 11 3.00 

4 20 2.60 13 20 2.95 

5 15 2.50 14 15 2.89 

6 11 2.50 15 11 2.51 

7 20 2.50 16 20 2.73 

8 15 2.48 17 15 2.67 

9 11 2.40 18 11 2.51 
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Figure 3-16. 1-D model simulation results during charging (Experiment Nos. 1-9): variation 

of volume average temperature of 3 CST’s representing Section-A, Section-B and Section-C 

of the storage module. 
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Figure 3-17. 1-D model simulation results during discharging (Experiment Nos. 10-18): 

variation of volume average temperature of 3 CST’s representing Section-A, Section-B and 

Section-C of the storage module. 
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3.6 Summary 

In this chapter, details of experimental and numerical studies carried out on cast steel based 

high-temperature thermal energy storage system are presented. The study is mainly focused 

to understand the thermal behaviour of the storage system during the energy storage and 

discharge processes. The storage module is designed based on the shell and tube 

configuration. The shell side is composed of storage material (cast steel) and through holes 

are drilled to pass the heat transfer fluid (air). Detailed parametric investigations have been 

conducted to evaluate the variation of average temperature energy storage and discharge rate, 

axial and radial temperature distributions during charging and discharging processes. An 

experimental study was conducted at various HTF inlet temperatures and flow rates. A 3-D 

numerical model is developed using the modeling tool COMSOL Multiphysics. The developed 

model is used to understand the spatial temperature variation and heat transfer between HTF and 

storage material. Based on the experimental results obtained, a 1-D dynamic model is developed 

to study the transient behaviour of the storage module. The model is useful to scale up the 

storage characteristics to match various application and demands less computational time. 

The net storage unit cost of the cast steel module is 18.43 US$/ MJ.
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CHAPTER 4  

STUDIES ON CONCRETE BASED SHS SYSTEM2 

4.1 Foreword 

 

 

  

                                                 

2Content in this chapter has been published as the following research article: 

 Vigneshwaran, K., Sodhi, G.S., Muthukumar, P. and Subbiah, S., 2019. Concrete 

based high temperature thermal energy storage system: Experimental and numerical 

studies. Energy Conversion and Management, 198, p.111905. 

The current chapter focuses on the detailed parametric investigation on Concrete 

Thermal Energy Storage (CTES) using air as HTF.  The heat transfer between the HTF 

and the storage medium is enhanced by using high thermal conductivity HTF 

passage/tube made of copper and brazing copper fins on the outer periphery of the HTF 

passage. Experiments were performed on CTES system by varying HTF inlet temperature 

up to 688 K and velocity up to 14.9 m/s.  A dynamic thermal model for predicting the real 

time performance of CTES is developed by considering the actual experimental 

conditions. There is also an apparent need to study the thermal behaviour of high-

temperature CTES through the finite element based three-dimensional numerical model. 

Therefore, a 3-D model to evaluate the spatial behaviour of temperature inside the CTES 

module is also developed. The results of both the 3-D and 1-D dynamic models have been 

validated with the experiments. 
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4.2 A 3-D numerical model of the CTES module 

 

Figure 4-1. Model view after the development of mesh. 

The 3-D model for the CTES module is developed and the heat transfer behaviour during the 

charging and discharging processes are analysed using the Comsol Multiphysics software 

4.3a platform (COMSOL Multiphysics, 2017). Figure 4-1 shows a picture of the meshed 

CTES model. Dimensions of the developed 3-D model are equivalent to the CTES module 

discussed in Section 4.3.1. Considering the thermal symmetry of the module concerning the 

vertical axis, a half section of the CTES module is simulated to reduce the computational 

effort. The mesh is built using tetrahedral and triangular elements. As shown in Figure 4-1, 

the mesh is distributed in different domains. For example, the mesh is fine close to the fins in 

order to maintain the solution quality close to the walls and boundaries, while the mesh is 

relatively coarse in the rest of the domains. In addition, a fine boundary layer mesh is 

developed in the HTF domain close to the solid wall for better analysis of the boundary layer 

flow. 

The following assumptions are considered while performing the 3-D numerical simulation: 

1. The boundary at the air outlet and outer shell of the CTES module are considered as 

adiabatic. 

2. The CTES material is homogenous and isotropic. 

3. The radiation heat transfer is neglected. 

4. The air passing through the main channel is equally divided through various passages 

designed in the CTES module. 

The heat transfer inside the CTES module is governed by continuity, momentum and energy 

equations for air and energy equation for CTES material (Niyas et al., 2015): 
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.( ) 0airv   (4.1) 

  2air
air air

D v
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Dt


    (4.2) 

  2
,

air
p air air air

TD
c k T
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
   (4.3) 

, 2

, ,
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c p c c c avg

T
c k T

t


 
  

 
 (4.4) 

The above-mentioned governing equations of the CTES module are solved using the initial 

and boundary conditions, as stated in Table. 4-1. 

Table. 4-1 Initial and boundary conditions. 

Domain Description 

Initial conditions of 

CTES material and air 
at t = 0; ,c avg iniT T and 0airv   

Boundary condition for 

CTES material 

at z = 0;
( , , , )

0
T r z t

z





 

at z = L;
( , , , )

0
T r z t

z





             (Adiabatic) 

at r = D/2;
( , , , )

0
T r z t

r





 

Boundary condition for 

air 

at z = 0; ( , , , )  pv r z t v and ( , , , )air air,inr z t TT    

at z = L; ( ) 0air airn k T   and ( , , , ) atmLP r t P  (Atmospheric 

pressure) 

at r = di /2; ( , , , ) 0 pv r z t  (no slip) 

Based on Eq.(4.5), the air passing through the 0.1016 m channel (ch) is equally divided to the 

22 passages (p) inside the CTES module. 

   
ch p

Av Av n  (4.5) 

Multiple simulations are performed to check the variation in results due to the change in the 

grid size. The primary purpose of this test is to select an optimum mesh, such that there is a 

TH-2478_146151002



Chapter 4                                                             Thesis | Studies on concrete based SHS system 

 

80 

 

minimal change in the solution quality with a change in the mesh properties. In this study, the 

simulation for the charging process is conducted for three grid sizes having a different number 

of elements, namely: 853230, 902446 and 1085157.  

The charging temperature with respect to time for the CTES model at all three grids is plotted 

in Figure 4-2. It is observed that there is a definite reduction in charging time by changing the 

grid from 8,53,230 to 9,02,446, but there is no significant change thereafter from 9,02,446 to 

10,85,157. Therefore, the solution quality is almost independent of the change in the grid 

from 9,02,446 to 10,85,157. Hence, it is concluded that grid with 9,02,446 number of 

elements is optimum and is selected for numerical simulations. The time step is set to 0.001 

s. However, the parallel direct solver in the Comsol library employs a dynamic time step, 

which can mainly decrease the total simulation time. 

4.3 Experimental setup and methodology 

The information about the experimental setup and the operating methodology are explained 

in Section 3.2. Considering the difficulties involved in the cyclic operation of charging and 

discharging processes, both experiments were performed independently. Therefore, the initial 

volume average temperature value of the CTES module is different for both the charging and 

 

Figure 4-2. Volume average temperature of CTES module vs time for three grid sizes. 
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discharging processes and maintained at different values. The HTF velocity, operating 

temperature range, and the HTF inlet temperature are the possible process parameters used 

for testing the CTES in charging and discharging processes. The testing conditions are given 

in Table. 4-2 and Table. 4-3. 

Table. 4-2 Testing conditions for the charging process. 

Case. 

No. 

HTF inlet 

temperature 

,air inT  (K) 

CTES initial 

temperature

iniT  (K) 

Module 

average 

temperature 

at the end of 

charging 

(K) 

Operating 

range  

[70 K] 

Velocity 

at  

0.1016 m 

channel 

chv  (m/s) 

Velocity at 

each HTF 

passage/ 

tube 

pv (m/s) 

1 553 443 513 443-513 2 9.9 

2 

573 443 513 443-513 

2 9.9 

3 2.5 12.4 

4 3 14.9 

5 593 443 513 443-513 2 9.9 

Table. 4-3 Testing conditions for the discharging process. 

Case 

No. 

HTF inlet 

temperature 

,air inT  (K) 

CTES initial 

temperature

iniT  (K) 

Module 

average 

temperature 

at the end of 

discharging 

(K) 

Operating 

range  

[70 K] 

Velocity 

at  

0.1016 m 

channel 

chv  (m/s) 

Velocity 

at each 

HTF 

passage/ 

tube 

pv (m/s) 

6 

403 513 443 513-443 

2 9.9 

7 2.5 12.4 

8 3 14.9 

9 383 513 443 513-443 2 9.9 

10 363 513 443 513-443 2 9.9 
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4.3.1 Concrete thermal energy storage module 

Figure 4-3(a) depicts the isometric view of cut sectioned CTES module. Due to easy 

availability, low price and higher specific heat capacity, concrete has been selected as the 

energy storage material. The geometric configurations of the CTES module are given in 

Table. 4-5. The high-temperature CTES material mixtures have been finalised based on the 

maximum value of the material’s compressive strength to the cost (3158 kN/$) (Rao et al., 

2018). During the construction of the CTES module, to avoid the voids inside materials, a 

vibration mechanism had been employed while filling concrete mixture around the twenty-

two copper HTF passages. Five copper fins having 10 mm height and 2 mm thick were brazed 

on the outer surface of the HTF passage tubes for improving the effective thermal 

conductivity of the concrete. The number HTF passages and number of fins on the HTF tube 

were optimized (in the present case, number of HTF passage is 22 and number of fins on each 

HFT tube is 5) based on minimum charging and discharging times (Prasad and Muthukumar, 

2013). 

The performance of the CTES module is mainly analysed by monitoring the HTF velocity 

and temperatures measured at different locations of the system. The heat transfer inside the 

CTES module was measured by mounting nine Type-K thermocouples at different locations. 

The temperature of the CTES material in different radial and axial locations were recorded 

by dividing the total storage volume into three equivalent sections such as: ‘Section-A’, 

‘Section-B’ and ‘Section-C’ as shown in Figure 4-5. Considering the midpoint of each section 

and element temperature were recorded at a different radial depth of 25 mm, 50 mm and 75 

mm from the outer periphery of the CTES module, as shown in Table. 4-6. Furthermore, at 

each section, the temperature at the midpoint of the outer peripheral surface of the CTES 

module was also measured. 

Table. 4-4 Thermal properties of CTES material (Tian and Zhao, 2013). 

Storage 

medium 
,p cC (kJ/kg-K) c  (kg/m3) ck (W/m-K) 

Concrete  0.85 2200 1.5 

 

TH-2478_146151002



Chapter 4                                                             Thesis | Studies on concrete based SHS system 

 

83 

 

 

 

Figure 4-3. (a) Isometric view of cut sectioned CTES module, (b) front view and (c) side 

view of the CTES module (all dimensions are in m) with the distribution of 

thermocouples (in yellow colour) (for radial depth and angle, please refer Table. 4-6). 

 

Thermocouple

Concrete -Storage 

medium

Copper- HTF passagetube

⌀ 0.324 m

K-Type

(a)

0.13

0.324
0.26

(b) Front view

0.04

1

0.5
0.96

(c) Side view
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Figure 4-4. Snapshots of the CTES module before and after filling the concrete. 

 

Table. 4-5 Dimensions of the CTES module. 

Specification Values 

Length 1 m 

Diameter 0.324 m 

Thickness of HTF passage 0.0015 m 

Outer diameter of HTF passage 0.0127 m 

Number of fins on each tube 5 

Height of fin 0.01 m 

Thickness of fin 0.002 m 

Inner pitch circle diameter 0.13 m 

Outer pitch circle diameter 0.26 m 

Total HTF passages 22 
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Table. 4-6 Thermocouple positions in the CTES module. 

CTES 

module 

Section 

Thermocouple 

nomenclature 

Radial distance 

from module 

outer periphery 

(mm) 

Axial length position 

from module inlet 

section of HTF (mm) 

Angle 

between each 

thermocouple 

at any Section 

Section-A Tc,1/ Tc,2/ Tc,3  25/50/75 40 

120° Section-B Tc,4/ Tc,5/ Tc,6 25/50/75 500 

Section-C Tc,7/ Tc,8/ Tc,9 25/50/75 960 

The thermo-physical properties of concrete have been described in Table. 4-4. The CTES 

module has been designed based on the total energy storage capacity of the system. The mass 

of concrete, which is determined based on the storage capacity is estimated to be 170.41 kg. 

Based on the density of concrete, the volume of concrete (Vc) is calculated. The outer diameter 

of the CTES module (Dc) is calculated using Eq. (4.6) below;  

 2 2

4

 
 
 

  c c p finV L D d n V  (4.6) 

where L is the length of the CTES and dp, n and Vfin are diameter of HTF tube, number of 

tubes and total volume of fins, respectively. The amount of heat energy stored and discharged 

is calculated using the following expressions;  

Energy charged,  , ,( ) ( ) c c p c c avg iniQ t V C T t T  (4.7) 

Energy discharged,  , ,( ) ( ) c c p c ini c avgQ t V C T T t  (4.8) 

As shown in Figure 4-5, the CTES module is divided into elements (e) to estimate the volume 

average temperature (Tc,avg). By using Eq. (3.4), the Tc,avg is estimated for the whole CTES 

module volume and HTF passage volume. 

Volume average temperature, 

9

,

1
,

( )

( )
e c e

e
c avg

c

V T t

T t
V




 
(4.9) 
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Figure 4-5. The graphical representation of thermocouple nomenclature in CTES module 

with different sections and elements. 

4.3.2 Error analysis for CTES module 

The uncertainty analysis is performed in order to determine the error in the estimated 

quantities such as mass flow rate, energy-charged/discharged, etc. The error persists due to 

inaccuracy in the measured quantities recorded by different instruments. The different 

measured quantities, the instruments used to measure them and their accuracy are presented 

in Table. 4-7. Using these values, the uncertainty arising in the estimated quantities are 

determined by the using method proposed by Kline and Mcclintock, (1953). 

Table. 4-7 Accuracy of the instruments. 

Measured 

Quantity  
Units Instrument/Sensor Accuracy 

Temperature K K-type thermocouple ±0.5 

Mass of concrete kg Industrial weighing scale  ±0.5 

Velocity m/s Testo pitot tube meter ±0.1 

 

The maximum error in the estimated quantities are; energy stored = ±0.36% (±0.1206 MJ), 

energy discharged = ±0.77% (±0.0783 MJ) and mass flow rate = ±3.33% (±0.0492 kg/min). 

 

Tc,1

Tc,2

Tc,3

Tc,4

Tc,5

Tc,7

Tc,8
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4.4 A 1-D dynamic model of the CTES module 

Generally, two or three-dimensional mathematical models are employed for predicting the 

performance of any thermal systems. However, due to the high computational power, it is 

practically challenging to simulate the applications of CTES and monitor their performance 

in real-time using the mathematical models. Therefore, it is very important to predict the 

optimum operating range of the CTES module by developing a 1-D dynamic model. The real-

time monitoring and optimization of operating parameter’s ranges are made possible through 

the tool developed using the Modelica language. Therefore, the complex model has been 

simplified into a 1-D dynamic model by implementing the code developed using the Modelica 

language in Dymola software tool (Dassault systems, 2018). The objectives of the 1-D 

dynamic model of CTES module are (i) to envisage the temperature behaviour along the 

length and (ii) to evaluate the outlet temperature of the air, along with the charging and 

discharging times for real-time monitoring. In Modelica language, for evaluating the 

temperature variation along the length of the CTES module, an object-oriented framework is 

adopted by implementing the theory of Continuous Stirred Tank (CST) in series. It is evident 

from the 3-D numerical and experimental results that the heat transfer rate is fast and uniform 

in the radial direction as compared to the axial direction. Hence, Section-A, B and C are 

arranged in series and modelled as CST-1, 2, and 3, respectively. For each CST, the mass and 

energy equations are solved to calculate the outlet air and concrete temperature. The 

schematic diagram given in Figure 4-6 describes the charging processes of the CTES module, 

respectively. The analysis is made based on assumptions such as (i) Tini is considered uniform 

throughout the CTES module, (ii) properties of CTES material are maintained constant and 

(iii) air properties are considered as a function of temperature. The methodology for 1-D 

dynamic model simulation is described as a flowchart given in Appendix-B of the thesis. 

 

Figure 4-6. Simplified dynamic modeling of CTES module during the charging process 

HOT 

Air In

COLD 

Air out

CST-1 CST-2 CST-3
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In this structure, the air entering the CTES module is heated or cooled by flowing through the 

HTF passages. Step by step, the temperature of the storage material increases or decreases 

and approach towards the steady-state conditions, based on experimental design strategy. 

The heat and mass balance for single CST is given below:  

    ,

, ,

( )
  

air out

air in air out

p

p p p p

d C T
V n A n v c T v c T q

dt
 

(4.10) 

    ,

, ,
 


 air out

p p air in air out
v v

d
V n A n

dt
 

(4.11) 

Eq. (4.12) of heat balance between the HTF passages and the CTES model provides the 

possibility of calculating the volume average temperature of the CTES module. 

 
 
 


c

avg

p

dT
q mC

dt
 (4.12) 

The heat transfer rate from the air to the CTES module can also be written as, 

( )

ln

 
  

  
      

o sur in out

in

out

U A T T n
q

T
T

 (4.13) 

The temperature difference between the air and CTES module is given below, 

, ,in air in c avgT T T    (4.14) 

, ,out air out c avgT T T    (4.15) 

The HTF passages are made up of copper tubes of thickness = 0.0015 m. Therefore, the 

overall heat transfer coefficient of the CTES module is estimated using Eq. (4.16), 

   ,lnln1

2 2

   
    
              

  

c avgo
p,oi

p
p

Dd
p,o do do

o i i c

ddd

U h d k k
 (4.16) 

where, subscripts p and c represents the HTF passage/tube and concrete, respectively. The 

pressure drop of the air across the CTES module is calculated using the Hagen- Poiseuille 

equation (Biswas, 2003), 
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  ,, ,
, 4

,

128 



  
     




air avgair out air in
air avg p

p i

P P
v A

L d
 (4.17) 

The ideal gas law, Eq. (4.18), is used for calculating the density of air. 

air

air

PM

RT
   (4.18) 

The Nusselt number is estimated using the Dittus-Boelter equation (Bergman et al., 2011), 

where, a = 0.023, b = 0.8, c = 0.4 (heating) and 0.3 (cooling) are the standard value of 

parameters in the Dittus-Boelter equation. 

b cNu aRe Pr  (4.19) 

Further, the heat transfer coefficient is estimated using Eq. (4.20), 

air
i

p

Nu k
h

d
  (4.20) 

By using the data obtained through the experiments, it is possible to estimate the unknown 

model parameter values of heat transfer coefficient equation such as ‘a’, ‘b’ and ‘c’. The error 

between the predicted model and the experimental values are minimized using Dymola’s 

design library and using the error function in Eq. (4.21), where, 1D and Exp represent the 

result values of 1D dynamic modeling and experiments, respectively. 

2 2

, 1 , 1

1 , ,

( ( )) ( ( ))
( ) 1 1

( ( )) ( ( ))

t
c avg D air out D

t c avg Exp air out Exp

T t T t
Error t

T t T t

 
              

    
 

  (4.21) 

During 1-D model simulations, the initial conditions considered are (i) velocity of air: vout = 

vin and (ii) initial temperature of CTES module: 443 K (for charging process) and 513 K (for 

discharging process). 

4.5 Results and discussion 

The results obtained from the numerical models and experimental studies are described in 

this section. Figure 4-7 details about the validation of numerically predicted volume average 

temperature of CTES module versus time with experimental measurements. The results 

obtained from 3-D and 1-D numerical models are matching closely with the experimental 

values with a maximum error of ±6 K for the 3-D model and ±4.9 K for the 1-D model. The 
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deviation observed in the 1-D model is less because of the dynamic real-time inlet temperature 

of the air, whereas the tool used for the 3-D model has a limitation with the same. 

(a) 

 

(b) 

 

Figure 4-7. Validation of numerical models (a) charging and (b) discharging processes. 
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4.5.1 Results of 3-D modeling of CTES module 

The 3-D numerical model result describes the physical behaviour of the module subjected to 

charging and discharging conditions of velocity and inlet temperature of the air. All charging 

and discharging simulations are performed as per experimental conditions described in Table. 

4-2 and Table. 4-3. The temperature contours and percentage of charging completion at 

different intervals during the charging process are plotted in Figure 4-8. Simulations are 

performed at three different HTF inlet temperatures: 553 K, 573 K and 593 K. In all the 

simulations, the initial and final volume average temperatures of the module are considered 

as 443 K and 513 K, during the charging process and vice-versa for the discharging process. 

The HTF inlet velocity is fixed as 9.97 m/s in all the three cases. It is to be noted that velocity 

of 9.97 m/s in every single tube having a diameter of 9.7 mm, is an equivalent of the flow 

velocity of 2 m/s in the main air supply channel having a diameter of 0.1016 m. It is observed 

that there is a significant variation in temperature development across all the three cases 

having the different inlet temperatures mentioned above. 

During charging, it is observed that the heat transfer rate is relatively higher for a high inlet 

HTF temperature. When the charging approaches the end, the heat transfer rate becomes 

slower with a decrease in HTF temperature. This happens due to the decrease in the 

temperature difference between the HTF and the volume average temperature of the module. 

At t = 234 min, the model with an inlet temperature of 593 K is charged completely, whereas 

the models with inlet HTF temperature of 553 K and 573 K are charged by 74.7% and 87.4%, 

respectively. The temperature variation scale reflects that the temperature varies from higher 

to lower values from the inlet section to the outlet section. When the volume average 

temperature of the concrete reaches 513 K, then the charging process is completed. As shown 

in Figure 4-9, during discharging, the inlet HTF temperature is varied in a similar fashion 

with values; 403 K, 383 K and 363 K. A similar result is observed during discharging, wherein 

the case with inlet HTF temperature of 363 K discharges rapidly as compared to other cases. 

At t = 96 min, the model with an inlet temperature of 363 K is discharged completely with a 

volume average temperature of 443 K, whereas 85.1% and 70.5% of discharging are 

completed for inlet temperature of 383 K and 403 K, respectively. Also, one can observe that 

the discharging is relatively faster than charging for all the cases within a fixed temperature 

range of 443 K – 513 K. This may happen due to a higher density of air at lower inlet HTF 

temperatures during discharging, which increases the flow rate of air passing through the 

tubes. The same can be observed in the experimental results presented in Section 4.5.2. 
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Charging 443-513 K (vp,in = 9.9 m/s) 

 Tair,in= 553 K Tair,in= 573 K Tair,in= 593 K 

 

t=10 

min 

 

t=60 

min 

t=12

0 min 

t=23

4 min 

Figure 4-8. Graphical view of the 3-D model result: charging processes. 

K   
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Discharging 513 - 443 K (vp,in = 9.9 m/s) 

 Tair,in= 403 K Tair,in= 383 K Tair,in= 363 K 

 

t=10 

min 

 

t=30 

min 

t=60 

min 

t=96 

min 

Figure 4-9. Graphical view of the 3-D model result: discharging processes. 

K 
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4.5.2 Experimental results of the CTES module 

Several experimental studies have been conducted on the CTES module by varying HTF 

velocity and HTF inlet temperatures with an objective to analyse the thermal performance of 

the CTES module. The charging and discharging conditions are reported in Table. 4-2 and 

Table. 4-3. The charging and discharging experiments are said to be complete once Tc,avg 

reaches 513 K and 443 K, respectively. It should be noted that the pressure drop across the 

CTES module is found to be insignificant with respect to the variation in the operating 

parameter. The observed pressure drop across the CTES module varies between 100 – 120 

Pa. 

4.5.2.1 Variations of the surface temperature of CTES during charging and discharging 

processes 

 

Figure 4-10. Variations of local temperatures in the charging process (a) CTES module and 

(b) Ambient, module and insulation surface. 

Uncertainty:  0.5 K 
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Figure 4-11. Variations of local temperatures in the discharging process (a) CTES module 

and (b) Ambient, module and insulation surface. 

Figure 4-10 shows the temperature profile across the module length and diameter, along with 

module average temperature Tc,avg, air inlet temperature Tair,in and air outlet temperature 

Tair,out. A slight fluctuation was observed in the air inlet temperature due to the practical 

difficulty in maintaining an isothermal condition. To analyse the thermal behaviour of the 

CTES module in high-temperature applications, air was maintained at 688 K (Tair,in) and 2.5 

m/s velocity at the inlet of the CTES module. The module was charged by increasing the 

temperature from 373 K to 603 K. The charging is stopped when the module average 

temperature reaches to an asymptotic value, and the variation in Tc,avg is minimal after this 

point, and thus the net heat transfer between the air to the module is minimal. By using Eq. 

(4.7), the total energy stored in the module is calculated as 32.8 MJ. It is prominent from the 

Tc,avg value in Figure 4-10 that 46 % (i.e. 15.14 MJ) of the energy was stored within 100 min, 

and rest 54 % (i.e. 17.66 MJ) took 401 min. The fast charging in the initial period is mainly 

due to the high-temperature difference between air and module. During discharge, the module 

is cooled from 513 to 443 K, wherein, the Tair,in is maintained at 403 K and vin is fixed at 2 

m/s. The trend of the discharging curves are shown in Figure 4-11, and it is found to have 

similar behaviour of the charging process. 

Uncertainty:  0.5 K 

TH-2478_146151002



Chapter 4                                                             Thesis | Studies on concrete based SHS system 

 

96 

 

4.5.2.2 Effect of HTF velocity on charging and discharging rates 

 

Figure 4-12. Effect of air velocity (vin) on charging and discharging rates. 

Figure 4-12 describes the effect of air velocity on the variation in volume average temperature 

of the CTES module during charging and discharging processes. During this analysis, the 

inlet temperature of the air (Tair,in) was maintained constantly at 573 K and 403 K for charging 

and discharging processes, respectively. The energy was stored in the temperature range of 

443-513 K. The charging and discharging experiments were performed for three different 

velocities (vin = 2 m/s, 2.5 m/s and 3 m/s). By increasing the velocity, the mass flow rate of 

air increases which leads to the rise in the heat transfer rate. 

4.5.2.3 Spatial variations of temperature in the CTES module 

In this section, the test result of Case Nos. 5 and 6 are analysed for studying the spatial 

variations of temperature during charging and discharging processes, respectively. Figure 

4-13 and Figure 4-14 depict the change in temperature during charging and discharging 

processes measured at different sections of the CTES module (illustrated in Figure 4-5). As 

described in the 3-D simulation results, the experimental results also concluded that ‘Section-
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A’ (nearby air inlet), can absorb and release the heat at a faster rate than ‘Section-B’ and 

‘Section-C’. 

 

Figure 4-13. Variation in temperature at different sections in the CTES module during the 

charging process. 

 

Figure 4-14. Variation in temperature at different sections in the CTES module during the 

discharging process. 
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the radial direction as compared to the axial direction due to a drop in HTF temperature along 

the length. 

4.5.2.4 Thermal energy storage and discharge rates of the CTES module 

 

Figure 4-15. Influence of air inlet temperature on energy storage/discharge rate. 

The red and blue colour in Figure 4-15 denotes the rate of energy stored and discharged 

calculated at the different air inlet temperatures, respectively. The amount of energy 

stored/discharged to/from the CTES module are estimated using Eqs. (4.7) and (4.8). It is 

observed that the results are directly proportional to the Tc,avg of the CTES module. The 

experimental Case Nos. 1, 2, 5 and 6, 9, 10 as mentioned in and are taken for the analysis of 

charging and discharging processes, respectively. During charging process, the percentage 

reduction in charging time when the Tair,in is increased from 553 K to 573 K is 28.9% and 

while further increasing the Tair,in to 593 K, the charging time is decreased by 25.9%. 

Similarly, with reference to Tair,in at 403 K, the percentage reduction in discharging time 

decrease from 22.3% to 10.9% when decreased Tair,in from 383 K and 363 K, respectively. 

Figure 4-16 depicts the variation of power and energy while discharging the heat from the 

CTES module for Case Nos. 6, 9, 10. At a fixed velocity, the discharging process always 

delivers peak power initially; however, the power delivered from the CTES module decreases 
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over time. Therefore, along the discharging process, achieving constant power output is viable 

by manipulating the inlet air velocity for the downstream process. Delivering such peak power 

during the initial phase of discharging is well appropriated for balancing the sudden high 

power demand during the busy hours. 

 

Figure 4-16. Power and energy variation during the discharging process. 

Table. 4-8 summarizes the storage and discharge characteristics of the CTES module. In this 

study, the experiments have been performed for different operating conditions to analyse 

system performance. However, to adopt this system in industrial application, one has to study 

the upstream and downstream processes requirements to fix the operating condition (vin and 

Tair,in). 
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Table. 4-8 Measured storage and discharge characteristics of the CTES module during 

charging and discharging processes. 

vch,  

(m/s) 

Tair,in  

(K) 

Initial 

Tc,avg 

(K) 

Final 

Tc,avg 

(K) 

t 

(min) 

Qc  

(MJ) 

Qd 

(MJ) 

QCTES 

kW.h 

QCTES 

(kW.h/m3) 

QCTES 

(kW.h/kg) 

2.5 688 373 603 501 32.8 

- 

9.11 117.6 0.0534 

2.0 553 443 513 451 

10.13 2.81 36.28 0.0164 

2.0 573 443 513 321 

2.5 573 443 513 212 

3.0 573 443 513 167 

2.0 593 443 513 238 

2.0 403 513 443 179 

- 10.13 2.81 36.28 0.0164 

2.5 403 513 443 139 

3.0 403 513 443 130 

2.0 383 513 443 139 

2.0 363 513 443 127 

4.5.3 Predicted results - dynamic modeling 

The validation of the 1-D dynamic model is confirmed by matching values of Tc,avg and Tair,out 

from the predicted model with the experimental outputs. The nomenclature A, B and C used 

in legends given in Figure 4-17 and Figure 4-18 represent the CST 1,2 and 3, respectively. 

The individual average temperatures of Section A, B and C computed from the 1-D model 

have been validated with the average temperature data of these sections obtained from the 

experiments. In 3-D simulations, Tair,in is fixed as a constant value, whereas in 1-D simulation, 

the air inlet temperature values recorded from experiments are fed as input. This dynamic 

input reduced the error on predicted CST temperatures. While validating the 1-D model, the 

estimated model parameters given in Eq. (4.19) are listed in Table. 4-9. Figure 4-17 and 

Figure 4-18 describe the performance of a 1-D dynamic model with real-time experimental 

data. It is clear from the predicted 1-D model results that the model is able to closely predict 

the performance of the CTES module during charging and discharging processes. 
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Table. 4-9 Parameter estimation in different cases of CTES module. 

 

 

 

 

 

 

 

 

 

 

Case 

No. 
vp (m/s) 

Tair,in 

(K) 

model parameter value in 

simulation 

‘a’  ‘b’ ‘c’ 

1 9.90 553 0.020 0.818 0.403 

2 9.90 573 0.023 0.841 0.420 

3 12.4 573 0.023 0.851 0.336 

4 14.9 573 0.027 0.828 0.347 

5 9.90 593 0.026 0.828 0.680 

6 9.90 403 0.014 0.890 0.102 

7 12.4 403 0.033 0.798 0.133 

8 14.9 403 0.045 0.790 0.344 

9 9.90 383 0.020 0.705 0.410 

10 9.90 363 0.019 0.848 0.100 
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Figure 4-17. Results of 1-D modeling during charging: volume average temperature of CTES module vs time. 
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Figure 4-18. Results of 1-D modeling during discharging: volume average temperature of CTES module vs time.
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4.5.3.1 Variation in overall heat transfer coefficient (Uo) during charging and discharging 

processes 

The overall heat transfer coefficient is found to vary significantly during both the charging 

and discharging processes. Since the 1-D model is fitted with the real-time experimental data, 

estimated Uo values reflect the overall behaviour during the experiments. The effect of 

velocity on Uo during charging and discharging processes at near-constant inlet temperature 

are described in Figure 4-19. The value of Uo for charging experiments for Case Nos. 2, 3, 4 

and discharging experiments for Case Nos. 6, 7, 8 (refer Table. 4-2 and Table. 4-3) show that 

Uo increases with an increase in velocity. Uo increases from 25.4 to 32.75 W/m2-K as the 

velocity increases from 2 to 3 m/s during the charging process. Whereas, during the 

discharging process, with an increase in the velocity from 2 to 3 m/s, Uo increases from 32.5 

to 42.3 W/m2-K. As observed in Eq. (4.16), the value of Uo varies only with the air film heat 

transfer coefficient (hi). Therefore, with an increase in velocity, Uo increases due to the 

increase in hi. 

 

Figure 4-19. Change in overall heat transfer coefficient with respect to the HTF velocity. 
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(Tair,in) from 553 to 593 K, the value of Uo was found to vary from 24.6 to 25.7 W/m2-K. 

Similarly, during discharging, the value of Uo was found to vary from 32.7 to 34.3 W/m2-K 

when the Tair,in is decreased from 403 K to 363 K. This shows that the effect of Tair,in on Uo is 

almost negligible. The small variations observed in Uo are expected due to the experimental 

uncertainty and variations in thermo-physical properties of air due to change in temperature. 

Therefore, the velocity of HTF is the primary factor leading to an observable variation in Uo. 

4.5.4 Aftermath of high-temperature CTES module experiments 

Figure 4-20 shows the pictorial view of the initial stage of the hairline crack formation. During 

the experiment study, the CTES module had been subjected to more than 300 charging and 

discharging cycles over a period of more than 36 months of operation in the temperature range 

of 333 K and 753 K. The maximum inlet temperature of air supplied to CTES module was 

753 K, but due to the practical difficulties in conducting experiments, the results discussed 

were restricted to the Tair,in of 688 K. Due to the high thermal stress formation on the inlet 

section of the module, a tiny hairline crack was noticed in the ‘Section-A’ part of the module. 

Externally, it has been observed that there was no formation of hairline cracks in any other 

sections of the CTES module. From this observation, it is clear that the developed CTES 

module is highly durable for operating in a very high-temperature range. This study provides 

the framework for integrating the CTES module with a very high-temperature application 

such as super-heated steam generation which can be further connected to applications like 

power generation, multi-stage flash distillation process, etc. 

 

Figure 4-20. Photographs of minor crack formation in the CTES module. 
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4.6 Summary 

The detailed investigations on the CTES module have been presented in this chapter. The 

storage module is designed similar to the shell and tube configuration. The shell side is filled 

with the concrete as storage material and copper HTF passages are embedded inside the 

storage material. Experimental and numerical investigations were carried out to study the 

effect of variation in parameters such as HTF inlet temperature and velocity on the thermal 

storage performances of CTES. The transient temperature variations inside the storage 

module are examined with the help of a 3-D model developed using modeling tool COMSOL 

Multiphysics. The performance parameters such as charging time, discharging time, energy 

storage and discharge rate are evaluated. Based on the developed module, a simplified 1-D 

numerical model is developed to study the dynamic behaviour of the CTES module. The 

results obtained from the current study and the condition of CTES material after 300+ cycles 

show that the developed module is highly durable for high-temperature thermal energy 

storage application at low cost. The net energy storage unit cost of the CTES module is 2.4 

US $/MJ.
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CHAPTER 5  

ANALYSIS OF MULTI-MODULE SHS SYSTEM 

PERFORMANCE FOR LARGE SCALE APPLICATION3 

5.1 Foreword 

 

  

                                                 
3 Part of this chapter has been presented in the following conference: 

 Vigneshwaran, K., Sodhi, G.S., Muthukumar, P. and Subbiah, S., Experimental study 

and dynamic thermal modeling of solid sensible heat storage system, 11th 

International Conference on Applied Energy (ICAE 2019) at Mälardalen University, 

Västerås, Sweden, Aug 12-15 2019. (Presented work has been recommended for the 

special edition of Applied Energy Journal). 

 

 
 

This chapter focuses on evaluating the performance of a multi-module SHS system using 

the 1-D dynamic model. The validated 1-D dynamic model developed is adopted to scale-

up the module for large scale application. The SHS module is made of materials such as 

cast steel, cast iron and concrete. Air is used as the heat transfer fluid at a velocity of 

15.2 m/s. Six Cases are framed to evaluate the charging (493-573 K) and discharging 

(373-573 K) performance of multi-module SHS system in series and/or parallel 

arrangements. The factors considered during the performance evaluations are HTF 

flow direction, module arrangements, energy stored, storage rate, energy discharged 

and energy discharge rate. The cost of the net energy discharged (USD/kW-h) from the 

storage module of each Case is evaluated and discussed.  
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5.2 Thermal energy storage module 

The mathematical models of the concrete and cast steel based SHS systems are validated with 

experimental results. The validated models are used to simulate the performance of the multi-

module SHS system for large scale application. The multi-module SHS system can be 

designed either using a single SHS material or the combination of multiple SHS material. In 

this work, both concrete and cast steel were used for the fabrication of a single SHS module. 

Similarly, cast iron was used for the fabrication of SHS module having cost in between them. 

For example, concrete provides benefits such as low cost and high energy storage potential. 

However, the charging and discharging rate are found to be very low. Whereas the cast steel 

provides benefits such as high charging and discharging rates (Gil et al., 2010; Medrano et 

al., 2010b). Cast iron is expected to have intermittent cost, energy storage potential, charging 

and discharging rates which are in between concrete and cast steel. Therefore, the 

identification of optimal multi-module SHS system configuration is a very important aspect 

to achieve optimised charging and discharging rates, energy storage cost and energy storage 

potential.  

Table. 5-1 Dimensions of the solid SHS module. 

Name of 

the SHS 

module 

Diameter 

(mm) 

Number of 

HTF tubes 

Length 

(mm) 

Inner 

diameter of 

HTF tubes 

(mm) 

Inner pitch 

circle 

diameter 

(mm) 

Inner pitch 

circle 

diameter 

(mm) 

Cast steel 300 19 340 12.7 110 220 

Cast iron 300 19 346 12.7 110 220 

Concrete 324 22 1000 9.7 130 260 

Six different multi-module configurations are established by using concrete, cast iron and cast 

steel SHS modules. The dimensions of these modules are given in Table. 5-1. The basis of 

the dimension is derived by fixing the mass of a single module as 170.85 kg. Accordingly, 

the volume of the module will be calculated. As reported in the literature, the cylindrical 

module is found to be superior than other configuration with respect to uniform heat 

distribution (Rao, 2018). Therefore, all three storage modules are constructed as the 
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cylindrical module. The thermal properties of all the storage modules required for SHS 

modelling are given in Table. 5-2. 

Table. 5-2 Thermal properties of SHS material (Pilkington Solar International GmbH, 2000). 

SHS 

material 

Thermal conductivity 

(W/m-K) 
Density (kg/m3) 

Specific heat 

(J/kg-K) 

Cast steel 40 7800 600 

Cast iron 37 7200 560 

Concrete 1.5 2200 850 

5.3 Potential configurations of integrating multiple TES module 

Six different multi-module SHS configurations are derived to identify the best configuration 

by performing a simulation study. The performance of the multi-module SHS system is 

benchmarked by calculating the amount/rate of energy stored and discharged, and the cost of 

the storage. While designing all six configurations, the optimal number of SHS module that 

can be connected in series has to be calculated. In general, while adding more number of SHS 

modules in series the HTF temperature will be approaching towards the module initial 

temperature. In that case, the rear end of the SHS modules is not utilized effectively to store 

the energy in comparison to front end modules. Therefore, finding an optimal number of 

modules that can be connected in series is one of the important aspects and it can be achieved 

by simulating multiple modules in series configuration. The simulations results concluded 

that the maximum of six modules in series can provide optimum storage performance for 

concrete, cast steel and cast-iron module. Further, hybrid multi-module configurations are 

also configured by using six number of SHS module. So, the first three configurations are 

proposed by connecting six number of cast steel, cast iron and concrete in series, respectively. 

Remaining three hybrid multi-module configurations are proposed by combining all three 

modules as described below. The pictorial representations of all six configurations are shown 

from Figure 5-1 to Figure 5-6. 
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 In Case 4, two SHS modules of each type (cast iron, cast steel and concrete) are 

arranged in series in the order of lowest to highest specific heat. Therefore, two cast 

iron followed by two cast steel and followed by two concrete modules coupled in 

series (as shown in Figure 5-4). 

 In Case 5, the air input goes directly into a splitter, which splits the flow into two 

parallel branches, and each branch has the same velocity as 15.2 m/s. As illustrated in 

Figure 5-5, in each branch, three modules are connected in series in the order of lowest 

to highest specific heat capacity (cast iron-cast steel-concrete). 

 In Case 6, splitter divides the air inlet flow into three branches, each branch considered 

to have the same air inlet velocity as 15.2 m/s through each HTF tube. As illustrated 

in Figure 5-6, each branch has two modules of different types in series, arranged on 

the basis of low to high specific heat capacity. 

For simulation and benchmark study, flow and temperature conditions are fixed for all six 

Cases. The inlet air velocity is fixed as 15.2 m/s through the storage module. The temperature 

range for charging and discharging are fixed as 493-573 K and 393-573 K, respectively. 

During charging and discharging processes the initial temperature of the module is maintained 

at 493 K and 593 K, respectively. The inlet temperature of the HTF is maintained at 573 K 

during the charging process and 393 K during the discharging process.  

 

Figure 5-1. Arrangement of six cast steel modules in a series. 
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Figure 5-3. Arrangement of six concrete modules in a series arrangement. 
 

 

Figure 5-4. Arrangement of SHS modules for Case 4. 
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Figure 5-2. Arrangement of six cast iron modules in a series. 
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Figure 5-5. Arrangement of SHS modules for Case 5. 

 

Figure 5-6. Arrangement of SHS modules for Case 6. 

5.3.1 HTF flow direction and its impacts 

The flow direction of HTF in the SHS module can be manipulated to achieve the desired 

charging and discharging characteristics. For example, the interchanging of flow direction 

from forward flow to reverse flow during the charging process may improve the charging 

rate. Similarly, during the discharging process, the flow reversal may help in achieving the 

maximum power output. The definitions of forward and reverse flows are given below.  

Splitter

Cast iron module Cast steel module Concrete module

MixerSource

Cast iron module Cast steel module Concrete module

Output
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Cast iron module Cast steel module
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Cast iron module Concrete module

Output

Cast steel module Concrete module
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Forward flow: In this flow pattern, different SHS modules are arranged based on the hierarchy 

from lower to higher Cp values (whereas in Cases 1, 2 and 3, the Cp values are constant), with 

cold air going from the module of lowest temperature to that of highest temperature. 

Reverse flow: The position of the modules remains same as forward flow, but the direction 

of flow is just opposite; Reverse arrangement: change in arrangements of the modules in 

series or in each branch of the parallel arrangement Cases, where the modules are arranged 

based on hierarchy position from higher to lower Cp values, with cold air going from the 

module of lowest temperature to the module of highest temperature. Figure 5-7 and Figure 

5-8 illustrate the forward flow, reverse flow and reverse arrangement. 

The effect of flow direction on SHS module performance is simulated for all six Cases to find 

out if there is any advantage of using reverse-flow configuration compared to the forward 

flow configuration.  

 

 

Figure 5-7. (a) Forward and (b) Reverse flow for Cases 1, 2 and 3: Same type of modules 

in series, where Tn is the temperature of nth module in series. For Cases 1,2 and 3, n=6. 
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Figure 5-8. (a) Forward, (b) Reverse flow and (c) Reverse arrangements for Case 4, 5 and 

6: where Tn is the temperature of nth module in series or in each branch of the parallel 

arrangements. For Case 4, n = 6, while for Cases 5 and 6, n = 3 and 2, respectively.  

The performances of the SHS modules with respect to the forward and reverse flow are 

analysed for all six Cases by comparing the amount of energy discharged. 
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5.4 Dynamic modelling of the thermal energy storage module 

The experimentally validated 1-D thermal model of cast steel (discussed in Section 3.4) and 

concrete (discussed in Section 4.4) SHS modules are used for simulation of all six Cases. The 

model requires initial temperature and HTF flow rate as an operating parameter and other 

model parameters such as the constants of the heat transfer coefficient correlation used in 

Eqs. (3.18) and (4.19). These model parameters for both concrete and cast steel are taken 

from Table 3-7 and Table 4-9. Further, the model parameter for cast iron is expected to be 

similar to the cast steel module because the geometry and surface nature of both cast steel and 

cast-iron module are assumed to be same.  

5.5 Results and discussions 

The results obtained by simulating the numerical models are described in this section. For all 

the Cases, the performance characteristics of the SHS system such as the amount/rate of 

energy stored and discharged during charging and discharging processes are also explained 

in detail. The cost of net unit energy discharged is evaluated and discussed. 

5.5.1 The effect of forward flow and reverse flow on multi-module SHS system 

Figure 5-9 (a) illustrates the discharging result obtained from the forward and the reverse flow 

patterns for Case 1. Since all the storage module used in Case 1 are having same properties 

and configurations, the change in the direction of flow from forward to reverse direction has 

no effect on the discharging rate. The similar trend is also observed for Cases 2 and 3. 

Therefore, the corresponding results are not presented. 
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Figure 5-9. Energy discharging pattern (a) result of forward and reverse flow pattern for 

Case 1, (b) result of forward flow, reverse flow and reverse arrangements for Case 4, (c) 

result of forward, reverse flow and reverse arrangements for Case 5 and (d) result of 

forward, reverse flow and reverse arrangements for Case 6. 

However, for Cases 4, 5 and 6, it is clear from Figure 5-9 (b), (c) and (d) that the forward 

flow pattern provides higher discharging rate than the reverse flow pattern and the reverse 

arrangement Cases. Because the thermal conductivity value of the frontend module is high as 

compared to the rear-end module. Therefore, the maximum heat dissipation rate is observed 

for the forward flow pattern. 

5.5.2 Energy stored - a comparative analysis of all Cases 

All six multi-module SHS systems considered in this study are simulated for forward flow 

condition. The energy storage capacity of each system has been compared with their charging 

time, as shown in Figure 5-10. It can be observed that up to 580 min, the energy storage 

capacity in Case 6 is maximum, later the energy storage capacity of Case 3 (six concrete 

modules in series) is found to be maximum than the other Cases. Concrete has low thermal 

conductivity due to which the energy storage rate is low initially for a certain period (310 

min). However, in the remaining Cases, the system approaches the steady-state much earlier 

than the Case 3 due to the presence of cast iron and cast steel which has lower Cp value than 

the concrete. Later, Case 3 gains maximum energy due to the high specific heat capacity of 

concrete SHS material. 
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Figure 5-10. Total heat stored - comparison among all six Cases. 

5.5.3 Rate of energy stored among all arrangements 

 

Figure 5-11. Charging rate - comparison among all six arrangements. 
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concrete module alone Case (3) is able to deliver consistent energy output than all other Cases. 

For example, other than Case 3, the energy storage rate is found to be very high at the initial 

stage, later, decreases to lower value. On the other hand, for Case 3, the energy storage rate 

is found to be consistent with time. 

The charging time of the multi-module SHS system is calculated by fixing the temperature 

difference between the inlet temperature of HTF and temperature of SHS module located in 

the rear end as 10 K. The calculated charging time is shown in Table. 5-3. From the results, 

it is noticed that Case 6 gives the lowest charging time. This may be due to the presence of 

high thermal conductivity material such as cast steel and cast iron. 

Table. 5-3 Charging time for all the six arrangements 

Cases Charging time (min) 

Case 1 785.68 

Case 2 707.62 

Case 3 1164.06 

Case 4 869.42 

Case 5 564.78 

Case 6 477.50 

5.5.4 Energy discharged - a comparative analysis of all Cases 

The results obtained for discharging of all the Cases are shown in Figure 5-12. The 

discharging profiles of all six Cases are found to be similar to the charging process. While 

comparing the energy discharged from all the six Cases with their discharging time, in Case 

6 the discharging rate is found to be faster till 480 min, later it reaches the steady-state because 

the maximum heat is discharged by the module. In other hand, Case 3 (concrete module alone) 

releases the heat slowly due to low thermal conductivity; however the rate of energy discharge 

is found to be consistent for a longer time due to high Cp. 
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Figure 5-12. Total heat discharged - comparison among all six Cases. 

5.5.5 Rate of energy discharged among all arrangements: 

 

Figure 5-13. Discharging rate - comparison among all six arrangements 
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The rate of energy discharged obtained from the simulations are found to be similar to the 

rate of energy stored. The result of the energy discharge rate is shown in Figure 5-13. The 

details of the discharging time of each Case is given in Table 5-4. 

Table. 5-4 Discharging time for all six arrangements 

Cases Discharging time (min) 

Case 1 776.17 

Case 2 681.37 

Case 3 1148.58 

Case 4 855.43 

Case 5 587.73 

Case 6 504.65 

5.5.6 Economic Analysis of all six modules: 

The cost per unit of heat discharged is calculated for all the six arrangements mentioned in 

Section 5.3. The cost of the system belongs Cases 1- 3 have been compared and later, the cost 

comparison for the rest three Cases are presented. Among Cases 1,2 & 3, it has been observed 

that Case 3 provides the lowest cost per unit energy discharged (USD/kW-h), which is shown 

in Figure 5-14. 

In Cases 4, 5 & 6, the cost of the SHS materials in each arrangement are identical. The 

variation observed in the net unit cost of energy discharged (as shown in Figure 5-15) is due 

to a change in the discharging rate of individual Cases. In terms of overall performance, Case 

6 could able to store and discharge energy at a faster rate. The cost of net energy discharged 

from Case 6 arrangement is 62.26 USD/kW-h. The performance of Case 3 is good in terms 

of the total amount of energy stored and discharged. The cost of net energy discharged for 

Case 3 is 1.18 USD/kW-h. Cost comparison for all the arrangements is illustrated in Figure 

5-14 and Figure 5-15. 
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Figure 5-14. Cost analysis comparison among the arrangements: cost per unit energy 

discharged for the first three Cases (Cases 1, 2 and 3) 

 

Figure 5-15. Cost analysis comparison among the arrangements: cost per unit energy 

discharged for the last three Cases (Cases 4,5 and 6). 
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5.6 Summary 

A comprehensive investigation of the multi-module high-temperature SHS system is 

presented in this chapter. By adopting the 1-D dynamic model developed in the previous 

chapter, the flowsheet model is framed for evaluating the six Cases, which consist of multiple 

SHS modules in series and/or parallel arrangements. The SHS module is made of materials 

such as cast steel, cast iron and concrete, and the air is used as the HTF. The charging and 

discharging performances of all the Cases are evaluated and discussed. The net discharge unit 

cost of all Cases is evaluated and discussed.
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CHAPTER 6  

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 

WORK 

The present thesis work contributes to expand the research on the high-temperature thermal 

energy storage. The thesis work is primarily focused on sensible heat storage, giving special 

consideration to materials such as cast steel and concrete. The important conclusions obtained 

from the detailed investigations on experimental and numerical modeling are described in this 

chapter. 

6.1 Studies on cast steel based SHS system 

The work is focused on a detailed investigation of high-temperature sensible heat thermal 

energy storage system. The storage material and heat transfer fluid used for the analysis are 

cast steel and air. The estimated storage unit cost for cast steel system employed in the present 

investigation is 18.43 US$/ MJ. In the experiment section, a detailed investigation has been 

conducted from low temperature to high-temperature charging and discharging processes at 

different HTF flow velocities. 3-D numerical model and a simplified 1-D dynamic model are 

developed and simulated using similar conditions as maintained in the experiments. Based on 

experimental and numerical observations, the following conclusions can be made; 

 In all experiments, the time taken for charging to reach a steady-state condition is higher 

than discharging. Approximately 70% of the total module is charged in 40% of the time 

and the remaining is stored in 60% of the time. The energy storage and discharge rate are 

observed to be faster in “Section-A” followed by “Section-B and Section-C” due to the 

high-temperature gradient between the air and storage module near the inlet section. The 

temperature profiles of individual thermocouples show that the heat transfer rate is much 

more uniform in the radial direction than axial direction. Along the axial direction, the 

heat transfer rate drops along the length causing a fall in the air temperature. The energy 

charged in the SHS module in the temperature ranges of 393-473 K, 443-523 K and 493-

573 K is 13.14 MJ, 11.85 MJ and 11.36 MJ, respectively. The discharging profile of the 
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cast steel based SHS system recommends that the peak load demand can be achieved for 

a system with an interrupted power source. However, the SHS system can be adopted for 

constant power output cases by manipulating the HTF inlet temperature and flow rate. 

The high velocity of air leads to a higher rate of heat transfer between the air and storage 

medium.  

 3-D numerical and 1-D dynamic model results are found to be in close proximity with the 

experimental data. Temperature contours developed using 3-D simulations confirms that 

the temperature gradient between HTF and cast steel decreases along the length of the 

storage module. The real-time operation of the SHS system requires real-time monitoring 

and optimization solution. One can visualize the thermal characteristics of the complete 

system by coupling the mathematical model with real-time applications, and such a 

solution can be developed using the 1-D dynamic model. The developed 1-D model is 

able to predict the temperature profile of the SHS module with minimum error in lesser 

simulation time. 

 Although the cast steel-based TES is a viable option for developing energy storage 

systems, there is a need to develop systems which are still inexpensive and have a good 

storage characteristic. This motivated the research work to be further directed towards 

concrete based storage system, considering the cost of storage material used. The key 

findings using concrete based TES are presented in the next section. 

6.2 Studies on concrete based SHS system 

The current study discusses the performance evaluation of the CTES module by conducting 

experiments and performing 1-D and 3-D mathematical modelings. The CTES module is 

made up of concrete, and air has been used as the HTF. A parametric study by varying the 

inlet temperature and velocity of air during charging and discharging processes was 

conducted. The study concludes the following; 

 The thermal behaviour of the CTES observed through 3-D numerical simulations 

matches closely with the result obtained from experiments.  

 During charging and discharging processes of the CTES with the fixed amount of 

energy, the performance of the CTES module is affected significantly by inlet air 

conditions. The increase in air inlet temperature from 553 K to 573 K, enhances the 

rate of energy stored by 28.9%, whereas further increasing air inlet temperature to 593 

K, the energy storage rate is enhanced by 25.9%. The energy discharge rate increases 

by 22.3% with an initial reduction of inlet temperature by 20 K from 403 K, whereas 
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with further reduction by 20 K, the improvement in energy discharge rate is 

insignificant. 

 The temperature profiles obtained from the various thermocouples located at different 

axial and radial locations depict a significant variation of concrete temperature 

primarily along the length of the CTES module. 

 The output power profile obtained from all discharging experiments decreases linearly 

with time, whereas varying inlet airflow rate of the module may lead to constant 

output power. Considering output, the storage unit cost of the CTES module is 

estimated as 2.4 US$/MJ. 

 The 1D dynamic model of the CTES module has been also validated with 

experimental data and it is fairly accurate with a maximum error of ±4.9 K. The 1-D 

model can be developed as per the actual operating process conditions of the storage 

system, and hence allows the user to estimate the performance of the CTES module 

during the charging and discharging processes under dynamic condition. Further, the 

developed dynamic model is also useful for real-time monitoring of any large scale 

CTES module (CTES is modular in nature) operation and optimization of process 

parameters without performing the expensive experimental investigations. 

 The outcomes from the current study also signify that the developed CTES module is 

highly durable at high-temperature for more than 300 cycles of charging and 

discharging processes. Therefore, there is a possibility to integrate the developed 

CTES module with high-temperature applications such as power generation. The 

developed CTES module is easily scalable, alterable and the compact design provides 

an attractive technique for storing the heat. 

6.3 Analysis of multi-module high-temperature SHS system 

A 1-D dynamic model is developed and simulated to study the performance of different multi-

module SHS systems. The models developed in the previous chapters are adopted to 

investigate the SHS system for large scale applications. The materials such as cast steel, cast 

iron and concrete are selected with the design similar to shell and tube configuration. Air is 

used as the heat transfer fluid. The temperature range considered for the charging process is 

493 - 573 K and 373 - 573 K for the discharging process. Six Cases are developed using the 

flowsheet configuration. Each Case consists of different SHS module connected in 

series/parallel coupling arrangements. Based on the developed flowsheet model, the charging 

and discharging rates are analysed through the rate and amount of energy stored and 
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discharged from the SHS modules. Finally, the cost of net energy discharged from the storage 

module is evaluated for all the Cases. The following are the major observations obtained from 

the study. 

 The overall performance of the individual Cases is evaluated for the flow of HTF in 

the forward flow pattern, reverse flow pattern and reverse module arrangements. From 

results, it has been observed that slight or no change in heat storage or discharge by 

changing the airflow direction or the arrangement of the modules. 

 The total energy stored and discharged for Case 3 (six concrete modules in series) are 

highest among all Cases, i.e. 71.9 MJ and 158.2 MJ, respectively. However, Case 3 

consumes more time to store/discharge due to low thermal conductivity. During 

energy storage, Case 6 stores more energy until 312.8 min and approaches the steady-

state, whereas in Case 3, it still accumulates the energy due to high specific heat. The 

similar trend is observed in energy discharged.  

 Rate of energy stored and discharged are found to be highest for Case 6, up to 312.8 

min for charging and 231.2 min for discharging, respectively. Beyond that, all Cases 

(except the Case 3) approaches the steady-state due to a decrease in heat transfer.  

 In the cost evaluation, among the coupling arrangements made of identical modules 

in Case 1 - Cast steel, Case 2 – Cast iron and Case 3- concrete, the cost of net energy 

discharged is low in Case 3 (i.e. 1.18 USD/kW-h). Whereas, for multiple SHS 

modules are arranged in series/parallel combinations (Cases 4, 5 and 6), the cost 

estimated is almost same in all Cases. Slight variation can be observed due to the 

change in the discharging rate of each Case. 

Based on the detailed study on evaluating the different multi-module SHS systems, it is 

proposed that Case 3 and Case 6 arrangements are the best suitable options for integrating 

into the large scale application such as power generation, feed water heating for boiler and 

space heating applications. The developed model can be employed for studying the overall 

system operation in applications. 

6.4 Commercial feasibility of the current research 

Based on the demonstrations of thermal energy storage modules at lab scale level, there is a 

feasibility to commercialize the developed system. Further, the 1-D dynamic model 

developed in the current work is flexible to simulate and up-scale the capacity of SHS with 

respect to the application’s requirement. By using the flowsheet model explained in Chapter 
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5, the SHS modules can be integrated and simulated along with the application. Therefore, 

by simulating the complete system, it is possible to decide the number of modules required 

for combining different SHS materials (concrete, cast iron and cast steel) in various multi-

module arrangements with respect to the application’s requirement. 

6.5 Recommendation for future work 

The work carried out for this thesis provides wide opportunities to expand the research work 

on the solid thermal energy storage system. At this point, it is essential to outcome that more 

analysis should be carried out during the commercial operation of TES system. From the 

research conducted and details reported in this thesis, some ideas have arisen which are not 

covered in this the present work and may be appropriate for the future developments: 

 Based on the developed model, the possibility of coupling the developed low cost and 

high-temperature module with the high-temperature applications like steam 

generation, process heat and large-scale thermal desalination can be explored. 

 The thermal behaviour and stability of the storage module developed in the current 

study could be explored by design scale-up and test in the temperature condition closer 

to 1000 K. The performance of the concrete and the cast steel TES system developed 

in the present study could prove the possibilities of using at very high-temperature 

conditions. 

 The performance of the CTES system could be improved by mixing the high thermal 

conductivity material such as copper powder, graphene and high-grade stainless-steel 

scraps to enhance the heat transfer, and mixing of high thermal capacity material like 

basalt rock and dead sea salt to increase the amount of energy stored. Therefore, 

developing such a storage module will help to attain better energy storage capacity 

with lesser charging and discharging time. However, the thermal and mechanical 

characterisation of storage material is required. The outcomes in the literature so far 

and fewer research developments dedicated to this technology will encourage 

scientists to elaborate on the study by mixing high thermal conductivity materials into 

concrete for enhanced storage performances. The effect of shape, size and weight 

ration of mixing materials should be deeply addressed to obtain the excellent property 

improvements. 

 Drinking and irrigation water facility could be improved using the locally available 

solar intensity level and SHS material. In India, the places such as delta regions of 

Narmada, Tapti, and Kaveri rivers has a high solar intensity, the sand available on 
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these river basins can be explored for the use of high-temperature thermal energy 

storage material. Therefore, proving such TES technology will help to develop the 

CSP plants near to the banks of these rivers for the cost-effective and high capacity 

thermal energy storage solution. The development of such a CSP plant can be used 

for a large-scale thermal desalination plant for 24/7 operation. In India, clean drinking 

water is one of the high priority issues that should be addressed by the Indian research 

community. 
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APPENDIX-A 

The list major components used in the setup of the experiment and their technical 

specifications are explained below; 

 A centrifugal blower of capacity 120 m3/h, made up of stainless steel is used for 

supplying air. The blower is powered by a variable frequency driven motor (3 phase 

induction – 2 hp) to control its speed. Butterfly and spherical ball valves are used to 

control the airflow direction. 

 Calibrated K- type thermocouples are fitted at various locations for continuous 

recording of temperature variation inside the TES using a Data Acquisition System 

with a resolution of ±0.1 K (Model: Agilent 34970A). 

 A Testo make Pitot tube-based differential pressure meter (Model: 512) is used for 

monitoring the air velocity. 

 An air heater of capacity 48 kW (1 kW per heater element) with nichrome elements 

is used for supplying air at the required temperature. The power control of the heater 

is automatic. Selec make temperature controller ensures power on/off control 

according to the required conditions of inlet air temperature. A flame-retardant glass 

fibre single core cable supplied by LAPP India (ÖLFLEX® HEAT 650 SC) is used 

for power supply to the heater elements. 

The entire system is insulated with 102 mm thick ceramic wool (k = 0.12 W/m-K) blanket. 
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APPENDIX-B 

Flowchart describing the 1-D model simulation 
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