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Contents of this Deliverable 

Deliverable 4.3, since the beginning of INSHIP, has been planned to report on “Conceptual 

design of large-scale implementation, economic analysis, and potential for CO2 mitigation 

of solar-driven processes for: a) selected metallurgical processes; b) lime processing from 

limestone; c) fuels production from H2O and CO2 via redox cycles, and from agricultural 

waste via gasification”. INSHIP WP4 Tasks 4.1-4.4 and the Research Activities under these 

tasks were planned to contribute to Deliverable 4.3, among other Deliverables.  

Within the scope of the Research Activities, large scale solar hybridization of aluminum and 

cement industries has been investigated via simulations of existing plants together with 

Concentrating Solar Power (CSP) receivers, newly developed or optimized optics and solar 

fields. For increasing capacity factors of solar hybridization, thermal energy storage (TES) 

systems were integrated into modeled solar hybridized plants. CO2 mitigation potentials of 

the proposed systems have been demonstrated together with the associated economical 

gains. Although the demonstrated economic benefits only include cost savings from less 

fossil fuel use, much greater future economic benefits are associated with CO2 mitigation. 

While trying to reach the zero Green House Gas (GHG) emissions target, it is also necessary 

to remove some of the previously emitted GHGs from the atmosphere to stop global 

warming. The GHG removal is expected to be very costly. Every effort to reduce emissions 

will reduce that future economical cost. Since it is not possible to associate that future effort 

with a cost estimate, the economic analyses in this deliverable are only related to fuel cost 

savings. As an integral part of CO2 removal from stacks or from atmosphere, solar fuels 

production from redox cycles of CO2 and H2O has also been investigated within the scope 

of DL4.3.    

Other topics explored or reported in this Deliverable include modular solar collector fields 

for different heliostat sizes and techno-economic analysis of thermochemical production of 

solar fuels for transportation sector. 

1. Metallurgical processes 

This section 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”).  

Under INSHIP Task 4.1, mass and energy balances of Al, Cu, Zn, Mg and Sn production 

processes were investigated. 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. Aluminum production itself is also one of the most energy-intensive metallurgical 

processes. 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 starts with bauxite ore and ends with alumina. 
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Within INSHIP WP4 Research Activity 4.1.1, the feasibility of solar hybridization of an Aluminum 

Plant in Turkey is investigated. After collecting audit data for mass and energy balances of 

Seydisehir Aluminum plant (reported in INSHIP Deliverable D4.1), an Aspen Plus process 

simulator model of the Bayer process was developed which has been reported in INSHIP 

Deliverable D4.2. Using this chemical process model, by performing simulations, mass 

balances were verified, and energy flows between the components of the model were 

obtained. The model results were presented to R&D department of the plant for a check 

and their accuracy was confirmed by the R&D personnel.  

At the following step, a TRNSYS model of the plant was developed with the help of Aspen 

Plus simulation results. The simulation results of the TRNSYS model were checked against the 

audit data and Aspen Plus data. The preliminary results of the TRNSYS model development 

have been also reported in INSHIP Deliverable D4.2. 

At the last stage of this research activity, the validated TRNSYS model was used for showing 

feasibility of solar hybridization of Alumina production in Seydisehir plant.  The results of this 

last stage together with the model details are presented here. The modelling work was done 

by Basil Abu Zanouneh of METU. 

In alumina production, the digestion unit is the targeted unit for solar hybridization due to its 

high fossil fuel consumption leading to high CO2 emissions. The part of Aspen Plus model 

around the digester is shown in Figure 1.   

The slurry enters the digestion unit at around 80°C and at 300 bar. It then passes through a 

series of heat exchangers where the slurry is heated by the steam generated in the flash 

tanks to about 110°C before mixing with the bauxite. The whole bauxite slurry enters the 

digestor at about 100°C at 1 bar, where it is heated to a temperature of 260°C at a pressure 

of 3MPa for sufficient retention time before entering the flash cooling unit. 

During preheating, the liquor input (CAUSMAKE) and the recycled liquor (SPENTLIQ) are both 

heated from 97°C to 112°C at a pressure of 304kPa using the heat from the second and 

third flash tank. A sub stream is extracted from the main stream and is heated to a 

temperature of 196°C and a pressure of 900kPa using the heat from the first flash tank, which 

is then injected directly into the reactor. The main stream is mixed with bauxite and then is 

sent to the reactor with steam at 337°C and 14MPa.   

Solar heat can be used to generate the steam injected into the digester, and can be used 

to preheat the bauxite slurry, reducing the amount of natural gas used in the furnace. 

Further, it may replace the furnace in the summer by placing a pump and a heat exchange 

system. The steam needed to preheat the slurry (LSFEED) is at a temperature of 181°C and 

pressure of 1013kPa with a mass flow rate of 20000kg/h. This steam condenses completely, 

giving away its energy to the slurry. In the furnace, the mixture is raised to a temperature of 

250°C and a pressure of 3000kPa. The furnace heats the input slurry to 250–260°C, and the 

slurry exits the furnace without any phase change. On the other side of the furnace, 

combustion gases are burned to generate thermal energy. In this module, it is assumed that 

no reaction takes place during the heat up of the slurry. 
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Inside each flash tank, the pressure is reduced and due to the unstable thermodynamics of 

the flash process, water is vaporized to the gas phase. This vapor is then fed into the 

preheaters to heat the input and recycled liquor. The vapor condenses and transfers its 

energy to the main flow. This module is important to model since it heats the input feed from 

82°C to 112°C using the second and third flash tanks, using a total of 34.12MW of energy. It 

also heats the slurry from 112°C (at 304kPa) to 195°C (at 900kPa) giving off 189.7MW using 

the first flash tank. Overall, the preheating process using the flash cooling units supplies 

approximately 50% of all the energy needed for digestion, and therefore it should be 

modelled accurately. The FLASH2 module (shown in Figure 1) is for simulating this process. 

The furnace consumes 23.21 MW of thermal power. Furthermore, there are two input streams 

of steam, one to the digester and one to heat the input feed. LSINJECT, the steam to the 

digester, is supersaturated at 337°C and 14MPa. This stream of steam provides most of the 

energy needed inside the digester. In addition, LSFEED is the stream containing super-

heated steam at 181°C and at 1MPa.  
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Figure 1: Aspen Plus model of the Bayer process at the Seydisehir Aluminum Plant with the inlet and 

outlet states of the streams. The state variables from top to bottom are temperature (°C), pressure 

(kPa), mass flow rate (kg/hr) and vapor quality. 
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Aspen Plus was used to calculate the energy required to produce these streams and it was 

found that 2.68MW of power is needed to produce the steam to the digester and 11.40MW 

of power is needed to produce the steam that heats the input feed. Hence, a total of 

37.29MW of power is required. To supply this power using solar collectors, TRNSYS was used 

to model a solar collector field transiently throughout the summer period. The current study 

presents a thermal energy storage system simulated in TRNSYS, aided with simulations done 

in Aspen Plus. 

Solar hybridization option investigated is based on Parabolic Trough Collectors (PTCs) for 

heating up the Heat Transfer Fluid (HTF) that will be stored in the Thermal Energy Storage 

(TES) system hot tank. The stored HTF will be used for producing steam in 3 separate heat 

exchangers for feeding steam to 3 different locations. All of the locations are around the 

digestor and the furnace and they are contributing to the steam injections to the processes. 

The TRNSYS model of the overall solar hybridization system is shown in Figure 2. 

 

Figure 2: TRNSYS model of the solar hybridization system that consists of PTCs, TES and 3 steam 

generators to supply steam to Preheater, Digestor and Furnace. 

 

The thermal energy storage system was designed to maintain continuous operation. The 

model includes a storage tank, and heat exchangers to model the preheating, digestion 

and furnace heating processes.  
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The solar collector field and the TES system are optimized for supplying the entire 37.29 MW 

during the summer months. The optimized system consists of 58 PTCs, each having area of 

20 m2. 

We assume 50% capacity factor for the entire year, and 37.29 MW, 20 MW, 10 MW and 20 

MW power supplied from the solar energy system in summer, fall, winter and spring periods, 

respectively. This corresponds to 339.38 TJ energy supplied by the solar energy system 

corresponding to 17,050 ton CO2 emission mitigation.  

The same 339.38 TJ solar thermal energy corresponds to 321.7 MMcf natural gas. With the 

solar hybridization, 9.11 million m3 of natural gas is saved in a year leading to about 2 million 

EUR per year economic gain at the current natural gas prices in Turkey. 

 

2. Lime processing from limestone 

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

This section 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”). 

Use of solid particles as a heat transfer and storage medium in CSP is being studied by 

numerous research groups worldwide. Solid particles are a promising choice for supplying 

the heat needed for industrial applications due to the high working temperatures (up to or 

above 1000 °C) and low cost (<1 USD/kg) of the particles. Designing a solid particle-based 

CSP plant requires designing two heat exchange devices: the solar receiver and the 

particle-fluid heat exchanger. However, heat transfer in flowing groups of solid particles can 

be quite complex, with particles exchanging heat through direct contact, through the fluid 

gap in between particles, and through radiation. Because the field is much less developed 

than fluid mechanics, there are much fewer modeling capabilities available, making it more 

difficult to design heat exchange devices in particle-based CSP systems. The overarching 

goal of this work is to improve the modeling capabilities of heat transfer in flowing groups of 

particles within the Discrete Element Method (DEM) modeling context, with special focus on 

thermal radiation, which has been left out of many analyses due to its complexity. 

2.1.1. Receiver model for pre-heating particles 

Cement production is responsible for a high amount of CO2 emissions globally, making it an 

industry which is critical to decarbonize in the coming decades. Calcination of lime is the 

key step in cement production, which relies on an endothermic reaction in the temperature 

range of 900 to 1500 ⁰C. Supplying heat using concentrated solar radiation may provide a 

solution to limestone calcination as well as various other high-temperature and energy-

intensive industrial processes, such as metallurgy.  

In this research, a tower-top solar receiver is envisioned which pre-heats lime particles from 

ambient temperature to roughly 700 ⁰C, reducing the fossil fuel needed to bring lime 
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particles up to temperature. Heating to higher temperatures would start the calcination 

process, where the reactants and products must be tightly controlled, so for the initial 

receiver design the focus is on pre-heating the particles to prepare for calcination. 

Furthermore, by designing a receiver to pre-heat particles, the modeling method and results 

may be useful for other industrial processes which require similar heating of granular material 

to high temperatures.  

The receiver designed uses a dense granular flow of particles which descends with gravity 

in between parallel plates. One of these plates forms the heated surface of the receiver, 

shown in red in Figure 3(a) and the other plate is insulated. The receiver surface is 12x12 m, 

with a 5 m deep cavity (or hood) and a 2.5 m lip, and the entire receiver cavity is tilted 

towards the front at 12.5 degrees. The cavity substantially reduces emissive and convective 

losses from the hot receiver surface, increasing efficiency. Lime particles of diameter 1 mm 

descend between the parallel plates, which are spaced at a distance of 8 mm, as shown 

in Figure 3(b). A thin channel is desired for the best heat transfer, but reducing it further may 

cause clogging in the flow. 

             

Figure 3: (a) Cavity receiver modeled, and (b) particles descending through parallel plates. 

 

A DEM-based model for heat transfer at the particle scale has been developed. Particle 

positions are modeled with the DEM software LIGGGHTS, and heat transfer is calculated 

afterwards using a separate code referred to herein as Dense Particle Heat Transfer (DPHT). 

This code uses the sub-models previously developed by other researchers for particle 

conduction, and the particle-particle and particle-wall radiation sub-models are 

implemented using the Distance-Based Approximation model previously developed by the 

authors. The DPHT code will soon be released as open-source software on the Github 

repository.  

Modeling the entire receiver with DEM+DPHT is not feasible due to the very large number of 

particles. Therefore, a DPHT simulation is used to find the overall heat transfer coefficient 

from the wall to the particles under the relevant conditions, lumping all of the complex heat 

transfer effects of the particle-air mixture into a single parameter, which allows for simpler 

modeling of the overall heat flows in the receiver. Thus, the DPHT simulation acts as a bridge 

between the complex micron-scale heat transfer at the particle level and the meter-scale 

heat flows of an actual receiver.  

The geometry modeled is a set of parallel plates separated by 8 mm, with a constricting 

nozzle at the outlet, as shown in Figure 4(a). Because the simulation domain must be long 

(a) (b) 
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enough to establish a thermally fully developed flow, the plates modeled are 6 m in length, 

with a static fill level of roughly 4.1 m, containing 329,376 particles. A boundary condition of 

1073 K is given to one plate, and an adiabatic boundary condition is given to the other. 

Thermal and mechanical properties used in the DEM and DPHT simulations are those of 

limestone particles. After the simulation is run, the heat transfer coefficient from the heated 

wall to the particles is found, which is highest near the inlet and decreases in the flow 

direction. In the entrance region, within 4.0 meters of the inlet, the equation ℎ = 3.5547𝑥4 −

33.591𝑥3 + 120.34𝑥2 − 231.2𝑥 + 414.41 gives the coefficient h (in W m-2 K-1) as a function of 

the distance x (in meters) from the beginning of the heated section. For the developed 

region (x>4), h is given a constant value of 150 W m-2 K-1. 

 

Figure 4: Parallel plates showing (a) outlet constriction, and (b) plates filled with particles.   

 

Heat transfer in the receiver is modeled by subdividing the receiver surface into many 

elements, and a set of seven simultaneous equations are solved for each element. An 

incident uniform radiative flux of 170 kW m-2 is assumed in this model, and the receiver 

surface temperature, heat gained by particles, and losses are found. The interior surfaces 

of the cavity are not modeled explicitly, which greatly reduces the complexity of the 

solution. This underestimates the loss, since it includes no losses from the internal walls of the 

receiver cavity. After the receiver surface temperature has been found, the emissive and 

convective losses from the interior cavity walls are calculated by assuming these surfaces 

take the mean of the receiver surface and ambient temperatures. These “extra” losses are 

calculated afterwards to account for the originally neglected losses, providing an improved 

estimate of the receiver efficiency. Overall, of the 43.5 MW incident on the receiver surface, 

19.1 MW were absorbed, and the thermal efficiency is 43.5%. The average outlet 

temperature of the original simulation is 813 ⁰C, but after reducing the temperature based 

on the extra cavity losses, the estimated bulk outlet temperature is 702 ⁰C, with a mass flow 

rate of 25 kg s-1. 

(a) (b) 
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(a) (b)  

 

Figure 5 : Solution before extra wall losses are included, showing (a) receiver surface temperatures, 

and (b) absorbed heat flux. 

 

This parallel plate receiver can be taken as the base-case for such a dense granular flow 

particle receiver. The efficiency is comparatively low, but it is expected to rise significantly if 

fins are used to double or triple the surface area contacting the particles, or if obstructions 

or orifice plates are placed in the flow to induce mixing of the particle stream. While 

numerous receivers have been proposed in literature, this type of receiver may be well-

suited for industrial applications due to the high degree of flow rate control and simplicity 

of the design. 

2.1.2. Experimental Investigation of Dense Granular Flows 

DEM with heat transfer is a relatively recent modeling method, and little validation data is 

available for dense granular flows at the high temperatures of CSP systems where thermal 

radiation plays a significant role in the overall heat transfer. Therefore, experimental tests 

are conducted to (a) provide validation data for heat transfer models, including the DBA 

radiation model, (b) document practical lessons learned in the design and execution of 

experiments in granular flows at high temperatures, and (c) increase the technology 

readiness level of the dense granular flow receiver by running experiments using highly 

concentrated light in a solar simulator facility. 

The experiment was designed to study a particle stream in a dense granular flow through a 

square tube, with concentrated light illuminating one face. By measuring the inlet, outlet, 

and wall temperatures, DEM heat transfer models can be compared to the experimental 

results. The experimental setup (Figure 6(a)) consists of a hopper to preheat particles to ~700 

⁰C, a square tube containing the downward flowing particle stream, which will receive 

concentrated light on one face (with the other three faces insulated), mechanical mixing 

devices on the inlet and exit to ensure particle streams of uniform temperature, and a scale 

for measuring the mass flow rate. The setup is located in the solar simulator facility at the 

GÜNAM ODAK laboratory at METU, which consists of three lamps each capable of 

producing 9 kW of concentrated light (Figure 6(a) and (c)). 
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Figure 6 : (a) Overall view of the setup placed in front of the lamps, (b) main components of the 

system, (c) three 9-kW lamps to expose square tube to high flux radiation, and (d) 750 ⁰C stream of 

sintered bauxite particles glowing as they drop out of the heated tube and onto the scale. 

 

Experiments have been run under a limited set of conditions to obtain initial results with both 

natural sand, sourced from southern Turkey, and CarboHSP 40/70 sintered bauxite particles 

from Carbo Ceramics Inc. CarboHSP was chosen because it is a leading candidate for 

particles in CSP, and its thermophysical properties have been previously studied by others. 

Data analysis of the obtained results and a detailed validation are ongoing. 

2.2. Solar hybridization for cement production 

This section 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”). 

As a part of INSHIP Research Activity 4.2.2, the study presented in this section was performed 

by Onur Polat of METU. In this study, existing procedures followed in cement manufacturing 

are investigated for possible solarization paths. Calcination reaction (CaCO3 + Heat -> CaO 

+ CO2) which takes place above 1200 K is identified as the best solar hybridization 

opportunity. A thermodynamic model for a typical cement plant is developed, along with 

new models for a solar concentrator field, solar calciner and hot storage for calcined 

material. Model is tested with data from a cement plant located in Gaziantep, TR and it has 

been found that 20–25% of CO2 emission related to fossil fuel combustion can be mitigated 

with solar input to sustain calcination reactions. 

2.2.1. Modelling Cement Production and Solarization Paths 

Modern cement manufacturing processes consists of raw mix preparation, pre-calcination 

in cyclone cascades, complete calcination and clinker formation in a rotary kiln, clinker 

cooling, final grinding, and packaging. High temperature processes occur between pre-

calcination and clinker cooling stages. As most of the heat required in clinker formation is 

the heat of calcination, best possible approach is to use a solar calciner and a hot storage 

for completely calcining raw mix before feeding it into the kiln. In Figure 7, a block diagram 

of the cement plant with existing and proposed paths of operation is given. 

Hopper 
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Scale 
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Figure 7: Block diagram of raw mill and high temperature cement manufacturing processes with 

proposed additions. 

 

Each block is assumed to operate in steady state. Each block model is based on energy 

balance equation solved for its’ desired output states, together with auxiliary equations for 

matching the degrees of freedom.  

Solar field model uses constant coefficients given in the work of Yao et. al. (2009) to predict 

field efficiency [1]. DNI input is converted into heat output based on mirror geometry and 

number defined by the user. Solar field output is set to a specified maximum and any 

available energy above this threshold is not utilized. Each mirror is modelled as having a 100 

m2 area. 

Calcined feed storage is modelled with a heat loss computed over several intervals during 

the one-hour period. Sensitivity analyses indicated maximum time step size of 180 seconds 

for a relative error of 0.1% for the feed output temperature. 

2.2.2. Results 

Model is tested with plant data from Atmaca (2011), hourly DNI data for Gaziantep, TR from 

Climate.OneBuilding (2020) [2] and ambient temperature from Turkish State Meteorological 

Service (2020) [3,4]. Output (clinker) flowrate was 65.2 t/h or approximately 571,000 tons per 

year. Benchmark test ran for conventional operation with fossil fuel use showed only minimal 

deviations from data reported by Atmaca [2].  

During solar input runs, to observe variation of % CO2 emission reduction with respect to 

number of mirrors and solar input upper limit, a 2-parameter sweep is performed. Maximum 

solar heat used is limited to 55, 65 and 75 MW and number of mirrors were altered between 

2000 and 10000. Results of the parametric sweep are given in Table 1. 
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Table 1: 2-Parameter sweep for percent reduction in fuel related CO2 emissions 

                           Qlimit 

Number of 
Mirrors 

55 MW 65 MW 75 MW 

2000 15.75 16.77 16.93 

2500 17 18.13 18.38 

3500 19.06 20.22 21.14 

4500 19.24 20.58 21.76 

5500 19.75 21.52 22.85 

6500 20.24 22.12 23.53 

10000 20.99 22.75 24.73 

 

Results indicate a strong relation between peak power allowed and emissions reduction. 

Therefore, larger plants with better storage capacities are better candidates. On the other 

hand, increasing mirror number without increasing allowed peak solar power will require a 

significant portion of the plant not to be used during the year. Underlined values in Table 1 

indicate optimal field sizes for that any increase in number of mirrors is less than 0.1% per 100 

mirrors added to the field.  

A typical monthly variation of fuel related CO2 emissions reduction is given in Table 2 for a 

solar field of 4500 mirrors. 

Cement plants typically operate for eleven months and one month is used for yearly 

maintenance of refractories in the kiln and other worn-out parts.  If maintenance period 

can be selected properly, emissions can be reduced further. Boldfaced data in Table 2 

indicates lowest CO2 emission reduction month. New year-round average values with 

maintenance month excluded are listed in Table 3. 

Table 2 : Fuel related CO2 emissions for three different maximum solar energy available. 

(Number of mirrors = 4500) 

 Qlimit = 55 MW Qlimit = 65 MW Qlimit = 75 MW 

Month 
Average CO2 

Flowrate 
[kg/s] 

Percent 
Reduction 

in CO2 
Flowrate 

Average CO2 
Flowrate 

[kg/s] 

Percent 
Reduction 

in CO2 
Flowrate 

Average 
CO2 

Flowrate 
[kg/s] 

Percent 
Reduction 

in CO2 
Flowrate 

January 4.59 15.08 4.47 17.40 4.42 18.23 

February 4.59 15.24 4.59 15.24 4.59 15.24 

March 4.54 15.99 4.54 16.12 4.54 16.12 

April 4.22 21.98 4.15 23.29 4.07 24.74 

May 4.22 22.08 4.10 24.19 4.05 25.06 

June 4.02 25.73 3.96 26.84 3.83 29.18 

July 4.03 25.54 3.92 27.44 3.84 29.10 



Deliverable Report   

 

D 4.3    GA No. 731287 15 
 Co-funded by the Horizon 2020 Framework 

Programme of the European Union 

August 4.20 22.37 4.12 23.81 4.02 25.68 

September 4.38 19.02 4.24 21.66 4.16 23.15 

October 4.44 17.99 4.38 19.11 4.31 20.40 

November 4.60 14.92 4.56 15.79 4.51 16.67 

December 4.60 14.95 4.54 16.04 4.46 17.52 

YEAR AVG 4.37 19.24 4.30 20.58 4.23 21.76 

 

 

Table 3 : Effects of proper selection of maintenance period. All values are percent CO2 

mitigation. 

  55 MW 65 MW 75 MW 

12 - Month Avg. 19.24 20.58 21.76 

11 - Month Avg. 19.63 21.06 22.35 

Improvement 0.39 0.48 0.59 

 

As seen in Table 3, up to 0.6% improvement can be obtained by simply scheduling 

maintenance times based on climate data. As cost and control complexity of the system 

will increase with increasing solar field size, 65 MW case is the optimum of the three cases 

considered here.  

If the cement plant goes to maintenance in February, in the 11 months when the plant is in 

operation, 21.06% CO2 mitigation is possible. The corresponding yearly average rate of CO2 

mitigation is 4.10 metric tons of CO2 per hour. This corresponds to 32.5 MT of CO2 per year. 

Solar hybridization also leads to substitution of fossil fuels with solar energy. For this 65 MW 

and 11 month operation scenario, the savings of 1.52 T/h of coal is possible. This can be 

translated into about 12 GT of less coal used in the plant. The corresponding money saved 

is about 5.7 million TRY, 722000 USD or 607000 EUR per year.    

 

2.3. Fluidized bed thermal storage for solar lime integration 

This section 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”). 

In Section 2.1, the results of the dense granular flow solar receiver development at METU is 

presented. The developed receiver can be used for heating either the particles that are 

being processed in the plant such as lime or the particles that are used as an intermediate 

heat transfer medium. There are obvious advantages of heating the processed particles, 

however those particles may not have favourable heat transfer characteristics. In that case, 

transferring heat to particles like sand or sintered bauxite first may be advantageous. By 

passing air around the hot particles, hot air can be produced. This approach creates an 

alternative to volumetric air receivers. 
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If the receiver is used with sand or bauxite, the hot particles coming from the receiver can 

be stored in a tank for later use. This particle TES can be discharged by fluidizing the hot 

particles for generating hot air during the periods of unavailability of solar resource. Within 

INSHIP Research Activity 4.2.3, a fluidized bed particle TES discharge set-up was developed 

and feasibility of the TES system was demonstrated. The results of this study have been 

reported in INSHIP Deliverable D4.2. Such a TES system increases the availability of a particle-

based solar hybridization scheme. With increased availability, it is expected to observe more 

CO2 mitigation and economical gain. However, since direct heating of lime was 

investigated in RA 4.2.1 and volumetric air receiver in RA 4.2.2 for solar hybridization, the 

results of the fluidized particle TES are not directly applicable to the considered cases.  

The developed TES system can be coupled with the dense granular flow receiver using sand 

or sintered bauxite particles. This system can be used in place of the volumetric air receiver 

used in Section 2.2. Such a system is expected to lead to similar benefits to the ones 

presented in Section 2.2. 

2.4. Study of modular 15 MWth commercial plants 

This section has been prepared by the Centro de Investigaciones Energéticas, Medioambientales y 

Tecnológicas (CIEMAT), Spain based on its work under INSHIP Task 4.2 (“Solar lime production for the 

cement industry”). 

In order to assess the feasibility of using a similar technology in a future commercial scenario, 

an analysis has been performed of heliostat fields with different sizes: large and common 

heliostats of 120 m2, medium area of 60 m2 and small heliostats of 5 m2. Simulations have 

been done in order to compare results and evaluate the suitability of using different sizes to 

get a total thermal power in the receiver of 15 MWth, in addition to get realistic values of 

efficiency.  

2.4.1. 15 MWth plants with 60 m2 heliostat 

Software Windelsol [5] has been used to carry out the corresponding simulations. The optical 

height of the receiver has been fixed at 60 meters.  The same design point, March 21st noon 

time, has been selected to make these simulations. 

a.  Annual optical efficiency 

Figure 8 shows the heliostat field lay-out for this heliostat size. Total number of heliostats is 

395, and annual optical efficiency is 0.69. Figure 9 presents the breakdown of different 

optical efficiencies of the plant: 
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Figure 8: Layout of the 60 m2 heliostat field. 15 MWth nominal power. 

  

 

 

Figure 9: Annual optical efficiencies of the 60 m2-heliostat field. 15 MWth nominal power. 

 

b. Design point values 

Figure 10 shows the flux distribution on the receiver.  Peak flux obtained goes up to 4200 

kW/m2, with a single point aiming strategy (all heliostats pointing to the center of the 

aperture), and efficiency is 0.746. 
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Figure 10: Flux distribution on the aperture of the receiver of the 60 m2 heliostat field. 15 MWth 

nominal power. 

 

Results for this heliostat size are similar to those given by commercial power plants. That 

supports the feasibility to use this heliostat in modular commercial power plants. 

2.4.2. 15 MWth plants with 120 m2 heliostat 

As in the previous case, software Windelsol has been used to perform simulations. Receiver 

optical height has been fixed at 60 meters and the same design point has been used. 

a. Annual optical efficiencies 

Figure 11 shows heliostat field lay-out for this heliostat size and Figure 12 presents the 

breakdown of different optical efficiencies of the plant. Total number of heliostats is 197, 

and annual optical efficiency is 0.65: 

 

 

Figure 11: Layout of the 120 m2 heliostat field. 15 MWth nominal power. 
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Figure 12: Annual optical efficiencies of the 120 m2 field. 15 MWth nominal power. 

b. Design point values 

Figure 13 shows the flux distribution on the receiver aperture.  Peak flux obtained goes up to 

3500 kW/m2, with a single aiming point strategy, while efficiency is 0.72 

 

Figure 13: Flux distribution in the receiver of the 120 m2 heliostat field. 15 MWth nominal power. 

Also in that case, values obtained for a commercial scenario are much better than for the 

pilot plant one. Peak flux and efficiencies are slightly lower than in the 60 m2 heliostat field, 

and field size is higher, but still the results for 120 m2 heliostat size are quite similar to those 

given by commercial power plants. These results also support the feasibility to use this 

heliostat in modular commercial power plants. 
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2.4.3. 15 MWth plants with small heliostats 

The small heliostat has only 5 m2. This size has been selected as it is one of the smallest sizes 

employed in heliostats already constructed and used in a CSP plant [6]. It is known that the 

lower the size of the heliostat is, the better the power plant operating parameters values 

are.  Then, values obtained with this kind of heliostat will serve as a reference to know the 

best values we might expect with a very small heliostat. 

Simulations have been performed in the same conditions as previous cases. 

a. Annual optical efficiencies 

Figure 14 shows the heliostat field lay-out for this heliostat size. Total number of heliostats is 

5239, and annual optical efficiency is 0.71. Figure 15 presents the breakdown of different 

optical efficiencies of the plant: 

 

Figure 14: Lay out of the 5 m2 heliostat field. 15 MWth nominal power. 
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Figure 15: Annual optical efficiencies of the 5 m2 heliostat field. 15 MWth nominal power. 

b. Design point values 

Figure 16 shows the flux distribution on the receiver.  Peak flux obtained exceeds 5100 

kW/m2, with a single aiming point strategy, while efficiency is 0.78 at that moment. 

 

Figure 16: Flux distribution in the receiver of the 5 m2 heliostat field. 15 MWth scenario. 

As can be seen, with small heliostat the best operating parameters for the commercial plant 

are obtained though a huge number of units is required. As we said before, these values 

serve as a reference, and allow to compare best results with the rest of cases.  Comparing 

results, it is seen that higher heliostats get lower efficiencies and peak flux values, but 

differences are not very high, that supports their use in the commercial scenario. 
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3. Solar fuels production 

3.1. Solar fuels: entire process chain to liquid hydrocarbon fuels from H2O 

and CO2 

The text in this sub-section has been extracted from Ref.[7]: C. Falter, A. Valente, A. Habersetzer, D. 

Iribarren, J. Dufour, An integrated techno-economic, environmental and social assessment of the 

solar thermochemical fuel pathway, Sustain. Energy Fuels. 4 (2020) 3992–4002. 

doi:10.1039/D0SE00179A. 

 

This work was carried out under the H2020 project SUN-to-LIQUID (year 2016 to 2019) by the authors 

of Ref.[7]. ETH Zurich participated in this project with Swiss national funds, which are being reported 

as an in-kind contribution to the INSHIP project. This analysis is being presented here due to its 

relevance to the theme of this Deliverable and as a link between SUN-to-LIQUID and INSHIP projects. 

For details of this analysis, the reader is referred to the full publication (Ref.[7]). 

 

“Solar fuels could solve one of the most pressing energy-related issues of the present time: 

the switch to a renewable energy base in the transportation sector. Especially aviation and 

heavy-duty transport will mostly rely on liquid fuels, which makes solar fuels an enabling 

technology for future mobility. Here, an analysis of the solar thermochemical fuel pathway 

that converts CO2 and H2O into liquid “drop-in”- capable fuels is presented, taking into 

account its life-cycle, economic, environmental and social performance. For a baseline 

plant layout in Morocco, nominal production costs of 1.97 V per liter of jet fuel are estimated, 

with greenhouse gas emission savings of 80% with respect to conventional fuel. Social 

concerns such as child labor or forced labor arise mostly through the import of materials 

and components from other developing countries. Alternative production locations are 

analyzed, finding that in Chile – the country with the highest solar irradiation – nominal 

production costs of 1.72 V per L could be attained at an improved environmental life-cycle 

performance but at a higher risk of permitting child labor. The potential use of fossil CO2 

(instead of CO2 directly captured from the air) is discussed and it is found that it cannot be 

used for the production of solar fuels with significantly lower emissions than conventional 

fuels. Regarding the potential use of grid electricity (instead of on-site concentrated solar 

power), the specific carbon intensity should be lower than 0.15 kg CO2 eq. per kW h to meet 

the EU RED II targets. Overall, the solar thermochemical fuel pathway using both renewable 

energy and CO2 has the potential to supply sustainable fuels to aviation in principally 

unlimited amounts.” 

3.2. Volumetric air receivers for solar fuel production 

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”). 

Solar energy is considered one of the most promising technologies to decarbonize the 

energy supply [8]. Concentrated solar thermal technology uses mirrors to concentrate the 

solar radiation on receiver devices that convert solar energy to high-temperature heat 

[9][10]. The receiver is the crucial element [11] to obtain an efficient high-temperature 
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conversion. The hierarchical metallic solar volumetric receiver allows capturing the 

concentrated solar radiation providing heat in the range between 400 and 1000ºC for 

energy-intensive high-temperature applications [12]. The volumetric receiver developed by 

Fondazione Bruno Kessler (in collaboration with IMDEA) is based on a complex 3D geometry 

with an ordered hierarchical structure (hereafter called, hierarchical volumetric receiver 

HVR). The HVR design is modular and is produced by the use of 3D printing with selective 

Laser Melting (SLM). It allows an excellent thermo-optical efficiency avoiding expensive 

materials and enabling large scale production, Figure 17. The heat produced by the 

volumetric receiver at a high temperature can be used in the reactions that are able to 

produce CO, H2, CH4,  [13][14].  

 

 

 

 
 

Figure 17 Parabolic  Dish  “Contest”  diameter 8.6 m   (left),   Metallic volumetric receiver (right). 

 

Some examples of thermo-chemical reactions are the reactions used for the production of 

liquid hydro-carbons fuel from H2O or CO2,  the production of hydrogen by pyrolysis of 

biomass or the steam gasification that produces syngas [15],[9],[10]. For instance biomass – 

fuel conversion and utilization using gasification has been regarded as one of the most 

promising solutions to deal with the increasing energy demand from the growing population 

and the climate change caused by the excessive consumption of fossil fuels[18]. 

Thermochemical conversion of wood via gasification is an attractive process to produce 

syngas (a mixture of hydrogen and carbon monoxide), which is a key chemical feedstock 

for the production of liquid hydrocarbons and oxygenates. However, the gasification, the 

pyrolysis, and the production of liquid hydro-carbons fuel from H2O or CO2 require heat at 

high temperature(>600°C). All these reactions mentioned above require a high-

temperature reactor. A possible renewable source capable of feeding a thermochemical 
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reactor is the solar thermal energy. Figure 18 reports the sketch of the possible applications 

of the solar heat provided by the hierarchical volumetric metallic receivers.  

 

 

 

Figure 18- Simplified diagram of the HVR, several feedstock  and thermochemical reactor to 

produce solar fuels. 

 

The thermochemical reactor can produce, as main product, solar fuel and for specific 

processes such as pyrolysis, the by-products as graphite that can be valorized in the market. 

To provide heat at high temperature, an optical system composed by the solar 

concentrator with concentration ratio >100 suns and a receiver is necessary. To obtain a 

good efficiency is very important to have a good optical coupling between the 

concentrator and the receiver. The metallic hierarchical solar volumetric receivers consist 

of radiative-convective heat exchangers in which porous interlocking structures are 

arranged to fill a volume, Figure 19 [12]. Concentrated solar radiation is gradually absorbed 

and conducted into their solid volume, the energy absorbed is transferred to a working fluid 

by forced convection.  
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Figure 19 lateral view  of  volumetric receivers with hierarchical structure (left) and  frontal view 

(right) 

Figure 19 shows the structure of metallic volumetric receivers with a hierarchical structure. 

The volumetric receiver has an external hexagonal shape resulting from the composition of 

several rhomboidal cells, Figure 19 [19][20]. The devices are realized in stainless steel 316 L. 

The structure of the metallic receiver based on hierarchical structure allows to overcome 

some limitations of volumetric receivers used in CSP, such as i) low efficiency: ii) limited 

material lifetime iii) higher cost per unit of heat produced.  For instance, one of the main 

weakness of the tubular receivers is that their operational temperature is usually lower than 

600ºC while the main weaknesses of ceramic receivers are related to their fragility, their 

limited scalability at module level and their poor control over the realised structure. While 

the metallic volumetric receivers with the hierarchical structure can quickly scale up using 

SLM (selective laser melting) technology.  The HVR can overcome this problem, increasing 

the efficiency of the volumetric effect and can reduce the cost because it is realized in 

metal that is cheaper than ceramic (costlier in terms of material and manufacturing). 

Moreover, the customised open geometry can be tailored to reduce radiation heat losses 

for several applications. The HVR has been tested, in collaboration with IMDEA, 

concentrating the sunlight on HVR and removing the heat using a flow of air that passes 

through the HVR. Both parameters influence the temperature reached by the devices as 

well as the efficiency in the photo-thermal conversion. Figure 20a shows the temperature 

reached by HVR wall at the outlet side as a function of the incident power per unit mass 

flow rate [19]. Increasing the Q/m, there is a monotonic increase of temperature, but with 

a clear tendency to reach asymptote at max temperature. With an incident power per unit 

mass flow rate of 530  to 600 kJ/kg, it is possible to reach temperatures around 500 °C [19].  

While with a Q/m of 4770 kJ/kg, it is possible to reach  a maximum temperature of 1126 °C. 

The increasing trend has been fitted with a Hill sigmoidal equation: 

𝑇(ℎ𝑣𝑟) = 𝑎 + (𝑏 − 𝑎) ∗
(𝑄/𝑚)𝑛

𝑘𝑛 + 𝑄/𝑚𝑛
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Where a is the starting temperature, b is the upper asymptote, n is Hill coefficient, and k is 

the constant of Hill equation. Figure 20 shows that the Hill equation fits well the experimental 

data  which  is  confirmed by the goodness  of the fitting 𝑟2  that is 0.998. The n value of the 

fitting is 1.7; the constant k is 897 kJ/kg. While the a parameter (T start) is 190 °C and the 

theoretical maximum temperature b (asymptote) is 1183°C. The theoretical maximum 

temperature limit is due to the fact that the excess of incident power per unit mass flow rate 

on the device induces a reduction of the efficiency of the HVR. In Figure 20b, we reported 

the efficiency as a function of the mass flow at several incident powers. We can observe 

that a high incident power is accompanied by a decrease of efficiency. The best result was 

observed using power around 350-500W and a flow rate of 1.2 g/s [19]. The maximum 

efficiency reached is higher than 0.73.  

To obtain heat for an industrial process, it is necessary to couple the HVR with a solar 

concentrator of considerable dimension. For that reason, we studied the possibility of the 

coupling of HVR with a parabolic dish. The parabolic dish under study is composed of 

spherical and parabolic mirrors, Figure 17. The combination of two types of solar reflectors 

(spherical and parabolic) was studied to provide high temperatures above 1000 °C with a 

consistent reduction of cost (cost-effective). The design of the geometrical shape of the 

reflector was created with the aim of cost reduction, especially in the realisation of the 

mirrors, whose high costs are due to the glass moulds fabrication. The overall dish has a 

diameter of 8.6 m and is covered by two differently shaped mirrors, in the central part and 

the peripheral ring. The spherical part, located in the central zone of the dish, is filled with 

30 hexagonal mirrors while the outer ring consists of parabolic mirror. 
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Figure 20  Outlet  wall  temperature  of the HVR  as a function of  incident power per unit mass flow 

rate Q/𝑚. (a) and efficiency of HVR versus the mass flow rate (b). [19] 

 

To determine the impact on CO2 saving and techno-economic analysis of a solar field in 

industrial processes, we considered the combination of the performance of HVR and the 

parabolic dish.  The integration of the heat provided by solar receivers in an industrial 

process with annual thermal energy consumption of about 700 MWh/year has been 

considered at the supply level. The calculation has been done considering an industrial 

process “virtually” located in Italy. The thermal energy produced by an HVR embedded in 

parabolic dish field has been calculated.  Considering solar irradiance on the dish of 800 

W/m2 and a mirror reflectance of 0.85, a 25% energy loss due to filling factor induced by 

geometry of volumetric receiver, and 73,2% receiver efficiency around 22KW can be 

transferred to the heated fluid in the cycle [21]. To determinate the CO2 saving as well as 

the economic impact, we considered a scenario with a solar field for a continuous daytime 

heat load profile dedicated to a steam gasification process at a temperature of about 700 

°C. We tailored the evaluation for yearly thermal energy production of the solar field of 456 

MWh/year (solar fraction of around 0.65) [22]. The total capital expenditure (CAPEX) is 

calculated considering a price per unit of the gross occupied area of around 1100 €/m2 

and several additional costs due to the installation, equipment necessary for integration 

and operation [9][23][10]. Operating and maintenance costs (OPEX) for this type of 

collector were considered as a percentage of total CAPEX, 3%. Moreover, the incentives 

for the first 10 years have been calculated considering the specifications of subsidy currently 

activated in Italy, Ecobonus, that cover 65% of the cost of installation [11]. We have 

considered a 25 years’ lifetime for solar fields and a continuous increase in fossil fuel costs 

(about 1.5 % per year).  

b 
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Figure 21 shows the CO2 saved per year by using the solar field. The comparison has been 

done considering several fossil fuels, but also considering a non-fossil fuel such as bioethanol  

(standard CO2 emission factor [24]).  Considering natural gas as the primary source of fuels 

using a solar field with the HVR, it is possible to save 72 tons of CO2 per year, while considering 

lignite, it is possible to save 130 tons per year. 

Bioethanol

Nat gas

Gasoline

Diesel

Antracite

Lignite

0 20 40 60 80 100 120 140

CO2 saving [tons/year]

 CO2 saved

 

Figure 21 Histogram for CO2 saving in tons per year of a solar field composed by the hierarchical 

solar volumetric receiver and parabolic dish, comparison taking into account several fuels [24]. 

The payback time is a range between 18- 24 years and is strongly affected by operational 

cost and by the cost of installations. We underline that the cost of installations and the 

operational cost can be reduced with reasonable industrialization of the production 

processes. In any case, even if the plant taken into consideration is very innovative in terms 

of solar receivers, in terms of the solar concentrator and as well as in terms of industrial 

application, the total investment of solar plant can be fully covered considering the lifetime 

of the solar field. The interesting results are possible to reach thanks to the saving of fuels 

and by the economic benefit by the national subsidy. 

 

4. Degree of progress 

This document constitutes Deliverable D4.3 under Work Package 4 of the INSHIP project. This 

Deliverable reports results of work done until the end of the project (December 2020) related 

to conceptual design of large-scale implementation of solar receivers/reactors, economic 

analysis, and potential for CO2 mitigation. 
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5. Dissemination 

Within WP4 Task 4.2 RA 4.2.3, a fluidized bed particle thermal energy storage has been 

developed as an in-kind contribution leading to METU Master of Science title awarded to 

Esra Polat in 2019 with a thesis titled “Experimental investigation of fluidized bed to be used 

as solar thermal energy storage” supervised by Prof. Dr. Ilker Tari.  The results of this work were 

scheduled to be presented in 5th Thermal and Fluids Engineering Conference (TFEC2020) in 

April 2020. However, due to the pandemic, the conference has been postponed to April 

2021.   

Within WP4 Task 4.2 RA 4.2.4, the operation of a 100 kW plant in transient conditions has 

been performed, defining several successful ways of regulation of the facility. The results of 

this work has lead CIEMAT to publish an article in Renewable Energy journal with the title: “A 

100 kW cavity-receiver reactor with an integrated two-step thermochemical cycle: Thermal 

performance under solar transients” Volume 153, June 2020, Pages 270-279, performed by 

the authors: Alfonso Vidal, Aurelio González-Pardo and Thorsten Denk. 

Journal article by FBK: Pratticò, L.; Bartali, R.; Crema, L.; Sciubba, E. Analysis of Radiation 

Propagation inside a Hierarchical Solar Volumetric Absorber. Proceedings 2020, 58, 27. 

https://doi.org/10.3390/WEF-06932. 
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