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Background and content of this deliverable 

Gathering the participation of 28 European R&D institutions from 12 countries, Project INSHIP 

(Integrating National Research Agendas on Solar Heat for Industrial Processes) aims at the 

establishment of a European Common Research and Innovation Agenda (ECRIA) [1]. 

Work Package 4 (WP4) of the INSHIP project (WP4: Technology and applications to high-

temperature SHIP (400 °C to 1500 °C)) aims at advancing the development of high 

temperature/high-flux solar chemical reactor technologies and concepts. The targeted high 

temperature industrial processes include metallurgical processes, lime production and solar fuels 

production, which form the basis of the first three Tasks within WP4, with a fourth, cross-cutting Task 

focusing on solar high-flux optics.  

In the first Deliverable report of WP4, namely D4.1, mass and energy balances of selected 

metallurgical, lime and solar fuel production processes performed from 2017 to mid-2019 were 

presented, which are available publicly [2]. The aim of this second WP4 Deliverable report, namely 

D4.2, is the presentation of research work on the integration of thermal energy storage and/or 

hybridization for the solar-driven processes, performed from 2017 to 2019. 

Hybridization in solar-driven processes typically refers to the component of the process heat that is 

supplied by combustion of carbonaceous feedstock such as biomass or fossil fuel. However, in the 

context of this report, ‘solar hybridization’ refers to the component of the process heat of a 

conventional industrial process that is supplied by solar heat and integration of thermal storage 

thereof. 
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1. Solar hybridization for alumina production process 

This chapter has been prepared by the Middle East Technical University (METU), Turkey, based on its 

work under INSHIP Task 4.1 (“Solar metals production for the metallurgical industry”).  

As a part of INSHIP WP4 research activities, we concentrated on solar hybridization of high-

temperature metallurgical processes. Previously, in INSHIP Deliverable D4.1 [2], the mass and energy 

balances of selected industrial metallurgical processes and cement production were presented. 

Among the investigated metallurgical processes, aluminum production is the one responsible for 

the most significant amount of carbon dioxide emissions. That is partially due to the popularity of 

aluminum as a metal in many different industries. However, aluminum production itself is also one of 

the most energy-intensive metallurgical processes. The energy required to produce a unit mass of 

aluminum is about six times that of steel [3]. The Bayer process is the heat-intensive part of the 

overall aluminum production. The heat is supplied by burning fossil fuels, leading to air pollution and 

carbon dioxide emission. The Bayer process that starts with bauxite ore and ends with alumina 

(aluminum oxide, which is processed into pure aluminum in a subsequent process), was presented 

in INSHIP Deliverable D4.1 [2], together with the mass and energy balances for the Seydisehir 

aluminum plant in central Turkey. Based on the mass and energy balances, first, an Aspen Plus [4] 

model of the chemical and electrochemical processes are developed. The aim is to use this model 

to identify possible paths for solar hybridization. After this identification, the paths can also be 

implemented in the model as a modification of the existing plant. Using the property data from the 

Aspen Plus model, a partial TRNSYS [5] model of the Seydisehir aluminum plant is developed. The 

TRNSYS model only includes the part of the Bayer process that has been targeted for solar 

hybridization. In this section, the related modelling work performed by Basil Abu Zanouneh of METU 

is presented. 

Modelling Alumina Production and Solar Hybridization paths 

Bauxite to alumina production processes of Seydisehir aluminum plant are investigated based on a 

previous study detailing the sub-processes and auditing the mass balances of the plant by Kurucak 

[6]. The details of the balances are used for forming a system model using Aspen Plus commercial 

software package. The mass balances of the system model are used for model validation by 

comparing them with the literature data. The validated model is used for determining the mass and 

energy flows together with the flow properties. The possible hybridization paths are then simulated 

on TRNSYS [5] for transient analysis of the hybridized path. 

1.1. Aspen Plus model of processes 

Since the entire aluminum production involves many processes, to be able to identify the 

hybridization paths, a software-based modelling of the plant is necessary. We selected Aspen Plus 

as the tool for that modelling effort. The Aspen Plus model for the Bayer Process at Seydisehir 

alumina plant is shown in Figure 1. The model consists of the Initial Feed, the Digestion unit, the Flash 

Cooling Unit, the Cooling and Precipitation unit, and the Heating and Evaporation Unit 

(Calcination).  
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Figure 1: Aspen Plus model of the Bayer process at the Seydisehir Aluminum Plant  
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In this model, the Elec-NRTL method [7] was used to simulate the thermodynamic properties of the 

slurry. This property method was used by different researchers for modelling hydrometallurgical 

processes with reasonable results. This includes the dissolution of alumina [6], [8], [9]. 

This model was validated by using the plant data and checked directly by the plant engineers of 

the aluminum plant during the IATENS’19 conference [10] that took place in Seydisehir. According 

to the model results, possible locations for solar hybridization are at the digestion unit, the 

calcination unit, and steam generation units.  

The Digester is modeled as a reactor operating at 700kPa [11]. In the digestion process, the 

temperature of the slurry is raised from 104°C to 167°C in the preheating section, and to a 

temperature of 237°C in the digester unit.  Stream properties of the steam injected into the digester 

is at 339°C, 14437.8 kPa. In the precipitation and evaporation units, the temperatures are around 

65°C for the precipitators and at 98°C for the evaporator. 

For solar hybridization of the digestion process, concentrating solar collectors are required while for 

the hybridization of precipitation and evaporation units, flat plate solar collectors can be sufficient. 

However, supplying heat for all three processes from a parabolic trough collector (PTC) field can 

be considered as the best option for the applicability of hybridization. 

1.2. TRNSYS Model 

The medium temperature range is from 150°C to 400°C that can be achieved by using Parabolic 

Trough Collectors (PTCs). Fresnel Collectors can also be used to alleviate these units.  

An attempt to model the use of PTCs to produce steam has been made using TRNSYS that is shown 

in Figure 2. Here, the steam will supply the necessary energy to the preheater and digester. The 

feasibility of PTCs for hybridizing the Bayer process can be shown by simulating the feasible sub-

processes in a heat exchanger with a working fluid that operates over a wide temperature range. 

Type15-6 is the weather data used for Ankara. The model consists of two fluids, the Heat Transfer 

Fluid (HTF) circulating between the Trough (PTC) and the Steam Generator. The Eco_sh is a steam 

superheater heat exchanger with a single-phase fluid. The second fluid is the water steam circuit 

with an open end at the feedwater of the economiser inlet. In the HTF fluid circuit, temperature and 

mass flow rate are connected from the output of the component (in flow direction) to the input of 

the next component. Furthermore, the pressure information is connected opposite the flow 

direction, the pressure information travels from the flow inlet side of the first component to the flow 

outlet side of its upstream component. This approach significantly improves the numerical 

convergence of the model.  
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Figure 2: TRNSYS model of Steam Generator for solar hybridization of the plant 

The HTF mass flow rate is determined in this example by the parabolic trough model in order to 

meet the temperature set-point condition. In this model, the temperature set point condition was 

295°C and the corresponding mass flow rate is shown in Figure 3. 

Note that the flow rates are limited by the maximum pump power set in the Trough. The Trough is a 

parabolic trough collector based on the model of Lippke [12], uses an integrated efficiency 

equation to allow for the different fluid temperature at the field inlet and outlet of the collector 

field. It calculates the desired mass flow rate of the heat transfer fluid for the user-defined output 

temperature. 
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Figure 3: Heat Transfer Fluid temperature (top), Direct Normal Irradiation and flow rate profiles 

during daytime (bottom)   

Figure 4 shows a possible system to provide the needed energy. The pump 1 controls the outlet flow 

of the cold tank; the first valve controls the flow to the parabolic collectors and the first mixer. The 

temperature at the outlet of the collectors is monitored, and when the temperature collectors is 

greater than 300°C, valve 1 divides the HTF flow, to keep the temperature at 300°C in the outlet 

flow of the mixer 1. The second valve sends the HTF to the second tank which is controlled by 

Equation 2 module. This module monitors the outlet temperature of the mixer. If the Temperature 

equals or exceeds 300°C, Equa 2 actuates the second valve and the HTF is sent to the hot tank. 

Otherwise, the flow is directed to the third mixer.  

This system allows for least variation of outlet temperature from the hot tank and ensures that the 

HTF is operating at 300°C at all times.  

Within this TRNYS model, the preheating, calcination and evaporation processes are modeled as a 

heat exchanger that contains a fluid that simulates the energy changes across all three modules. 

The initial results are promising. However, several year-round solar hybridization simulation runs 

should be performed for showing possible yearly carbon dioxide emission savings that can be 

achieved with the proposed solar hybridization approach. 
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Figure 4: TRNSYS model of solar hybridization of the preheating, calcination and evaporation 

processes with a PTC solar field 
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2. Solar hybridization and thermal storage for lime production 

This chapter has been prepared by the Middle East Technical University (METU), Turkey, based on its 

work under INSHIP Task 4.2 (“Solar lime production for the cement industry”). 

Cement is produced by calcination of limestone to obtain lime and mixing the product called 

clinker with additives. In general, the processes involved are heat-intensive and high-temperature 

processes. As a result, the cement industry is responsible for 7-8% of all carbon dioxide emissions 

[13]. Some parts of the emissions are due to the fact that carbon dioxide is a product of the 

calcination reactions to produce lime. However, the rest of the emissions are due to fossil fuel use to 

generate high-temperature heat for the processes. Any extent of solar energy usage for obtaining 

even a part of the required process heat can make a big difference since cement is the most 

produced and consumed man-made material in the world. 

As part of INSHIP WP4, potential pathways for solar hybridization and thermal energy storage for 

lime processing from limestone are being investigated through three different research activities.  

2.1. Particle based gravity driven solar receiver development for solar lime 

Solar hybridization can be achieved by designing a solar receiver to heat up the lime particles. For 

that purpose, at METU, a particle-based gravity-driven solar receiver is under development. The 

related research activities require the development of a numerical tool to simulate the behavior of 

the receiver. After being validated, this developed numerical model can be useful in geometric 

optimization of the receiver. Within this section, the related numerical work by Evan Johnson of 

METU is presented. 

2.1.1. Modeling Heat Transfer in Particle Systems 

In INSHIP Deliverable D4.1 [2], a pathway to model particle motion and heat transfer was 

described, where the Discrete Element Method (DEM) models particle collisions and is coupled with 

Computational Fluid Dynamics (CFD) to model the fluid and heat transfer in between particles. 

While most modes of heat transfer within particle groups have been studied in this context, two 

heat transfer modes remain largely unstudied: radiation between any two particles and radiation 

between a wall and a particle. The particle-particle (PP) view factor and the particle-wall (PW) 

view factor are the key unknowns needed to compute radiative heat transfer for these heat 

transfer modes. In the method laid out in the D4.1 report [2], a Monte Carlo code was developed 

to find PP and PW view factors, and using results from this code, correlations were presented which 

allow the view factors to be approximated as a function of distance alone. These correlations 

provide a simple and computationally efficient method to estimate view factors in a simulation, 

providing enormous savings in computational time compared to finding the true view factors using 

ray tracing at every simulation time step.  

The results previously presented were for a special case of black-body particles and a fully packed 

bed (where particle volume fraction is ~0.64), making the results only applicable for this idealized 

case. In the research recently performed, these two important factors – volume fraction and 

particle emissivity - are studied to find their effect on radiative heat transfer through the particle 

domain. The research focused on PP radiation only; PW radiation will be studied next. 
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2.1.2. Generating Particle Domains of Various Volume Fraction 

The open source DEM software LIGGGHTS [14] was used to generate the particle domain because 

it gives a realistic distribution of particle positions as they collide with each other. For the special 

case of a packed bed, particles were inserted into the domain and allowed to come to rest in the 

presence of gravity. For beds which are not fully packed (particle volume fraction < 0.64), a 

random yet realistic domain of particles was generated by inserting a number of particles and 

turning gravity upside down briefly to give the particles some kinetic energy. The particle 

coefficient of restitution is set to one, and the particles then collide and travel in random directions 

around the domain indefinitely. Then, the modeler can choose a single snapshot of the particle 

positions for modeling the radiation. By initiating this sequence with different numbers of particles 

inside the domain, different particle volume fractions can be achieved. An example of a spherical 

domain of particles with a particle volume fraction of 0.45 is shown in Figure 5. 

 

      

Figure 5: Domain of 10,000 particles with a particle volume fraction of 0.45, generated with 

LIGGGHTS DEM software.  

2.1.3. Simulating Particles with Various Emissivities 

The Monte Carlo ray tracing code developed in this research uses the assumptions of 

monodisperse spheres, no transmission through spheres, a non-participating fluid phase, and gray, 

diffuse emissions and reflections, implying that emissivity and absorptivity are equal according to 

Kirchhoff’s law [15]. The C++ language was chosen for its speed and because it can run parallel 

computations using Message Passing Interface. Because of the large number of particles, running 

simulations in parallel is a necessity; each simulation was run with 25 processors, reducing the run 

time from months to several days. Building upon the original Monte Carlo code which did not take 

into account reflections, the code was enhanced to allow for particles which diffusely reflect 

photons. With this improvement, each photon is followed from its emission from the surface of one 

particle through any number of reflections until it is finally absorbed into another particle.   

Often, the goal of Monte Carlo ray tracing is to find the radiative view factor from one surface to 

another, which is the fraction of photons emitted from one surface that strike a second surface [15]. 

However, in this study we seek the portion of photons emitted from one particle which are 

eventually absorbed into the second particle, after one or more reflections off neighboring 

particles. This quantity is referred to in this study as the Absorption View Factor (AVF). Others have 

termed this the “Exchange Factor” [16], but because that exact term is already used to mean 

something unrelated in the related research field of Effective Thermal Conductivity, the term 

Absorption View Factor is adopted here to reduce confusion. 
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Because all of the photon reflections are modeled in the Monte Carlo ray-tracing step, the heat 

transfer between any two particles is simple to calculate using Equation (1) [17], where 𝜀 is the 

surface emissivity, 𝐴 is the sphere surface area, 𝜎 is the Stefan-Boltzmann constant, T is the 

temperature of each sphere in Kelvin, and 𝐹𝐴𝑉𝐹,𝑖𝑗 is the Absorption View Factor between particles i 

and j. In the DEM code, all of these are generally known except for the AVF, which must be 

calculated or estimated.  

 𝑞𝑖𝑗 =  𝜀𝐴𝜎𝐹𝐴𝑉𝐹,𝑖𝑗(𝑇𝑖
4 − 𝑇𝑗

4) (1) 

 

2.1.4. Finding Effective Thermal Conductivity with Monte Carlo Ray Tracing 

The effective thermal conductivity (keff) for groups of particles is one of the most important 

parameters to understand and model heat transfer through porous media. It is composed of the 

heat transfer through particle-particle contacts (ksolid), through the fluid between particles (kfluid), 

and through radiation between particles (krad). krad has been studied relatively less than the others, 

and most modeling and experimentation focuses on the packed state. Probably the most widely 

used model for keff is the Zehner, Bauer, and Schlünder (ZBS) model, which does take into account 

radiation at various particle volume fractions and emissivities, though krad is derived using a 

rudimentary unit cell, calling into question its accuracy.  

The Monte Carlo code was initially used to find distance vs. AVF correlations for several cases of 

particle volume fraction and emissivity. As in the original black-body/packed bed case, we 

attempted to use the ZBS model for verification by implementing the AVF correlation into the DEM 

code, finding the overall heat transfer, and then calculating the krad of the bulk. However, results 

showed a significant deviation from krad predicted by ZBS in some situations, so the correlations 

were not verified. We soon realized that the AVF correlation was not the problem, as the same 

results were found if the actual AVFs from the Monte Carlo code were used instead of the 

estimated AVFs based upon the correlation. This seems to imply that the ZBS model itself may not 

be accurate in some situations, which is an important finding with implications for many researchers 

who may be using this model. Thus, we undertook the effort to find the krad at various particle 

volume fractions and emissivities using the Monte Carlo ray-tracing approach. Unlike the derivation 

of the ZBS model, this approach does not assume an idealized unit cell, and instead it uses a large, 

realistic domain of particles generated with a DEM simulation. The output is a model for krad for 

particle volume fractions from 0.25 to 0.64 and emissivities from 0.35 to 1. The results are currently 

under review for publication.  

Finding a new model for krad was not the original goal of this research project, but is a fundamental 

result which is critical in modeling particle systems with heat transfer, and it is a result which can be 

directly used by other researchers in this field. Furthermore, these results are valuable because they 

can now be used for validation of the distance vs. AVF correlations which will be implemented into 

a DEM code to estimate particle-particle radiation. This work is currently underway and will be 

finalized and published in the coming months. 
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2.2. Solar hybridization for cement production 

Cement manufacturing is a well-established industry with modern cement plants utilizing generated 

heat as efficiently as possible. Instead of trying to make a significant shift in the cement industry that 

requires new processes or new solar receiver designs, hybridizing existing plants with solar energy 

may be the first step in reducing carbon dioxide emissions from cement production. For that 

purpose, at METU, based on mass and energy balances that have been already presented in 

INSHIP D4.1 report [2], an existing cement plant in south-eastern Turkey is numerically modelled. The 

aim is to use this model to identify possible paths for solar hybridization. After this identification, the 

path can also be implemented in the model as a modification of the existing plant. In this section, 

the related modelling work by Onur Polat of METU is presented. 

2.2.1. MATLAB Simulink model of Gaziantep Cement plant 

The mass and energy balances together with the plant details of Gaziantep Cement plant were 

previously presented in INSHIP D4.1 [2]. Based on the mass and energy balances, a steady state 

model of the cement production processes of Gaziantep Cement Plant is created using MATLAB 

Simulink.  

Cement manufacturing involves high-temperature processes which are promising candidates for 

concentrated solar thermal power applications. This Simulink model is developed in order to 

facilitate future modelling works of CSP applications. Data used during the modelling stage is taken 

from the work of Atmaca [18]. 

The model is based on the following assumptions: 

1. System is a steady-state, steady flow system. 

2. All gases are ideal. 

3. All work inputs are of electrical work type and they produce shaft work only. 

4. Reference state for enthalpy and entropy calculations are taken as ambient conditions. 

5. There is no heat transfer from surroundings into the system. 

6. Combustion of coal is complete. 

2.2.2. Methodology 

This model makes use of thermodynamic states of its inputs and outputs. Mass flow rate, 

temperature and specific heat capacity for each input is provided for a block. Each block 

calculates its inlet and outlet state variables based on mass conservation equation, energy 

equation for a control volume and exergy equation for a control volume. 

Mass conservation for a block is expressed as: 

 ∑ �̇�𝑖𝑛 =  ∑ �̇�𝑜𝑢𝑡 (2) 

Energy conservation equation for a control volume is given as: 
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 �̇�
𝑛𝑒𝑡,𝑖𝑛

− �̇�𝑛𝑒𝑡,𝑜𝑢𝑡 = ∑ �̇�𝑖𝑛. ℎ𝑖𝑛 −  ∑ �̇�𝑜𝑢𝑡 . ℎ𝑜𝑢𝑡 (3) 

  

 ℎ = 𝑐𝑝. (𝑇𝑖𝑛 − 𝑇𝑟𝑒𝑓) (4) 

And general exergy balance for a steady state process is expressed as:  

 ∑(1 −
𝑇0

𝑇𝑃

) ∗ �̇�
𝑃

− �̇�𝑛𝑒𝑡,𝑜𝑢𝑡 + ∑ �̇�𝑖𝑛. Ψ𝑖𝑛 −  ∑ �̇�𝑜𝑢𝑡 . Ψ𝑜𝑢𝑡  = ∑ 𝐸�̇�𝑑𝑒𝑠𝑡 (5) 

                                                         

 Ψ = (h − ℎ0) − 𝑇0(𝑠 − 𝑠0) (6) 

First and second law efficiencies for each block is determined by 

 η
𝐼

=  
∑ �̇�𝑜𝑢𝑡

∑ �̇�𝑖𝑛

 (7) 

 

 η
𝐼𝐼

=  
∑ 𝐸�̇�𝑜𝑢𝑡

∑ 𝐸�̇�𝑖𝑛

  (8) 

 

 

2.2.3. Blocks used in the Model and Model Diagram 

In this model, all major components of a cement plant are modelled as user-defined MATLAB 

function blocks calculating inlet and outlet state parameters, namely enthalpy, entropy, and 

exergy associated with each input and output. The model does not work with dimensional signals. 

Instead, numerical inputs are provided while following proper dimensions with respect to equations 

stated in the methodology part. Outputs of blocks are numerical results as well and they are shown 

on display blocks.  

 In Figure 6 and Figure 7, a complete diagram of the model and user-defined blocks used in 

this model can be seen. 
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Figure 7: User Defined Library Blocks Used in the Model 

2.2.4. Results and discussions 

Model functionality has been tested with data provided in [18] and the results of the model are 

observed to be closely matching with reported results. Slight discrepancies are observed in 

efficiency values within the range of +/- 3%, which is acceptable. The main reason for 

discrepancies is assuming relation between specific heat capacity and enthalpy for a constant 

heat capacity value for a wide temperature range. 

In its current state, the model is only capable of modelling a steady-state, steady flow system. First 

and foremost, transient modelling capabilities should be included in the model in order to 

accurately represent a CSP application case. In addition to that, data output methods will be 

regulated and optimized for post-processing of the results. With these improvements, modelling 

capabilities will extend to variable behavior of the system. After these improvements, weather data 

files can be introduced for modelling CSP application cases. 

2.3. Fluidized bed thermal storage for solar lime integration 

Implementing a thermal energy storage (TES) together with solar hybridization can improve 

utilization or capacity factor of the concentrating solar field. To avoid cool-down and heat-up 

periods that require extremely large heat input, cement plants operate continuously. Providing 

solar heat even during the night may improve solar hybridization and thus reduce carbon dioxide 

emissions of the cement plant. Storing partially calcined hot particles for further processing later 

may be an effective way of TES in a cement plant. At METU, a particle-based fluidized bed TES 

system module is developed and numerically modelled. In this section, the related TES system 

development work by Esra Polat-Karadiken, as her METU MS thesis that has been recently 

completed, is presented. The earlier stages of the work were presented in INSHIP D4.1 [2]. The final 

results and conclusions of that work are given here. 
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2.3.1. Particle based TES 

Concentrated solar energy systems can have an advantage over photovoltaics in energy 

generation if they are coupled with thermal energy storage (TES). Since concentrated solar power 

generation is based on thermodynamic cycles, increasing temperatures of heat transfer fluids leads 

to higher cycle efficiencies. However, the commonly used heat transfer fluids are limited in 

operation to much lower temperatures than necessary values to create an advantage. Stable solid 

particles that have high phase-change temperatures, when coupled with air or other common 

gases, create a potential alternative to existing heat transfer fluids. There are proposals and 

experimental demonstrations of heating these particles to four-digit temperatures in high 

concentration solar receivers. Hot particles coming from the solar receiver can be stored in 

insulated tanks to create a short-term energy storage. Within this study, a particle-based TES system 

module prototype is developed with the help of numerical simulations and experiments. A TES 

module with 8 cm x 8 cm base area is developed and experimentally tested for discharging. Cold 

and hot experiments are performed with the most promising fluidized particle pairs: sand-air and 

sintered bauxite-air. Sand-air experiments, both hot and cold, are used for validating 

hydrodynamic and thermal numerical models. The discharge characteristics of sand and sintered 

bauxite are compared. It is observed that sintered bauxite, that has higher emissivity than sand 

(thus better for charging in solar receivers), also performs well during discharging. The resulting 

validated numerical model is expected to be useful in sizing of a large scale TES system. 

2.3.2. TES Module experimental set-up 

The experimental set-up was built at the Heat Transfer Laboratory of the Mechanical Engineering 

Department of METU. In order to observe hydrodynamic and thermal behavior of the fluidized bed 

TES module, cold and hot experiments were performed. 

2.3.2.1. Cold experimental set-up 

A photograph of the cold experimental set-up is shown on the left in Figure 8. The setup consists of 

an air compressor, a bed, a wind box, a pressure regulator, a rotameter, two manometers, and a 

camera. In Figure 8, the bed is filled with silica sand. The bed has a wire mesh at the bottom acting 

as an air distribution plate and another one at the top to catch the particles carried by the air 

stream. The dimensions of the bed are shown on the right in Figure 8. The base shape of the bed is 

a square of 0.08 m sides. 

First, the bed is filled with silica sand of 600-micron diameter which has a density of 2300 kg/m3. 

After performing the cold experiments with sand, the sand is replaced with sintered bauxite 

particles with CARBOHSP commercial name of 350-micron average diameter and of 2500 kg/m3 

density. 

2.3.2.2. Hot experimental set-up 

The set-up in Figure 8 is modified by removing the manometers and replacing the Plexiglas front 

with a steel one and insulating the bed all around. Also, a tube was introduced, with 7 

thermocouples inserted at the locations shown on the right sub-figure of Figure 8. 

 

After performing the cold experiments with both kinds of particles, the hot experiments are 

performed again with both and the thermocouple readings from the shown locations are obtained 
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with the help of a data logger. The hot experiments start with filling the bed with particles heated in 

an oven for about 2.5 hours. The aim of the hot experiments is to observe the discharge behavior of 

the TES system with the help of temperature measurements over a time period. 

 

 

 

Figure 8: Cold set-up with Plexiglas front to observe hydrodynamic behavior of particles when they 

are fluidized (left) and dimensions of the bed (right) 

2.3.3. TES Model and model validation 

The bed is modeled in ANSYS FLUENT 17.2 [19] with a two-fluid Eulerian-Eulerian approach. In this 

specific approach, air is modeled as a fluid having temperature-dependent properties and the 

particles are modeled as a continuous granular fluid with the mechanical and thermal properties of 

the particles. In the Eulerian-Eulerian approach, mass balance, momentum balance, and energy 

balance equations are derived separately for each phase. These balances are correlated with 

volume fractions of the phases. 

In gas-solid fluidized bed applications, many hydrodynamic properties can be discussed. Pressure 

drop, voidage profiles, velocity distribution of granular particles, inconstant bed height levels and, 

shape of bubbles are the significant parameters in hydrodynamic verification. In this study, pressure 

drop and bed height were dealt with due to their computational characteristics [20].  

Change of pressure drop in a specific region of the fluidized bed diagram is one of the best 

expressions in the hydrodynamic field. In theory, pressure drop linearly changes with velocity 

increase until minimum fluidization conditions and then stays constant at higher superficial 

velocities. 



Deliverable Report   

 

D 4.2    GA No. 731287 19 
 Co-funded by the Horizon 2020 Framework 

Programme of the European Union 

Figure 9 shows the experimental results of this study and Taghipour’s [21]. Pressure drop across the 

bed values were compared at 0.21 m/s, 0.38 m/s and 0.46 m/s superficial velocities. The tendency 

of results is stable and similar to theory. Numerical values of the results are not the same due to 

different bed geometries. As mentioned before, the weight of the particles and cross-sectional 

area directly affects the pressure drop and both of them are different for these cases. 

 

Figure 9: Comparison of pressure drop results obtained from experiments with the ones from 

Taghipour [21] 

In literature, pressure drop change was studied with different drag models. Syamlal O’Brien model 

more accurately foresees the pressure drop pattern [20], [22]. Figure 10 shows experimental and 

CFD results of pressure drop across the bed. Pressure drop values tend to be almost constant at 

both results as predicted. 

 

 

Figure 10: Pressure drop inside the bed between y=0.025 m and y=0.39 m 

For both hydrodynamic and thermal sides of the cases, CFD results match quite well with the 

experimental results, thus the model can be considered validated with these results. In addition to 
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the quantitative comparisons, it can be seen from Figure 11 that bubbling regime seems to be 

modelled well in CFD, qualitatively. 

 

Figure 11: Similar bubbles formed in both CFD simulations and experiments 

2.3.4. Results and discussions 

Hydrodynamic experiments were repeated for CARBOHSP particles after sand. The aim of these 

measurements was to observe the behavior of new particles and discuss the effects of different 

parameters. Minimum fluidization velocity of sand is higher than CARBOHSP particle and the reason 

behind this value may relate with higher sphericity and smaller diameter of CARBOHSP particles. 

Additionally, the pressure drop across the bed with CARBOHSP particles is higher than the pressure 

drop with sand at the same superficial gas velocities. 

After the thermal experiments with sand particles, the procedure was repeated by CARBOHSP 

particles to see the distinction between the two solids. Figure 12 shows how these particles get 

cooled at same superficial velocity. This figure indicates that sand and CARBOHSP particles show 

similar trends in the cooling process. 
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Figure 12: Experimental air temperature variations of fluidized bed with sand and CARBOHSP 

particles when u=0.38 m/s and y=0.10 m 

 
Experimental testing and numerical modelling of a fluidized particle TES module were performed. 

The numerical model of the TES module together with the model parameters is validated with the 

similar experimental results. The validation is both for the hydrodynamic model and the thermal 

model of the TES module. To the best of our knowledge, the present study is the first in literature in 

which both hydrodynamic and thermal sides of the model is validated. 

 
The hydrodynamic and thermal behaviors of the best candidates for such a system, sand and 

CARBOHSP are compared. It is determined that CARBOHSP showed similar performance to the 

sand during discharge. Since CARBOHSP, being black and having a higher radiative absorptivity, 

has better charge characteristics in solar receivers, it may be a better option than the sand for the 

examined TES module. 

2.3.5. Possible use of the developed TES module with lime particles 

Using the developed and validated numerical model of the TES module, it is theoretically possible 

to determine the performance of the system if partially calcined lime particles are used in place of 

sand or CARBOHSP particles. The particle and bulk properties of the particles with different calcined 

portions are necessary for such a simulation. Especially the mechanical properties of such mixtures 

should be determined experimentally for extension of this work in that direction. 
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3. Thermal storage for solar fuel production 

3.1. Thermochemical energy storage: material synthesis and testing 

This section has been prepared by the Swiss Federal Institute of Technology (ETH), Zurich, 

Switzerland based on Ref. [23]. 

3.1.1. Selection and synthesis of thermochemical materials 

The reversible gas-solid thermochemical reaction between CO2 and SrO to form SrCO3 is 

considered for storing high-temperature (>1000 °C) heat delivered by concentrated solar energy 

systems, such as the ceramic cavity air receiver being developed by ETH Zurich in the INSHIP 

project under Task 4.3 (solar fuel production for the transportation sector). To maintain cycling 

stability, MgO-stabilized SrO-based materials were synthetized with various precursors and support 

contents by the co-precipitation, sol–gel, wet-mixing and dry-mixing production methods. MgO 

was selected as support framework to diminish thermal sintering. Samples were analyzed by 

thermogravimetry over multiple consecutive carbonation-calcination cycles in the range of 1000–

1100  °C. Synthesis methods of MgO-stabilized SrO affected the cycling performance. The best 

performance was obtained by using the wet-mixing method with strontium acetate hemihydrate 

and porous magnesium oxide as precursors. This formulation, with 40  wt% SrO, featured stable 

chemical conversion over 100 consecutive carbonation-calcination cycles at 1000  °C, as shown in 

Figure 13, and yielded a gravimetric energy density of 0.81  MJ/kg. On similar lines, copper oxide is 

also being investigated at ETH as a thermochemical storage material. 

 

 

Figure 13: Volumetric energy density as a function of the cycle number over 100 consecutive 

carbonation-calcination cycles performed at 1000  °C for 40, 50, and 60  wt% SrO-based materials 

synthetized by the wet-mixing method. The formulation with 40  wt% SrO (in red) featured stable 

chemical conversion over 100 consecutive cycles. Extracted from Ref. [23]. 
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3.1.2. Thermochemical energy storage: from material synthesis to lab-scale 

prototype testing 

Building upon the stable cycling behavior exhibited by the thermochemical materials in 

thermogravimetry experiments, a lab-scale prototype of the thermochemical storage system has 

been designed, fabricated and is currently being tested at ETH. The storage employs a packed 

bed of granulated thermochemical storage materials such as copper oxide. During the charging 

phase, a stream of heated air at temperatures up to 1100 °C and at ambient pressure (as 

expected from a high-temperature solar air receiver coupled to such a storage system) flows 

across the packed bed. Heat is stored via the resulting endothermic reduction of the 

thermochemical material, which releases oxygen that is carried away by the flow. During 

discharging, a flow of fresh air at temperatures around 800 °C is supplied, which results in the 

exothermic oxidation of the material and consequent heat up of the air flow back to high 

temperature. This thermochemical storage system can be envisaged as an add-on to a larger 

high-temperature sensible heat storage unit to help maintain constant air outlet temperatures 

during discharging. 

3.1.3. Towards integration of thermochemical storage with a solar air receiver 

To supply dispatchable solar heat for industrial processes, solar receivers need to be coupled to 

thermal/thermochemical storage. Figure 14 shows a simplified representation of such a system. 

 

 

Figure 14: A simplified schematic of a solar air receiver integrated with a thermal storage unit to 

supply dispatchable solar heat to high-temperature industrial processes. 

At ETH, lab-scale prototypes of a solar air receiver (which is the primary focus of Research Activity 

4.3.3 under Task 4.3 of INSHIP) and the aforementioned thermochemical storage are being tested 

in parallel. Coupling the two devices physically would entail a thorough understanding of their 

individual performance. To this end, heat transfer and fluid flow models of the two devices are also 

being developed. Experimental data collected from the lab-scale testing would help validate the 

models (expected in Q2 of 2020). The validated models can then be employed to optimize the 

devices and to configure a coupled receiver-storage system in terms of parameters such as size, 

gas flow rates and response times. 
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3.2. Thermal storage for a metallic volumetric air receiver 

This section has been prepared by the Fondazione Bruno Kessler (FBK), Italy based on its work under 

INSHIP Task 4.3 (“Solar fuel production for the transportation sector”). 

In volumetric receiver technologies, the most used heat transfer fluid is air, which is freely available 

and stable from the chemical point of view at high temperatures. On the other hand, air presents 

low thermal capacity; therefore, it cannot dampen the thermal fluctuation due to solar source 

variability [24].  A solution to this drawback is thermal energy storage (TES) that is designed to have 

higher thermal inertia, overcoming at least the intermittency of the solar radiation [25]. The TES can 

also allow adapting energy supply to energy demand, decoupling the generation time from the 

energy use time. Furthermore, continuous production can be enabled using a larger TES [26]. TES 

technology can be divided into three types: 1) Sensible heat storage where the heat is stored by 

heating a liquid or solid storage medium; 2) Latent heat storage, the phase change of the medium 

is used to store the heat (PCM); 3) thermo-chemical storage, where chemical reactions are used to 

store and release thermal energy [26]. The main requirements for a TES in volumetric receiver 

systems are high energy density in the medium, chemical and mechanical stability of the material 

with the encapsulation, excellent heat transfer between the storage material and air, complete 

reversibility and low thermal losses during the storage period. In scientific literature, it can be found 

that volumetric air receiver systems in open loop configurations have an operating temperature of 

700°C for the metallic type and ceramic volumetric receivers of 750°C [24]. These receivers have a 

thermal efficiency that varies from 85% to 70% with different flux concentrations. FBK has developed 

a metallic volumetric receiver that presents a hierarchical multilayered geometry, Figure 15. The 

complex geometry manufacturing has been possible using the degree of freedom made possible 

by additive manufacturing technique, selective laser melting (SLM) [27]. This receiver was tested in 

the laboratory; these tests have shown that the receiver is capable of an air outlet temperature 

higher than 800°C [28]. These outlet temperatures could allow to supply the heat to several 

industrial processes: metallurgical processes (preheating, aluminum production), glass production 

or for regenerative thermal oxidizers and syngas production [29]. 

 

Figure 15: Sketch of frontal view of metallic receiver structure (Left), percentage of energy stored in 

sensible mode and percentage of energy stored by phase change transition (latent) in the 

materials in a temperature range from 550°C to 850°C (Right). 

   

   



Deliverable Report   

 

D 4.2    GA No. 731287 25 
 Co-funded by the Horizon 2020 Framework 

Programme of the European Union 

 

  

Figure 16: Simplified System Chart of Solar Process utilizing metallic volumetric receiver and thermal 

energy storage  

A simplified system of a solar system, based on the metallic volumetric receiver is composed of: i) 

solar dish as the concentrator e.g. CONTEST project, ii) the metallic receiver, iii) a TES iv) a blower 

that provides the air circulation and v) industrial process/reactor, see Figure 16. Usually, the system 

is designed to have some air return channels in order to maximize the hot air temperature at the 

outlet of the receiver. The TES has to provide thermal inertia and guarantee the continuous 

operation of the energy user (e.g. thermo-chemical reactor). The selection of the material and the 

type of TES need to be carefully evaluated due to the high temperature of the heat provided. 

Several authors have tested and evaluated different materials and concepts for high-temperature 

TES. Verdier et al. [25] proposed lithium carbonate as phase-change material (PCM); others 

experimentally assessed the performances of sodium chloride and aluminum [30]. For sensible heat 

storages, Avila-Marin and co-authors tested alumina packed bed [31] and in literature is present 

the experience of regenerator-type storages that uses sintered refractory bricks as material [32]. In   

1 

2 

3 

4 
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Table 1: Main properties of materials present in literature are summarized some materials that could 

be coupled with a thermal output of the metallic volumetric receiver to obtain thermal energy 

storage for industrial processes. 
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Table 1: Main properties of materials present in literature 

Material TES type Density 

(kg/m3) 

Melting 

Temp.(C°) 

Latent 

Heat 

(kJ/kg) 

Specific 

heat 

solid 

(kJ/Kg∙K) 

Specific 

heat 

liquid 

(kJ/Kg∙K) 

Thermal 

conductivity 

(W/m∙K) 

Ref. 

Aluminum Latent 2700 660 397 1.085 1.177 250 [30] 

Sodium 

chloride 

Latent 2160 801 430 0.931 1.215 5 [30] 

Lithium 

carbonate 

Latent 2110 723 509 1.8 2.5 2.6 [25] 

Alumina Sensible 3960 2072 - 0.8 - 35 [31] 

 

Figure 15 (right) shows the percentage of energy stored in the materials in sensible mode and by 

phase change transition (latent heat) in a working temperature range of 550°C to 850°C,  typical  

for metallic solar volumetric receivers. The phase change materials are of great interested for the 

industrial process because the TES based on PCM materials: i) can store a high amount of energy ii) 

and can keep constant the storage temperature (if transition temperature is well-tuned with the 

application). Latent heat makes it possible to dampen the thermal fluctuation of the solar energy 

source. Variable weather or sudden cloud cover can reduce the DNI and therefore, the 

temperature of the air produced by solar receivers; this is a critical point for industrial processes. In 

the functional heat storage, the heat provided by the solar volumetric receiver is released to the 

TES by the heat exchanger. The high temperature allows the melting of PCM. When the working 

temperature is reached, the thermal fluid transports the heat to the industrial processes. When a 

reduction of DNI occurs, the PCM releases heat to the thermal fluid, keeping the fluid temperature 

constant, thanks to the latent heat of phase change material. 
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4. Integration of thermal storage in a solar tower SHIP research facility 

This chapter has been prepared by the Cyprus Institute (CYI), Cyprus based on its work under INSHIP 

Task 4.4 (“High-concentration optics for high-temperature solar reactors”). 

CYI is contributing to Task 4.4 mainly with the development and validation of a set of 

computational tools to assist in the design and optimization of solar tower systems and in particular 

to the design and optimization of large scale solar thermal systems for material processing and solar 

chemistry applications. 

These tools are all being developed as open-source tools, and will be made publicly available in a 

way that will ensure that anyone interested in using them or in contributing to further develop them 

will be able to do it.  

To achieve this, CYI is putting in place an ecosystem of tools to facilitate all the different set of 

activities involved in developing, documenting, releasing, and maintaining the set of design and 

optimization tools of solar tower systems it is developing. This software development ecosystem is 

composed of the following team-collaboration and software development tools: Crowd, 

Confluence, JIRA, Bitbucket, Crucible, Fisheye, Bamboo. All the aforementioned tools are 

developed by Atlassian, one of the world leaders in team collaboration and software development 

tools. They are highly integrated and state-of-the-art. They are provided by Atlassian at no cost to 

the project because of the open-source nature of the design and optimization tools being 

developed by CYI. 

Using the mentioned Atlassian software development ecosystem, CYI is currently developing or 

contributing to the development of the following set of tools: SunPath, Tonatiuh++, FluxTracer, 

SolarTherm.  

SunPath, Tonatiuh++, and FluxTracer were started by CYI, which is currently its main developer. 

SolarTherm, however, was started some years ago by the Australian National University (ANU) under 

the framework of the Australian Solar Thermal Research Initiative. Since it was started and it is an 

open-source project, CYI has joined the development effort and is collaborating with ANU in its 

further development and validation. 

In addition to developing all of the mentioned tools, CYI is exploring Artificial Intelligent techniques 

and Scientific Workflows to combine all of these tools in smart and creative ways to be able to truly 

optimize solar tower systems with thermal storage under realistic and practical set of constraints. 

This activity has just started few months ago and is contingent and currently in parallel with the 

activities devoted to develop the tools, which are the building blocks of the optimization approach 

being pursued. 

Details of the development of the aforementioned software tools will be presented in the INSHIP 

Deliverable report D4.4 (“Conceptual design of medium- to large-scale implementation of high-

concentration solar optics for high-temp reactor designs”), expected to be published in Q3 2020. 

4.1. Heat losses in a molten salt thermal storage system 

In parallel, experiments to validate the aforementioned software tools developed are also being 

carried out at the PROTEAS facility of CYI. These experiments concern the measurement of losses in 

thermal energy storage tanks and molten salt transfer lines within the CSP plant. 
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In order to calculate the thermal losses in the energy storage tank, the following two methods were 

used: 

 Isothermal method, which involved measuring of the power consumption of immersed 

electric heaters over a long steady-state period (several hours, with no fluid flow) as the 

storage tank is maintained at constant temperature. 

 Cool-down method, which involved turning the immersed electric heaters off and 

monitoring the evolution of the mean tank temperature with time, over a defined 

period, estimating the thermal losses by the rate of change of the mean tank 

temperature. 

A one-dimensional model for evaluating thermal losses in pipelines was developed, based on the 

one-dimensional unsteady heat conduction equation: 

𝜌(𝑟)𝐶𝑝(𝑟)
𝜕𝑇

𝜕𝑡
=

1

𝑟

𝜕𝑇

𝜕𝑟
(𝑟 𝜉 𝑘(𝑟, 𝑇)

𝜕𝑇

𝜕𝑟
) + 𝑄(𝑟, 𝑡) 

Where Q(r,t) is a volumetric source term. The constant ξ is introduced and calibrated from the 

experimental measurements of thermal losses, shown in Figure 17. 

 

Figure 17: Loss rate vs. temperature for all thermocouples on the molten salt transfer line. The 

extracted average thermal loss rate is plotted with the heavy black line. 

Using this model, an optimization of the cost of the insulation materials and heat tracing is carried 

out, to minimize the capital investment required and optimize the thickness of various insulation 

materials that can potentially be used. By considering both capital and operational expenses of 

the heat tracing system throughout the lifespan of the plant, a general conclusion that increased 

heat tracing capacity over the minimum (e.g. exactly matching the thermal losses) is needed. This 

minimizes the preheating time necessary, thus minimizing the operating expenses of the facility. This 

work resulted in a publication [33]. 



Deliverable Report   

 

D 4.2    GA No. 731287 30 
 Co-funded by the Horizon 2020 Framework 

Programme of the European Union 

The optimal insulation thickness for the PROTEAS facility was studied under the following 3 cases: 

 Case 1: The materials (from inner to outer) are the same as those actually used, e.g. 

ceramic fiber and two layers of mineral fiber with densities of 80 and 50 kg/m3 respectively. 

Here the factor of safety is set to φ = 1.  

 Case 2: Same as Case 1, except the factor of safety is set to φ = 2, to highlight the impact of 

the operational cost of the heat tracing on the system.  

 Case 3: Same as Case 1, except that the factor of safety is also included as a parameter to 

be optimized (within the range of 1 to 10).  

Optimal insulation thickness results are shown in Figure 18, for three different operating temperature 

scenarios. 

 

Figure 18: Optimized insulation thickness at design temperatures of 300, 400 and 500 °C. Within 

each design temperature, the columns correspond to Case 1, 2 and 3, respectively. 

Detailed measurements of the thermal losses in the molten salt storage tank have also been carried 

out. These measurements contribute to the overall model of the plant, improving the accuracy of 

prediction of parasitic loads [34]. 
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5. Degree of progress 

This document constitutes Deliverable D4.2 under Work Package 4 of the INSHIP project. This 

Deliverable reports results of ongoing work related to integration of thermal storage and/or solar 

hybridization for selected high-temperature industrial processes driven by concentrated solar 

process heat. Further progress is expected from these research activities until the end of the project 

(December 2020). 

6. Dissemination 

 The work described in Section 1.1 has been presented in IATENS-2019 (The International 

Aluminum-Themed Engineering And Natural Sciences Conference), Seydisehir, Turkey [35]. 

 The work in Section 2.1 has been submitted to a major heat transfer journal. 

 The work in Section 2.3 has been accepted for presentation in TFEC-2020 5th Thermal and 

Fluids Engineering Conference, New Orleans, LA, USA, April 5-8, 2020 and to be published as 

a full paper in the conference proceedings. 

 The work in Section 4.1 has been published in the journal Applied Thermal Engineering [33]. 
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