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1 Introduction  

1.1 Background of the Hydrogen economy 

 

Energy security has been the focal point of many technological innovations over the past few 

decades, including the oil crisis of the seventies. At the time, most countries shifted their 

attention towards readily available renewable energy sources such as solar, wind, hydro 

energy and so on. However, progressive research activities have boosted the awareness of the 

use of hydrogen to supplement the world’s energy needs. In addition to providing energy 

security, focus on developing the hydrogen economy can be economically and 

environmentally beneficial in the long run. With the high rate of depletion of conventional 

fossil fuels and growing discontent among certain factions of society with respect to the 

safety of nuclear power plants, the hydrogen economy could potentially flourish. Incidents at 

nuclear power plants at Three Mile Island, Chernobyl and most recently, Fukushima have 

added to public paranoia. Hydroelectric power has faced backlash owing to the construction 

of large dams thereby damaging the surrounding terrestrial and aquatic eco-systems. As far as 

geothermal energy is concerned, viability of tapping an energy source that is located far 

below the surface is not very high on public agenda. On the other hand, only solar energy 

seems to be the best renewable energy option to produce hydrogen.  

Methods of production in the current markets include 48% from natural gas splitting, more 

commonly known as steam-methane reforming (SMR), 30% from refinery off-gases, 18% 

from gasification of coal and the remaining from electrolysis [1]. Therefore, the use of solar 

energy to produce hydrogen is of paramount importance to the eco-system and R&D 

activities have led to water – splitting methods such as photo-electrochemical (PEC), 
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thermochemical water electrolysis, photo-electrolysis, photochemical, photo-degradation, 

photo-biological and other combinations [2].  

Gasification of coal leads the way in terms of technological maturity on the pilot scale [3]. 

Syngas is produced via the conversion of hydrocarbons under the influence of catalysts and 

steam. Hence, extra hydrogen gas is obtained through a water-gas shift reaction. This method 

of production is relatively more expensive to SMR due to the cost of the gasifier [1]. SMR 

also follows a similar method of production as coal gasification. Production using biomass 

involves techniques like gasification, pyrolysis and anaerobic digestion [3]. 

Thermochemical water electrolysis involves the splitting of water with the help of a direct 

current (DC). Upon maintaining a certain potential between the electrodes, hydrogen is 

obtained at the cathode. Here, the source of the electric current can be purely renewable such 

as photovoltaic panels or steam produced from solar thermal plants. The latter allows for 

hydrogen production to carry on at nights, thereby increasing the availability factor. Also, it 

has been found that due to the presence of a tracking system in solar thermal plants, a 

hydrogen production efficiency range of 16% to 32% can be achieved when the electrolyzer 

is incorporated into a solar thermal plant as opposed to a PV plant [2]. This report however 

deals only with the production of hydrogen upon direct incidence of solar energy to perform 

water splitting at a specific temperature.  

Hydrogen storage and distribution are the major hindrances to the successful operation of the 

hydrogen economy. Hydrogen can be stored either as a pressurized gas or a liquid at a 

temperature of -253oC [3]. Distribution by the use of pipelines requires hydrogen to be 

pumped under energy consumption 4.5 times higher than for natural gas per unit of energy 

delivered [1], thereby asserting the importance of refueling station being based in the vicinity 

of the production centre.    
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However, a smooth transition from an oil-based economy would not be easy with doubts 

regarding technologically efficient fuel-cell systems, production, storage and transportation 

of hydrogen. Furthermore, the possible knee-jerk reactions of society and markets to such a 

transition have to be taken into consideration as well. Studies have been carried out by 

organizations such as International Energy Agency, HyWays and National Hydrogen 

Association [4] who have delved into key areas of importance within the framework of a 

sustainable hydrogen economy. 

1.2 Solar thermochemical fuel production 

Ceria is often preferred to zinc oxide, tin oxide or ferrites as a research-friendly material due 

to its fast kinetics and this could be attributed to its partial states of reduction and oxidation. 

The reactions taking place in a typical water-splitting thermochemical cycle of a non-

stoichiometric metal oxide i.e. cerium (IV) oxide are as given by Bader et al. [5] shown in 

equations 1 and 2,  

                                                     2
 Δ𝛿
𝐶𝑒𝑂2−𝛿𝑜𝑥(𝑠)  →   2

Δ𝛿
𝐶𝑒𝑂2−𝛿𝑟𝑒𝑑 (𝑠) +  𝑂2    (1) 

                                          𝑥
Δ𝛿
𝐶𝑒𝑂2−𝛿𝑟𝑒𝑑(𝑠) +  𝑥𝐻2𝑂 →   2

Δ𝛿
𝐶𝑒𝑂2−𝛿𝑜𝑥 (𝑠) +   𝑥𝐻2   (2) 

To demonstrate the feasibility of the reactions at an industrial scale, Chueh et al. [6] 

described a generic solar reactor consisting of a cavity receiver, wherein the concentrated 

solar radiation would be incident through a quartz window. Cerium oxide, in the form of 

cylinders of specific dimensions, is placed in the cavity receiver and with the flow of a sweep 

gas (Argon), the reactor is heated to a maximum of 1640oC at a concentration ratio of 1500. It 

is observed that the rapid rate of fuel production is independent of the rate of oxygen 

evolution within the oxidation zone. By focusing on the parameter of reactor heating rate, 

experiments are carried out to prove that the factor limiting oxygen evolution is in fact, the 
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heating rate. Time-averaged efficiencies of 0.4% are calculated for hydrogen production, 

which mainly comes down to the losses identified during the energy balance calculation. The 

main causes for the losses are found to be reactor conduction losses and re-radiation losses 

and this furthermore leads to an energy penalty. An important feature of a thermodynamically 

feasible water-splitting process is related to the stability of the material undergoing the 

cycles. Material tests and spectroscopic results proved that heat treatment of the oxide is 

essential in maintaining a steady output of fuel produced.  

This thesis project is partly based on the journal content by Bader et al. [5], where the 

isothermal cycle of ceria is investigated by performing a thermodynamic analysis. Parameters 

such as the heat recovery effectiveness, non-stoichiometric coefficients etc. tend to affect the 

thermal efficiency, some of which have been incorporated into this thesis. Similar to [5], 

Lapp et al. [7] also performed studies on the efficiency of ceria although with an alternate 

reactor model. Higher priority is given to the heat recovery and its influence on the 

efficiency. 

Some of the early work on the investigation of ceria as a prospective thermochemical 

material was carried out by Panlener et al. [8]. Thermogravimetric analysis of cerium oxide 

provided clarity on the range of possible values of non-stoichiometry δ. With the help of 

basic thermodynamic equations as below,  

                                                      Δ𝐺𝑂2 =  ΔH𝑂2(𝑇) −  𝑇ΔS𝑂2(𝑇)                                              (3) 

                Δ𝐺𝑂2 =  𝑅𝑇𝑙𝑛 𝑃𝑂2     (4) 

empirical relations were formulated between ΔHO2 and ΔSO2 versus δ and these helped in the 

theoretical thermal modeling as will be described later on in this report. 
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Hydrogen production via thermochemical water-splitting using the ZnO/Zn redox pair can be 

represented by the following reactions,         

                                                      𝑍𝑛𝑂(𝑠) ⇌ 𝑍𝑛(𝑔) + 1 
2
𝑂2                                                   (5) 

𝑍𝑛(𝑔) + 𝐻2𝑂(𝑔) ⇌ 𝑍𝑛𝑂(𝑠) + 𝐻2                                            (6) 

The first reaction is endothermic in nature and can only be achieved by the incidence of the 

concentrated solar radiation. The ZnO pellets are reduced to Zn (g) and O2. The second 

reaction step is exothermic wherein the zinc vapour is hydrolyzed by incoming steam to form 

H2 and ZnO. The oxide produced is then recycled into the reduction zone for the cycle to 

continue. The overall net reaction shows water-splitting, 

                                                              𝐻2𝑂(𝑔) → 𝐻2 + 1 
2
𝑂2                                                       (7) 

Here, the hydrogen and oxygen are formed in two different reaction steps and therefore, there 

is no energy spent in separating the two gases. Owing to the potential of achieving a high 

theoretical efficiency as compared to ceria and iron-based oxides, the redox pair of ZnO/Zn 

can be a thermally and economically preferred method of producing hydrogen. The 

maximum exergy efficiency of the fuel production cycle was formulated by Steinfeld [9], 

along with the losses involved. Economic feasibility is also accounted for in this paper 

therefore, leading to cost comparison according to the solar input required and the 

concentration ratio. During the energy balance analysis, the energy gained or lost during the 

processes of absorption of light into the receiver, reduction, quenching and hydrolysis have 

been taken into account. However, the role of the sweep gas, required to maintain a certain 

pressure within the reactor and assist in quenching , has been neglected and hence, the heat 

required to bring the sweep gas to the reactor temperature has been overlooked. As will be 

shown later, this would constitute a large percentage of the overall input energy. 
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In this paper, the exergy efficiency also comprises the work output of the fuel cell and 

consequently, the maximum efficiencies are shown to be 29% and 36% for a concentration 

ratio of 5000 and 10000 respectively. Quenching also plays a vital part in estimating the heat 

losses with nothing less than 55% of the input energy is lost. This would entail the lack of 

recombination of Zn and O2 into ZnO upon quenching, which is a simplistic assumption in 

lieu of the existing reactor prototype technology available. Economically, this system is 

devoid of any government aid and relies on a complete equity based ownership. The specific 

cost of producing hydrogen is calculated based on its LHV and is found to be comparable to 

the reference cost of production from the SEGS plant in California. With the omission of the 

need for the sweep gas, the specific cost is risked being doubled in value. Nevertheless, at the 

time of publishing (2002), sufficient studies were lacking with respect to efficient quench 

technology and hydrolyzers. Palumbo et al. [10] carefully modeled the water-splitting 

processes with special attention being paid to the quenching process. It was suggested that 

quenching the reduced products to room temperature would not lead to achieving efficiency 

close to the theoretical value and hence, 1200 K was chosen. Another observation made is the 

reduction in the effectiveness of the sweep gas at temperatures higher than 2250 K. 

Therefore, the ZnO input is taken in the solid phase for analysis in this thesis paper. 

In practice, the zinc quenched after reduction takes the form of nano-particles but for the sake 

of simplicity of modeling, zinc vapour is assumed to enter the hydrolyzer for hydrolysis in 

this project. Abanades et al. [11] identified the role of material properties with respect to 

cooling. Quenching is not necessary when cerium oxide is involved. As shown by Ernst et al. 

[12], comparisons were made between hydrolysis reactions using zinc above or below its 

condensation temperature by varying the cooling zone length in the reactor. Effectively, 

hydrogen yield increases due to the surface to volume ratio of the zinc nano-particles to ZnO. 

Experiments were performed in Vishnevetsky et al. [13] specifically studied the hydrolysis 
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reaction of ZnO and its consequences on the hydrogen yield with minimal zinc losses. The 

main factor influencing the rate of hydrolysis is the preheating temperature of the zinc and 

with the increase in this temperature, the reaction rate and hence, the conversion of zinc 

increases. But this occurs only upto a certain temperature of 520oC due to the domination of 

losses of the zinc vapour. Wegner et al. [14] demonstrated that using zinc vapour during 

hydrolysis leads to complete conversion into ZnO but due to solid deposits, this method 

might not be feasible on an industrial scale. On the other hand, when zinc as a liquid or solid 

is used, around 83% of conversion is achieved and is industrially feasible. In this thesis paper, 

although an industrial friendly model is proposed, zinc vapour is used to satisfy the criteria of 

complete conversion to achieve maximum theoretical efficiencies. 

Cooling rate of the reduced products and the dilution of zinc in the sweep gas influences the 

quench and hence, the overall thermal efficiency. The reactor configuration proposed by 

Gstoehl et al. [15] is vital to solving the problems, related to quenching, as faced in [9]. Zinc 

and oxygen undergo zone-wise cooling in the reactor, which comprise the cavity receiver and 

the quenching apparatus. The zones are maintained at three distinct temperatures; one below 

zinc oxide decomposition temperature, one above zinc evaporation and one in between the 

two temperatures. This method ensures minimal recombination. The amount of zinc 

recovered is estimated to be in the range of 40% to 94% at various cooling rates and dilution 

ratio. These values would be important in this thesis paper but due to the level of modeling 

based on complete conversion, perfect quenching is assumed. Khan et al. [16] investigated 

the effects of the steam to zinc molar ratio on the yield of hydrogen. It was found that for a 

ratio as high as 200, the yield varies slightly. In addition to this, the argon to steam ratio 

variation brought up some interesting results. At low ratios, the hydrogen yield increases 

sharply which would assist in better hydrolysis and therefore, the optimal value of sweep gas 

to steam ratio was found to be 10 to achieve a yield of 70% or greater.   
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Similar to ceria and zinc, the Fe-based reactions steps of activation and hydrolysis are given 

as, 

                                                             𝐹𝑒3𝑂4(𝑙) ⇌ 3𝐹𝑒𝑂(𝑙) + 1 
2
𝑂2                                             (8) 

                                         3𝐹𝑒𝑂(𝑠) +  𝐻2𝑂(𝑔) ⇌ 𝐹𝑒3𝑂4(𝑠) + 𝐻2                                        (9) 

Without taking complete conversion in the reactor and hydrolyzer into account, it would be 

difficult to correctly model the mechanisms involved. Nakamura [17] first proposed the 

application of iron-based oxides to produce hydrogen. The iron-based water-splitting reaction 

is favoured to zinc-based because the problem of quenching can be avoided and therefore, 

gaining thermally as well as economically. Charvin et al. [18] gives that for a temperature 

greater than 1500oC, the input iron (III) oxide Fe2O3 is completely converted into iron (II,III) 

oxide Fe3O4 and in this thesis paper, the original chemical is assumed to be used only once 

due to the continuous recycling of Fe3O4. Therefore, the choice of the reduction temperature 

is based on the temperature given earlier and hence, it is chosen to be above 1500oC.The 

influence of using air as the sweep gas on the evolution of FeO(g) in the oxidation chamber is 

clear from Steinfeld et al. [19]. The impact of the gas is later shown in this thesis report but 

the paper demonstrates that for increasing molar flow of air, the partial pressure of FeO(g) 

increases at temperatures greater than 2500 K. Kaneko et al. [20] have argued that despite 

attaining feasible reactions from eqns 8 and 9, Fe3O4 is incapable of producing hydrogen 

without the help of an additional metal. In essence, a mixed metal oxide involving iron would 

be ideal for investigation. But, this thesis considers only reactions eqns 8 and 9 for modeling 

simplicity. 

The combination of tungsten and tungsten oxide can also be employed in water-splitting, 

which follow the reactions 10 and 11, 
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                                                          2𝑊𝑂3(𝑠) ⇌ 2𝑊(𝑠) + 3𝑂2(𝑔)                                          (10) 

                                                𝑊(𝑠) + 3𝐻2𝑂(𝑔) ⇌ 𝑊𝑂3(𝑠) + 3𝐻2                                    (11) 

Milshtein et al[21] studied the feasibility of using tungsten to produce H2/CO2 by carrying 

out the thermodynamic analysis of the system and at the same time, comparing the results 

obtained with cycle involving cerium oxide. Following a method of calculation similar to that 

carried out by Steinfeld [22], the theoretical efficiencies were in the range of 95% to produce 

H2. This value however, does not take the system losses and various gas heating requirements 

into account. As will be shown, when all energy components are considered, the efficiency 

will change drastically from the above value. 

 

1.3 Solar concentrators 

1.3.1 Tower system 
 

Power towers or central receiver systems (CRS) comprise solar-tracking mirrors known as 

heliostats, a receiver, optional storage units and a power conversion block. The sun’s rays are 

focused by the heliostats onto an aperture usually with a primary or secondary concentrator 

(beam down systems). The heat is stored with the help of a heat transfer material which is 

usually molten salt due to its high heat capacity. It is estimated that CRS can supply 

continuous base load electricity 65% of the time of operation without reliance on a back up 

source [23]. Some of the most recent CRS are the PS10, PS20, Gemasolar and the newly 

opened Ivanpah power plant. PS10 and PS20 were developed by Abengoa Solar based in 

Seville, Spain and were officially operational in 2007 and 2009 respectively. PS10 is a 10 

MWe plant consisting of a 115 m tower, a polar arrangement of 624 heliostats, each of 120 

m2 [24] as seen in Figure 1.3.1. 
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Figure 1.3-1: Aerial view of the Platforma Solar de Almeria 10 kW and 20 kW plants (PS10 & PS20) [25] 

 

This plant annually produces approximately 23.4 GWh/yr of electricity. Additionally, both 

PS10 and PS20 have a back-up storage capacity of 1 hour [24].  Figure 1.3-2 shows the use of 

rectangular receivers in both plants. 

 

 

 

 

 

 

Figure 1.3-2: View of the rectangular receivers employed at PS10 and PS20 [26] 
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Gemasolar power plant possesses an excellent storage capacity of 15 hours[27] using molten 

salt, preferable to thermal oil due to its high heat capacity and easy availability and makes use 

of a cylindrical type receiver owing to its surrounding heliostat field as seen in Figure 1.3-3. 

 

 

 

 

 

 

 

Figure 1.3-3: Cylindrical central receiver and heliostat field layout at Gemasolar [28] 

 

1.3.2 Compound parabolic concentrator  
 

A compound parabolic concentrator (CPC) is a combination of two truncated parabolas 

whose individual axes pass through the focal point of the opposite parabola. CPC are 

designed to accept solar radiation over a range of angles that lies below the acceptance angle. 

The acceptance angle is then formed between the aforementioned axes and the axis of the 

CPC as seen in Figure 1.3-4. 
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Figure 1.3-4:  Basic parameters of a compound parabolic concentrator [29] 

 

The significance of the acceptance angle is related to the angle of incidence into the CPC. If 

the incidence angle is lesser than half the acceptance angle, then the ray will be internally 

reflected towards and out of the aperture opening. Some rays will be reflected back out of the 

CPC opening if the incidence angle is greater than half the acceptance angle. Hence, the 

acceptance angle can be defined as the angle required by the incident radiation to converge at 

the aperture. CPC are used to attain solar concentration through the incidence of the rays 

within an “angle of acceptance”. The geometric concentration ratio Cg is given as [29], 

                                                                 𝐶𝑔 =  𝑑1
𝑑2

= 1

𝑠𝑖𝑛2(
𝜃𝑎𝑐𝑐𝑒𝑝𝑡

2 )
                                                 (12) 

, where 𝜃𝑎𝑐𝑐𝑒𝑝𝑡 is the angle of acceptance, 𝑑1 is the diameter of the CPC opening and 𝑑2 is 

the diameter of the receiver opening. 
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Kalogirou [30] writes that the CPC is most effective in trapping the sun rays when oriented in 

the east-west since the major axis of the CPC would be following the sun’s path at all times 

of day, barring seasonal adjustments. Besides, a greater acceptance angle is favourable 

towards collecting and concentrating diffuse radiation during overcast conditions. CPC can 

be symmetric or asymmetric in design. Asymmetric CPC consists of a single parabola 

wherein convergence is observed on the under-side of the absorber after multiple reflections. 

O’Gallagher [31] describes the types of absorber configurations used in a CPC i.e. fin, 

bifurcated fin and flat/tubular absorbers.  

1.3.3 Beam down 
 

In this CRS, a secondary mirror is placed at the focal point of the heliostat field such that the 

reflected light is deflected onto an aperture or a CPC placed on the ground. The secondary 

mirror is usually a hyperbolic in shape so as to achieve a spot of focused light on the receiver 

as seen in Figure 1.3-5. Such a system is called a Cassegrain system.  

 

 

 

 

 

 

Figure 1.3-5: Beam down concentrator at Masdar city, Abu Dhabi [32] 
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However, the disadvantage of using such a system is the reduction of flux concentration and 

this would lead to large amount of optical losses. To improve the flux concentration, the 

secondary mirror could be moved closer to the receiver but this arrangement would require a 

mirror of an impractical size [33]. 

 

1.3.4 Heliostat field  
 

Heliostats are flat (very slightly concave) mirrors that reflect the incident radiation onto a 

fixed point of reference. By doing so, a point of focus of intense concentration can be 

achieved, thus aiding in producing steam at a particular temperature and pressure. Heliostat 

field placement is the most vital aspect of designing a solar tower plant. The first 

configuration is called the polar field wherein all the heliostats are placed on one side of the 

tower, generally the north side due to better cosine efficiency. Therefore, such a configuration 

will have the best performance at midday due to the low angles of incidence and will degrade 

on either side of noon. The other configuration is called the surround field, wherein the 

heliostats are placed all around the tower and this generally requires a cylindrical receiver to 

be installed. This configuration will perform the best at all sunshine hours apart from midday 

and hence, it is more cost effective as compared to the polar field according to Lovegrove et 

al. [33].  

Cosine effect is a phenomenon which accounts for the imbalance in incident irradiation onto 

a heliostat resulting in varying value of energy obtained. When a heliostat is positioned to 

face the Sun i.e. the normal to the surface is in the direction of the Sun, the area available for 

reflection is maximum as opposed to a heliostat not directed towards the Sun. This is 

illustrated in Figure 1.3-6.  
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Therefore, with the help of tracking mechanisms, heliostats are made to face the Sun in order 

to avoid losses due to the unavailable area. This effect is termed as the cosine effect. It is 

given by the cosine of the angle between the heliostat surface normal and the incident ray.  

 

 

 

 

 

 

 

Figure 1.3-6: Schematic representation of cosine field efficiency [34] 

 

There are a number of losses encountered in a heliostat which include cosine losses, shading 

and blocking losses, reflectivity losses, and spillage losses. Shading losses arise when a 

heliostat forms a shadow on a nearby heliostat, thereby depriving it of maximum possible 

incidence and similarly blocking losses are the losses which occur when a heliostat blocks the 

reflected rays from a neighbouring heliostat towards the receiver. Conversely, spillage losses 

occur when these reflected rays do not fall on the receiver. Other variable losses include the 

atmospheric losses which depend on the factors such as cloud cover, visibility etc. 

Reflectivity losses are related to the cleanliness of the heliostat mirror surface, which can 

range from 3% for a primary silvered mirror, 4-5% for a secondary mirror made from water-

white glass and 10-15% for mirrors made from high-iron glass, as given by Lovegrove et al. 

[33].  
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1.4 Reactor design 

1.4.1 Volumetric cavity reactors 

Steinfeld et al. [35] were the first to utilize the effect of direct solar radiation to produce 

hydrogen albeit via the carbothermic reduction of ZnO. Following up on this reactor design, 

Haueter et al.[36] designed a 10 kWth packed-bed type reactor designed to produce Zn 

primarily by solid ZnO decomposition as shown in Figure 1.4-1. However, design 

considerations in terms of materials and process requirements were taken into account in case 

temperatures above the melting point of ZnO were encountered. The main aim was to focus 

on avoiding the reoxidation of Zn and control the kinetics by altering the feed rate of ZnO. 

By doing so, the aim was to achieve high exergy efficiency.  

 

 

 

 

 

 

 

Figure 1.4-1 : Volumetric cavity receiver “ROCA” [37] 

 

The reactor consisted of a cylindrical cavity receiver with an aperture covered by a quartz 

window.  A CPC was optionally incorporated to enhance the concentration of the incident 

radiation onto the aperture. ZnO powder was fed into the reactor from the end opposite to the 

aperture and due to centrifugal effect, a layer of oxide was formed on the inner walls. Just 
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before the entrance into the receiver, a nozzle was used to let the sweep gas into the cavity 

and direct the products of reduction towards the quencher. This reactor looks to be suitable 

for a small scale applications but scale up could be problematic. It is mentioned that the 

quartz window is cooled by the sweep gas and this could lead to reduction in thermal 

efficiency due to the energy required to separate it from oxygen and also, pumping work 

needed. 

1.4.2 Rotary type reactors 

The cylindrical rotary reactor focused upon the use of reactive ceramics to produce the 

hydrogen, as described by Kaneko et al.[38]. The rotor is coated with the ceramics with the 

help of an infrared lamp and at one end, the solar radiation is made incident (called the O2 

releasing cell) and the steam is passed through the other end of the reactor (called the H2 

generation cell) as shown in Figure 1.4-2. As the rotor is made to rotate, the oxygen produced 

on one side is swept away by Ar gas. The reduced ceramic is then exposed to steam where 

water-splitting occurs and hydrogen gas is produced.  

 

 

 

 

 

 

Figure 1.4-2: Rotating cavity reactor showing reaction cells [33] 

In this case, the ceramic in both reaction cells is made of CeO2.  It was found that the 

attainable reduction and oxidation temperatures were 1623 K and 1273 K respectively at 
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concentration ratios of 1000-2000. Chambon et al.[39] investigated the effect of reducing the  

pressure of oxygen released by varying the flow of sweep gas with similar reactor 

configuration as that in [38]. Alternate materials constituting the reactive ceramics were also 

looked into. 

1.4.3 Rotating disk reactor 

 

Sandia National Laboratories developed a conceptual rotating disk reactor [40] known as CR-

5 i.e. counter rotating ring receiver/reactor/recuperator. It can be seen from Figure 1.4-3 that 

the CR5 consists of insulated rotating disks, each of which rotates in a direction opposite to 

its neighbor. 

 

 

 

 

 

 

 

Figure 1.4-3: Counter rotating ring receiver/reactor/recuperator or CR5 engine [40] 

 

The iron based oxide is supported on the perimeter of every ring in the form of a thin fin. At 

any point in time, only a quarter of the rings external perimeter is exposed to the solar 

radiation. Oxygen gas is generated in the top section with steam as the sweep gas. Steam is 
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used since it eliminates the need to spend energy for separation from oxygen. At the bottom 

end of the reactor, water-splitting takes place by the passage of steam and the hydrogen is 

collected at the outlet. The recuperation is defined relative to the change in temperature of the 

fins as it moves from one end to the other end. The fins undergoing reduction would be 

cooled by the fins on the neighbouring rings as the rings rotate and vice versa. Therefore, the 

amount of solar radiation would probably lower or remain constant as the reactions continue. 

Results show that without heat recuperation, the excess energy required is 2.5 times higher, 

resulting in the drop in HHV efficiency. 

1.4.4 Aerosol reactor 

 

The main reason in performing the aerosol dissociation of ZnO is due to the size of the 

particles involved as given by Perkins et al.[41]. This means that the specific surface areas 

would be higher, resulting in more efficient heat transfer and faster reaction rates. 

Furthermore, higher rates of heat transfer would cool the Zn faster and hence, reoxidation of 

Zn would be highly unlikely. All these factors point towards the efficient working of a 

reactor. From Figure 1.4-4, the ZnO powder is fed into the reactor chamber via a screw 

feeder, wherein the aerosol effect is produced by the flow of argon gas and a lance, an 

annular tube with ZnO particles flowing through the centre and water circulated along the 

outer ring.  This ensures that the incoming oxide is at room temperature, hence preventing an 

early reaction.  

The reaction chamber is heated by two graphite electrical elements and as the reduction takes 

place, most of the products fall towards the quench tubes at the bottom of the chamber 

whereas the remaining products are bypassed into an external cooling chamber.  
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Figure 1.4-4: Tube type aerosol reactor [41] 

 

Upon analysis, high values of reaction rate constants were calculated as expected and 

consequently resulted high conversions of the metal oxide, which could be a measure of 

performance for aerosol reactors. Similar results were also observed by Funke et al.[42] and 

Loutzenhiser et al.[43] in their respective aerosol reactor configurations. 

1.4.5 HYDROSOL reactor 

 

As described in simple terms by Konstandopoulos et al.[44], the honeycomb structure in the 

HYDROSOL reactor helps in maintaining the high temperatures and generating hydrogen. 

The solar radiation is made incident on the coated material and in alternate steps, reduction 

and oxidation occurs as shown in Figure 1.4-5.  
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Figure 1.4-5: General representation of the reaction steps in the HYDROSOL reactor [33] 

 

The solar testing centre at DLR was used to sample the reactor and such came to be known as 

monolithic “honeycomb” reactors. Roeb et al.[45] and Pregger et al.[46] have described a 

modification of this reactor employed the use of two chambers with the idea that one would 

perform water-splitting while the other would renew the water-splitting material 

simultaneously as seen in Figure 1.4-6.  

There would be no rotation of the reactor body to switch cycles but merely altering the supply 

of gases between nitrogen and steam, thus eliminating any mechanical complexity in the 

system.  
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Figure 1.4-6: Dual chamber HYDROSOL reactor [45] 

 

A larger, pilot scale 100 kW reactor, called HYDROSOL-II, was incorporated into the solar 

plant and tested at Platforma Solar de Almeria in 2008 according to Roeb et al.[47]. 

 

1.5 Project overview and methodology 

The problem statement of this thesis is to optimize different parameters of a hydrogen-

generating solar power plant so as to achieve theoretical solar-fuel efficiencies as well as, 

find a competitive production cost for the generation of hydrogen. In addition to this, the 

effects of reduction temperature and the partial pressure of oxygen in the reduction zone for 

four redox pairs namely, CeO2, ZnO/Zn, Fe3O4/FeO and WO3/W, on the efficiency are also 

studied.  

The general methodology is to first identify the water-splitting materials to be studied based 

on criteria such as kinetics, ease of procurement, level of respective research, modeling 

suitability etc. Then, a suitable thermal model is chosen in common which includes all 
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components required in an energy balance analysis. The definition of the system boundaries 

is very important with respect to the thermal losses and the capital costs and such as 

definition provides room for assumptions to be made. The solar-fuel efficiency is calculated 

based on the energy spent on the sweep gas, solar input, re-radiation losses and other energy 

components. 

The solar and chemical plant inventories are defined depending on the redox material. 

Accordingly, the capital costs are calculated along with performance parameters such as the 

NPV, IRR, PBT etc. Finally, comparisons are made on the results of all four materials and the 

most cost-effective is recommended for industrial use. 
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2 Principle 

2.1 Thermal model  

The process of thermal modeling is an effective method of determining the feasibility of a 

system by carrying out a complete analysis from a thermodynamic perspective. This thesis 

makes use of two such models namely, the counter-flow model and the ideal mixing model. 

These models differ in the extent to which the underlying systemic processes are defined and 

modelled. 

2.1.1 Counter-flow model 
 

Generally, the effect of counter-flow is seen in the working of shell and tube heat exchangers, 

where maximum heat transfer can be achieved in this mode of operation. The same principle 

is used in this thermal model with the only difference being that this flow arrangement aids in 

ways which will be explained further.  

Figure 2.1-1 shows the schematic of the model to be employed. The model consists of a 

redox reactor capable of sustaining the reduction and oxidation reaction mechanisms 

simultaneously in separate zones of the reactor, thereby offering maximum opportunity in 

terms of structuring each zone to its finest detail. Another term that can be used to define this 

reactor is its “non-stoichiometric” nature. This gives the analyst the opportunity to study the 

extent of non-stoichiometry can any given point in the process i.e. at a specific reduction 

temperature and pressure. By doing so, the flexibility of this model cannot be stressed any 

further because most redox materials being researched in current academia possess a non-

stoichiometric nature to a certain extent. 
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Figure 2.1-1 : Schematic of the counter flow model 

 

The two zones would be maintained at two different temperatures, except in the case of 

isothermal cycling, and pressures. Although, the pressure of the zone would be the choice of 

the analyst, the major parameter of study is the partial pressure of oxygen, since this 

determines the extent of non-stoichiometry[8] and this would directly determine the amount 

of hydrogen produced. The numbering 1-14 indicates the thermodynamic state points. It is 

interesting to note that the point 14 is located outside of the system boundary. This is done so  
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that the energy components that directly affect the reactor are limited and any excess heat 

being used as a possible heat source in an external process can be neglected. The definition of 

the overall system boundary also does not take the effect of hydrogen storage and distribution 

into account, both thermally and economically due to constraints in modeling.  

Energy flow �̇�𝑠𝑜𝑙𝑎𝑟 represents the concentrated solar radiation incident on the aperture and is 

transmitted into the reactor zone via a quartz window. Ideally, the radiation would be 

obtainable without any losses but optical and other embodied losses in the heliostats and 

receiver losses amount to a small variation in the available energy. Energy losses associated 

with re-radiation losses are also encountered due to the use of the transmission window. As 

will be explained later, the efficiency is highly dependent on these losses and in essence, the 

sizing of the aperture becomes crucial to fuel production.  A sweep gas is required to 

maintain a very low 𝑝𝑂2 by reducing its content (sweeping) within the reduction zone.  

Pure nitrogen is employed in this role while there have been instances where it has been 

replaced with argon gas. The choice between the two would ultimately come down to the 

energy spent in separation of the sweep gas and oxygen upon leaving the reduction zone and 

the cost of storing and maintaining the gas in a particular state. Heating the sweep gas 

directly from storage temperature to the reduction temperature would be highly inefficient. 

To avoid this, the gas is preheated by the nitrogen stream exiting the reactor with the help of 

the heat exchanger  𝐻𝐸𝑋𝑟𝑒𝑑, which is sized accordingly. Pre-heating is also done to the steam 

entering the oxidation zone. Consequently, it is assumed that a very small amount of oxygen 

is produced by thermolysis as a result of the preheating, just before entering the oxidation 

zone. Both gases are assumed to be heated to the zone temperature within the reactor before 

entering either zone.  The movement of the oxide between the zones is characterized by the 

flow rate  �̇�𝑜𝑥𝑖𝑑𝑒 . 
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According to the counter-flow arrangement, the oxide exiting the reduction zone at 5 would 

be in chemical equilibrium with the sweep gas entering at 3. The partial pressure of oxygen in 

the sweep gas is very low and hence, the extent of non-stoichiometry 𝛿𝑟𝑒𝑑 associated with the 

reduced oxide would be maximum. Similarly, the extent of non-stoichiometry 𝛿𝑜𝑥 associated 

with the oxidized oxide at 8 would be minimum, thus pointing to a high partial pressure of 

oxygen in the sweep gas at 4, 𝑝𝑂2,4 for a given reduction temperature. This would mean that a 

complete sweep has been achieved. Thus, amount of sweep gas used can be varied to remove 

maximum amount of oxygen by controlling  𝛿𝑜𝑥. In the oxidation zone, it can be said that 

𝛿𝑟𝑒𝑑 at 6 is analogous to the lowest 𝑝𝑂2,12 and due to the counter-flow arrangement, the value 

of 𝛿𝑟𝑒𝑑 would be at its highest. From the preceding statements, it can be noted that with 

minimal amount of steam and sweep gas entering their respective zones, the amount of 

hydrogen produced can be maximized.  

Equations (3)-(4) given by Panlener et al. [8] helps formulate the enthalpy and non-

stoichiometry as functions of temperature and pressure. To find the amount of 𝐻2 and 𝑂2 

entering the oxidation at 11, the equilibrium constant at the oxidation must be calculated. The 

equilibrium constant and coefficients (see eqn.(7)) is given as[48], 

                                         𝐾 =  �̇�𝐻2∗ �̇�1/2
𝑂2

�̇�𝐻2𝑂
∗ ( 𝑝𝑠𝑦𝑠𝑡𝑒𝑚

�̇�𝑡𝑜𝑡𝑎𝑙∗𝑝0
)1/2                                           (13) 

                            �̇�𝑡𝑜𝑡𝑎𝑙 =  �̇�𝐻2 +  �̇�1/2
𝑂2 + �̇�𝐻2𝑂                                       (14) 

 Given a degree of reaction α, the reaction (7) with respect to the molar flow rate of 𝐻2 is, 

                                         𝐾 =  α∗(0.5∗α)1/2

(1−α)
∗ ( 1

(1+0.5∗α)
)1/2                                          (15) 
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The above equation is written considering that α moles of water is converted into 𝐻2 and 

added to the already existing 𝐻2 present in the stream flow. But, the initial amount is zero and 

therefore, the degree of reaction is calculated until the equilibrium constant attains a standard 

value at the given temperature according to HSC Chemistry 5.0[49]. To find equilibrium 

constant at a given temperature, the following equations are used along with equation 3. 

                                                              Δ𝐺𝑂2 =  −𝑅𝑇𝑙𝑛 𝐾                     (16) 

 

 Van’t Hoff equation [48]:     ln (𝐾(𝑇1)
𝐾(𝑇0)

) =  ∫ Δℎ0

𝑅𝑇2
 𝑑𝑇𝑇1

𝑇0
                                                   (17) 

 

Where,                               Δℎ0 =  ℎ𝐻2 + 
ℎ𝑂2
2
− ℎ𝐻2𝑂                                                      (18) 

Using equations (13)-(18), the partial pressure of oxygen at 11, 𝑝𝑂2,11 can be found as, 

 

                                      𝑝𝑂2,11 = 1
2
∗ 𝑝𝑠𝑦𝑠𝑡𝑒𝑚( �̇�𝐻2

�̇�𝑡𝑜𝑡𝑎𝑙
)                                                (19) 

 

Using the equations of δ as functions of T and p, 𝛿𝑟𝑒𝑑 is calculated from 𝑇𝑟𝑒𝑑 and 𝑝𝑂2,𝑟𝑒𝑑. 

Similarly, 𝛿𝑜𝑥 can be found by applying temperature 𝑇𝑜𝑥 and pressure 𝑝𝑂2,11. To determine 

the molar flow rate of hydrogen exiting the oxidation zone, the following equations are used. 

The amount of oxygen released in the oxidation zone after the oxide is oxidized is given by, 

                                     �̇�𝑂2,𝑟𝑒𝑙 =  (𝛿𝑟𝑒𝑑−𝛿𝑜𝑥 )�̇�𝑜𝑥𝑖𝑑𝑒 
2

                                              (20) 

Therefore, the amount of 𝐻2 produced is, 

                                      �̇�𝐻2 =  2( �̇�𝑂2 +  �̇�𝑂2,𝑟𝑒𝑙)                                             (21) 
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The partial pressure of oxygen entering, 𝑝𝑂2,3 and leaving the reduction zone, 𝑝𝑂2,4 can be 

found in the same manner as 𝑝𝑂2,11 was found. Applying these pressures to find the amount of 

sweep gas required is given by, 

                                                𝑝𝑁2 =  𝑝𝑠𝑦𝑠𝑡𝑒𝑚 −  𝑝𝑂2                                                      (22) 

                                          �̇�𝑁2 =  
 �̇�𝑂2,𝑟𝑒𝑙

(
𝑝𝑂2,4
𝑝𝑁2,4

− 
𝑝𝑂2,3
𝑝𝑁2,3

)
                                                  (23) 

 

The heat required to raise the temperature of the sweep gas from 𝑇2 to 𝑇𝑟𝑒𝑑 is given by, 

�̇�𝑔𝑎𝑠,𝑟𝑒𝑑 =  �̇�𝑁2(1 − 𝜀𝑟𝑒𝑑)��ℎ𝑁2(𝑇𝑟𝑒𝑑� − ℎ𝑁2(𝑇0) + �
𝑝𝑂2,3

𝑝𝑁2,3
� �ℎ𝑂2(𝑇𝑟𝑒𝑑� −

ℎ𝑂2(𝑇0)� −  �̇�𝑂2,𝑟𝑒𝑙�ℎ𝑂2(𝑇𝑟𝑒𝑑� − ℎ𝑂2(𝑇0))                                  (24) 

 

Similarly, to find the heat required to raise the steam from 𝑇10 to 𝑇𝑜𝑥, the corresponding 
equation is, 

�̇�𝑔𝑎𝑠,𝑜𝑥 =  �̇�𝐻2𝑂(1 − 𝜀𝑜𝑥) ��ℎ𝐻2𝑂(𝑇𝑜𝑥� − ℎ𝐻2𝑂(𝑇0)� + �̇�𝐻2 ∗ 𝜀𝑜𝑥�ℎ𝐻2(𝑇𝑜𝑥� −

ℎ𝐻2(𝑇0)) +  �̇�𝑂2,𝑟𝑒𝑙 ∗ 𝜀𝑜𝑥�ℎ𝑂2(𝑇𝑟𝑒𝑑� − ℎ𝑂2(𝑇0))                                  (25) 

 

As mentioned, the sizing of the aperture determines the re-radiation losses, which is given by, 

                                                   𝐴𝑎𝑝𝑒𝑟𝑡𝑢𝑟𝑒 =  �̇�𝑠𝑜𝑙𝑎𝑟
𝐶∗𝐺0

                                                        (26) 

 �̇�𝑟𝑒𝑟𝑎𝑑 =  𝜎𝑇𝑟𝑒𝑑4 ∗  𝐴𝑎𝑝𝑒𝑟𝑡𝑢𝑟𝑒                                   (27) 
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Therefore, the area of the window and the reduction temperature has a big influence on the 

re-radiation losses. This impact will be clear in the modeling results. 

�̇�𝑙𝑜𝑠𝑠 represents the heat losses from the auxiliary equipment such as the heat exchangers and 

piping calculated as the percentage of net solar input, 

�̇�𝑙𝑜𝑠𝑠 =  𝐹(�̇�𝑠𝑜𝑙𝑎𝑟 − �̇�𝑟𝑒𝑟𝑎𝑑)                                     (28) 

 

�̇�𝑐ℎ𝑒𝑚,𝑟𝑒𝑑 refers to the heat available in the reduction zone due to the amount of oxygen 

consumed by oxide and is given as, 

 �̇�𝑐ℎ𝑒𝑚,𝑟𝑒𝑑 =  
 �̇�𝑂2,𝑟𝑒𝑙

(𝛿𝑟𝑒𝑑−𝛿𝑜𝑥 )
∗ ∫ Δℎ0𝑂2

𝛿𝑟𝑒𝑑
𝛿𝑜𝑥

(𝛿)𝑑𝛿                          (29) 

Similarly, for the oxidation zone 

  �̇�𝑐ℎ𝑒𝑚,𝑜𝑥 =  
 �̇�𝑂2,𝑟𝑒𝑙

(𝛿𝑟𝑒𝑑−𝛿𝑜𝑥 )
∗ ∫ Δℎ0𝑂2

𝛿𝑟𝑒𝑑
𝛿𝑜𝑥

(𝛿)𝑑𝛿 +  �̇�𝐻2
2
∗ Δℎ0(𝑇𝑜𝑥)          (30) 

The second term represents the heat present in the hydrogen that was present prior to the 

change in oxygen content. The excess heat in the oxidation zone from equations (25) and 

(30), if �̇�𝑐ℎ𝑒𝑚,𝑜𝑥 is greater than the heat requirement �̇�𝑔𝑎𝑠,𝑜𝑥, will be cooled as �̇�𝑐𝑜𝑜𝑙. 

In case the two zones are not of equal temperatures, the oxide has to be heated accordingly. 

This requirement, known as �̇�𝑜𝑥𝑖𝑑𝑒 is given from simple thermodynamics as, 

  �̇�𝑜𝑥𝑖𝑑𝑒 =  �̇�𝑜𝑥𝑖𝑑𝑒(ℎ𝑜𝑥𝑖𝑑𝑒(𝑇𝑟𝑒𝑑)−ℎ𝑜𝑥𝑖𝑑𝑒(𝑇𝑜𝑥))                          (31) 

To find the extent of oxide conversion per unit input of solar energy, the energy balance is 

performed to give, 
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�̇�𝑡𝑜𝑡𝑎𝑙 =   �̇�𝑔𝑎𝑠,𝑟𝑒𝑑 +   �̇�𝑔𝑎𝑠,𝑜𝑥 +   �̇�𝑐ℎ𝑒𝑚,𝑟𝑒𝑑 +   �̇�𝑐ℎ𝑒𝑚,𝑜𝑥 +   �̇�𝑐𝑜𝑜𝑙 +   �̇�𝑜𝑥𝑖𝑑𝑒 +  �̇�𝑙𝑜𝑠𝑠 +

�̇�𝑟𝑒𝑟𝑎𝑑   (32) 

�̇�𝑜𝑥𝑖𝑑𝑒_𝑎𝑐 =  
��̇�𝑠𝑜𝑙𝑎𝑟�

�̇�𝑡𝑜𝑡𝑎𝑙
                                       (33) 

The solar-fuel HHV efficiency is given as, 

𝜂𝑠𝑜𝑙𝑎𝑟−𝑓𝑢𝑒𝑙 =  𝐻𝐻𝑉𝐻2∗ �̇�𝑜𝑥𝑖𝑑𝑒_𝑎𝑐∗�̇�𝐻2
�̇�𝑠𝑜𝑙𝑎𝑟

                                          (34) 

, where the HHV of hydrogen = 141.86 MJ/kg [50] = 283.72 kJ/mol 

 

2.1.1.1 Ceria  
 

The temperature range chosen for Ceria is 1400 K to 2100 K[5] for reduction temperature. To 

study the effect of temperature difference on parameters such as efficiency and sweep gas 

heating requirement, the oxidation temperature is varied from 0 K to 300 K with respect to 

every value of the reduction temperature. For the given baseline parameters in Table 2.1-1: 

Baseline parameters, the simulation is carried for 𝑝𝑂2,𝑟𝑒𝑑 = 0.1, 1, 100 Pa.  
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Parameter Ceria ZnO/Zn Fe3O4 WO3/W 

C 3000 

1 atm 

95.5% 

298.15 K 

20% 

Po 

𝜺𝒓𝒆𝒅 

T0 

F 

Po2,red 100 Pa As per T-pp diagram 

Model Counter flow Ideal mixing 

Required H2 

output 
0.5 TPD 

Table 2.1-1: Baseline parameters 

 

 

 

 

 

 

 

 

 

Figure 2.1-2 : Effect of oxygen partial pressure and temperature difference on efficiency 
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The Figure 2.1-2 shows the variation of the optimal solar-fuel efficiency with respect to the 

reduction temperature 𝑇𝑟𝑒𝑑 for different partial pressures of oxygen in the reduction zone 

𝑝𝑂2,𝑟𝑒𝑑  . Information concerning the nature of the temperature cycling is also evident i.e. the 

efficiency can be found for various temperature differences, largely due to the change 

in �̇�𝑂2,𝑟𝑒𝑙 . As mentioned earlier, the non-stoichiometry 𝛿𝑟𝑒𝑑 corresponds to the maximum 

conversion of the oxide into its reduced form when the partial pressure of oxygen in the 

sweep gas is low. As this pressure is reduced, the level of conversion within the reduction 

zone increases and consequently, 𝛿𝑟𝑒𝑑 would increase. Due to the counter-flow arrangement, 

a high value of 𝛿𝑟𝑒𝑑can be correlated to the pressure 𝑝𝑂2,12being of a low value, with the 

amount of unconverted steam reducing at the exit of the oxidation zone. Logic would dictate 

that the amount of steam input required for a given output of hydrogen would therefore be 

lowered.  All these factors point to optimal efficiency at low reduction pressures. 

 

 

 

 

 

 

 

 

Figure 2.1-3: Sweep gas heating required for varying temperature differences 
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The sweep gas has to be heated upto to the zone temperature and the energy spent in doing so 

is shown in Figure 2.1-3 as a variation of the reduction temperature 𝑇𝑟𝑒𝑑 for a concentration 

ratio of 3000 and partial pressure of oxygen in the reduction zone of 0.1 Pa. By analogous 

reasoning as the preceding result, the increasing temperature difference would entail in more 

oxygen being swept away by a given amount of sweep gas and hence, a lower sweep gas flow 

rate per mole of oxygen would be sufficient, causing the reduction in heating requirement. By 

extension, a lower �̇�𝑡𝑜𝑡𝑎𝑙 would lead to a greater efficiency as seen in Figure 2.1-4. 

 

 

 

 

 

 

 

 

 

Figure 2.1-4: Efficiency for different reactor temperature differences 
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Figure 2.1-5: Effect of changing concentration ratio on the efficiency 

 

Figure 2.1-5 shows the influence of the concentration ratio on the efficiency for a range of 

reduction temperature during isothermal cycling. From Equations 26 and 27, the inverse 

relation between the area of the aperture window and C can be seen. With the increase of C, 

the aperture would be smaller and in effect, the re-radiation losses would reduce. This affects 

the efficiency slightly since it is the change in 𝑇𝑟𝑒𝑑 that dominates �̇�𝑟𝑒𝑟𝑎𝑑.  

The counter-flow model was not used in the case of zinc and iron-based oxides due to the 

following statements.  

The reduction of ZnO into Zn vapour and oxygen occurs at a specific temperature and with 

almost no change in its non-stoichiometry over a temperature range. Relations between 𝛿 and 

reaction enthalpy could not be established and hence, a direct change of phase in the 

reduction zone is assumed. HSC[49] also validates this assumption, as given by Figure 2.1-6. 
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Figure 2.1-6: Equilibrium composition diagram of the reduction reaction from HSC 5.0  

 

The omission of iron-based oxides in counter-flow models is due to the choice of the phases 

of the input materials. Following eqn. 8, choosing liquid phases in the reaction means that the 

equilibrium constant of the reaction would be independent of the degree of reaction. Since the 

underlying principle of the counter-flow model solely depends on the variation of the degree 

of reaction with 𝑇𝑟𝑒𝑑  and 𝑝𝑂2,𝑟𝑒𝑑, the ideal mixing model is chosen for the zinc and iron-based 

oxides. 

2.1.2 Ideal mixing model 
 

Due to insufficient information with regards to the non-stoichiometry nature of materials such 

as ZnO and Fe3O4, the change in the non-stoichiometry coefficient cannot be studied and 

therefore, the model used for these materials possesses the characteristic of ideal mixing 

within the reduction and oxidation. Primarily, the analysis of the zones would be comparable 

to that of a black box. This, however, does not limit the extent to which the energy balance 

analysis can be carried out.   
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The ideal mixing model is similar in configuration to the counter-flow model as seen in 

Figure 2.1-1. The only difference in employing this model is the calculation of the amount of 

sweep gas entering the reduction zone. Eqn 23 takes the amount of oxygen swept leading to a 

change in partial pressure of oxygen at zone entry and exit. But, in the case of ideal mixing, 

every variable (𝑝𝑂2) remains constant inside the reactor [51] hence, justifying its choice. This 

characteristic alters eqn 23 as, 

                                          �̇�𝑁2 = (
 �̇�𝑂2,𝑟𝑒𝑙

𝑝𝑂2,𝑟𝑒𝑑
)𝑝𝑠𝑦𝑠𝑡𝑒𝑚                                           (35) 

 

2.1.2.1 Ceria 
 

Although ceria has been analyzed using the counter-flow model, it would be interesting to 

compare results with the ideal mixing model. 

The results of Figure 2.1-7 describe the change in efficiency with respect to the ΔT for 0% 

and 50% of solid heat recovery in the system. A peak in efficiency can be seen in both cases 

at a specific temperature just as in Figure 2.1-4. However, this peak shifts to the left as the 

level of solid heat recovery and ΔT is increased, as seen in the top graph. The reason for the 

shift is that the heat requirement �̇�𝑜𝑥𝑖𝑑𝑒 ,due to better recovery, is compensated by a lower  

𝑇𝑟𝑒𝑑. Efficiency at 50% heat recovery is relatively higher than no heat recovery as a greater 

proportion of heat is available that can be used to heat the sweep gas, thereby reducing the 

heat requirement  �̇�𝑔𝑎𝑠,𝑟𝑒𝑑. 
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. 

 

 

 

 

 

 

 

 

Figure 2.1-7: Effect of solid heat recovery and ΔT on the efficiency in the Ce-system 

 

 

 

 

 

 

 

 

 

Figure 2.1-8: Comparison between CF and IM model with respect to input sweep gas amount 
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In order to compare the CF and the IM model, the amount of sweep gas used is a major 

parameter and its variation can be seen in Figure 2.1-8. Upon approximation, it is found that 

the amount of sweep gas used in the ideal mixing model is 12 to 50 times higher than that of 

the counter flow model, which suggests the magnitude of gas supply in the IM model requires 

to maintain a certain pressure level. In the CF model, the   �̇�𝑔𝑎𝑠,𝑟𝑒𝑑 does not vary much with 

𝑇𝑟𝑒𝑑 since the amount of input sweep gas is essentially the same throughout. The overall level 

of efficiency attained in the IM model is lower than that of the CF model, because the 

increase in  �̇�𝑟𝑒𝑟𝑎𝑑 is offset by the large sweep gas use and hence, greater  �̇�𝑔𝑎𝑠,𝑟𝑒𝑑. 

 

2.1.2.2 ZnO/Zn  
 

From the aforementioned section, it is clear that the materials lacking in non-stoichiometric 

characteristics can be studied by the use of the IM model. The redox pair of ZnO/Zn certainly 

falls into that category. Due to this, the degrees of reaction for the reduction and oxidation 

reactions are assumed to be one i.e. the reactions are complete. Furthermore, a reduction 

temperature range of 2000 K to 2340 K is chosen. ZnO pellets are to be used in the reduction 

zone and since, the value of ∆𝐺0 for solid ZnO is zero at 2340 K [49], the latter temperature 

is chosen. The oxidation temperature is assumed to be 1000 K [14] since the hydrolysis of Zn 

is assumed to be maximum around this temperature. The selection of the pressure range 

𝑝𝑂2,𝑟𝑒𝑑largely depends on the material phases involved. With the help of HSC 5.0 [49], a 

specific partial pressure of oxygen is chosen for a given temperature with the help of 

predominance diagrams as seen in Figure 2.1-9. Quenching of the reduction products are 

neglected since this is assumed to be compensated by  �̇�𝑜𝑥𝑖𝑑𝑒. 
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Figure 2.1-9: Predominance diagram to determine oxygen partial pressure in the Zn-O-H system 

 

By interpolation, pressures were found for an increment in 𝑇𝑟𝑒𝑑of 20 K and with all inputs 

acquired, the simulations were carried out.  

Figure 2.1-10: Breakdown of energy components involved in the Zn reactor system is made 

according to the energy balance analysis, consisting of all components from eqn 32. The 

highest proportions belong to sweep gas heating, re-radiation and other reactor losses mainly 

due to the influence of 𝑇𝑟𝑒𝑑 for the latter. This IM model takes both, heat lost during 

quenching and the sweep gas heating, into account which has not been done in many journals 

articles. With the increase in 𝑇𝑟𝑒𝑑, the 𝑄𝑔𝑎𝑠,𝑟𝑒𝑑 reduces as the sweep gas heating is done with 

the help of 𝑄𝑠𝑜𝑙𝑎𝑟. Quench losses, when considered, are almost negligible in this case thereby 

not affecting the efficiency. Variation of efficiency for changing C follows a similar trend as 

with ceria. 
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Figure 2.1-10: Breakdown of energy components involved in the Zn reactor system 

 

The graph in Figure 2.1-11 is plotted with variable levels of heat exchanger effectiveness in 

gas-phase recovery, as performed by 𝐻𝐸𝑋𝑟𝑒𝑑 and 𝐻𝐸𝑋𝑜𝑥. As with earlier explanations, better 

heat recovery would mean lower heat requirements in both zones and consequently, better 

efficiencies. But, the �̇�𝑔𝑎𝑠,𝑜𝑥 decreases by a factor of 10 and negligible change in 

�̇�𝑔𝑎𝑠,𝑟𝑒𝑑with increase in ε. This explains the drastic change in efficiency between 75% and 

95.5% recovery. 

 

 

 

 

 

Figure 2.1-11: Effect of heat exchanger effectiveness on the efficiency in the Zn system 
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2.1.2.3 Fe3O4/FeO  

 
Eqns 8 and 9 represent the reaction mechanisms involved in this section. Quenching follows 

the same step as with Zn wherein the heat required for dual temperature cycling �̇�𝑜𝑥𝑖𝑑𝑒 would 

compensate for the quenching losses, without any solid heat recovery. The oxidation 

temperature is assumed to be 800K [18], above which the reaction is not thermodynamically 

possible. As mentioned in the introduction, the input material, in practice, is Fe2O3 but since 

this material would decompose in the first run and subsequently never appear in the reactor, 

until replenishment is necessary, Fe3O4 is chosen as the input material in the code. The 

method of choosing the oxygen partial pressure as an input is similar to that of zinc as seen in 

Figure 2.1-12. 

 

 

 

 

 

 

 

 

 

Figure 2.1-12: Predominance diagram to determine oxygen partial pressure in the Fe-O-H system 
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Figure 2.1-13: Breakdown of energy components in the FeO system for heat exchanger effectiveness of (a)95.5% (b) 75% 
and (c)50% (d) Overall effect on solar efficiency 

 

The effect of changing C on efficiency essentially follows a similar trend as in the case of 

Ceria. Figure 2.1-13 emphasizes the temperature effect on the system energy balance and 

also, the importance of maintaining an effective heat recovery system. Similar to the earlier 

sections, the �̇�𝑟𝑒𝑟𝑎𝑑 increases drastically due to (𝑇𝑟𝑒𝑑)4 dependency and �̇�𝑔𝑎𝑠,𝑟𝑒𝑑can be 

explained from the earlier sections with the change in the effectiveness of gas heat recovery.  

It has been shown that at temperatures between 2300 K and 2500 K, the partial pressure of 

FeO vapour increases within the reactor[19]. This would potentially cause greater heat 

requirement in order to offset the effect of this gas and the overall significance can be clearly 

(a) (b) 

(d) (c) 
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seen as variation in efficiency. The rise in efficiency due to changing levels of recovery is 

similar to that in the Zn-system.  

2.1.2.4 WO3/W 
 

Following the steps given for the Zn- and Fe-system, the 𝑝𝑂2,𝑟𝑒𝑑 is chosen from the Figure 

2.1-14 for temperatures upto the melting point of WO3, 1745 K[49]. 

 

 

 

 

 

 

Figure 2.1-14: Predominance diagram to determine oxygen partial pressure in the W-O-H system 

 

Assuming the oxidation temperature to be 1073 K[21], the major energy components 

affecting the efficiency is shown in Figure 2.1-15. 
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Figure 2.1-15: Behaviour of the energy losses with respect to 𝑻𝒓𝒆𝒅 in the W-system 

 

Neglecting other energy components bar �̇�𝑟𝑒𝑟𝑎𝑑, �̇�𝑔𝑎𝑠,𝑟𝑒𝑑and �̇�𝑙𝑜𝑠𝑠, the efficiency follows a 

similar trend with respect to 𝑇𝑟𝑒𝑑 as with the other materials. The above components 

contribute completely to the efficiency wherein the only positively sloped curve is dependent 

on 𝑇𝑟𝑒𝑑. As expected, �̇�𝑔𝑎𝑠,𝑟𝑒𝑑 makes up most of the energy loss although, it is interesting to 

note the drastic rise in efficiency above 1600 K. Such a variation is caused by the vast 

difference in 𝑝𝑂2,𝑟𝑒𝑑 ranges above this temperature. Consequently, the amount of sweep gas 

required is reduced by a factor of 16 as the temperature increases from 1600 K to 1650 K, 

thus causing a steeper fall in the �̇�𝑔𝑎𝑠,𝑟𝑒𝑑 curve. 
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2.2 Economic model  

 

2.2.1 Plant inventory 
 

In order to carry a thorough economic analysis of a power plant, the plant configuration and 

system boundaries must be properly defined. The size of the plant is defined by the amount of 

solar energy input required i.e. solar plant configuration and the required hydrogen 

production i.e. chemical plant configuration. The solar plant would consist of either a 

surround or polar heliostat field which reflects the rays onto a centrally mounted receiver. 

The receiver may be either a CPC or a beam-down/Cassegrain system, as explained in section 

1.3. 

 Sometimes, a CPC may be used to attain a specific concentration ratio in the BD system but 

this configuration is not taken into consideration in this report. The chemical plant would 

mainly comprise a reactor, whose placement would depend on the type of solar concentrator 

employed. Along with this, hydrolyzers, heat exchangers, internal piping, oxide material 

storage and water storage [52] are considered to be crucial components of the chemical plant. 

However, the H2 storage is omitted due to thermal modeling constraints and consequently, 

avoided in the plant economics. Apart from H2 storage, distribution, either via pipeline or 

trucks, is also neglected since the aim of the project is to analyze only cost-effective 

hydrogen production techniques. 

Defining plant inventory and configurations can be swiftly followed by identifying major 

parameters that influence the system costs. 
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2.2.2 Major costs 

2.2.2.1 Heliostats 
 

One of the major costs is that of the heliostat field which usually corresponds to  around 44% 

of the total system cost [9]. As a general assumption, the specific cost of a heliostat mirror is 

taken to be 150 $/m2 [9][53] but this report considers a cost dependent on the heliostat 

reflective area as given by Meier et al.[54], which can be defined as, 

                                                    𝐴𝐻_𝑡𝑜𝑡 =  �̇�𝑠𝑜𝑙𝑎𝑟
(𝜂𝑜𝑝𝑡∗𝛼𝐻∗𝐺0)

                                                 (36) 

 

The optical efficiency 𝜂𝑜𝑝𝑡 depends upon the type of solar concentrator chosen i.e. 0.52 for 

BD system and 0.61 for CPC system[54]. The reflective area of a single heliostat mirror is 

assumed to be 121 m2 and therefore, the number of heliostats and the required heliostat field 

area are, 

                                                     𝑛𝐻 =  𝐴𝐻_𝑡𝑜𝑡

𝐴𝐻
                                                   (37) 

                                                          𝐴𝐻_𝑙𝑎𝑛𝑑 =  𝐴𝐻_𝑡𝑜𝑡

𝛼𝑙𝑎𝑛𝑑
                                                    (38) 

 

Based on the relationship between the total heliostat area and its specific cost, the cost of the 

heliostat area ($) is given by, 

                                                  𝐶𝐻 =  3951.8 ∗ 𝐴𝐻_𝑡𝑜𝑡
0.7                                             (39) 
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2.2.2.2 Tower 
 

The tower costs are dependent on two factors namely, the height of the tower and the total 

reflective area of the heliostat as provided by Meier et al.[54]. This data was procured from 

the specifications of existing plants such as SCOT and PS10. However, in order to find the 

tower height for a polar/surround heliostat configuration, Battleson [55] gives, 

                                            ℎ𝑡𝑜𝑤𝑒𝑟 = 16.012 ∗ (�̇�𝑠𝑜𝑙𝑎𝑟
𝐶𝑈𝐹

)0.4782                                (40) 

The plant operation time for a typical southern European climate can be assumed to be 2000 

hours (5.47 PSH, assuming continuous operation)[56] and hence, the capacity utilization 

factor CUF is 22.8%. 

Using eqn 38 and the tower cost curves,  

                       𝐶𝑡𝑜𝑤𝑒𝑟 = 4.785 ∗ 10−3 ∗ ℎ𝑡𝑜𝑤𝑒𝑟 − 1.051 ∗ 10−5 ∗ 𝐴𝐻_𝑡𝑜𝑡 +

                                    6.08 ∗ 10−7 − ℎ𝑡𝑜𝑤𝑒𝑟 ∗ 𝐴𝐻_𝑡𝑜𝑡 − 0.08274            M$      (41) 

 

The final heliostat area and tower costs include the respective construction and installation 

work involved. 

 

2.2.2.3 Solar concentrator 
 

Calculations of the solar concentrator costs are not too dissimilar to the preceding cost 

calculations. Based on available data, the BD or CPC system costs depend on the reflective 

area of the concentrator, which is a certain fraction of the total reflective area, and the solar 

energy input to the reactor respectively as given by Meier et al.[54] 
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                                                 𝐴𝐵𝐷_𝑟𝑒𝑓 =  2.3
100

∗ 𝐴𝐻_𝑡𝑜𝑡                                                 (42) 

                        𝐶𝐵𝐷 = 7 ∗ 10−5 ∗ 𝐴𝐵𝐷_𝑟𝑒𝑓
2 − 0.4311 ∗ 𝐴𝐵𝐷_𝑟𝑒𝑓 + 1006.2      $      (43) 

                                         𝐶𝐶𝑃𝐶 = 0.027 ∗ 𝑄𝑠𝑜𝑙𝑎𝑟 + 0.20                   M$            (44) 

 

These costs consider only the secondary reflector and the CPC as other components such as 

support structures, platforms for maintenance work etc. have been neglected. 

 

2.2.2.4 Chemical reactor 
 

The design of the chemical reactor is mainly dependant on the volume of the reactor and the 

residence time of the reaction[57].  

                                               𝑂𝐻2 = 𝑅𝐻2 ∗ 365 ∗ 1000                                                (45) 

                                                 𝑛𝐻2,𝑟𝑒𝑞𝑑  ̇ =  𝑂𝐻2
(𝑚𝐻2∗3600∗𝑡𝑜𝑝)

                                              (46) 

 

In the thermal model analysis, the amount of H2 produced per kW of solar energy input can 

be calculated as, 

            �̇�𝐻2,𝑓𝑖𝑛𝑎𝑙 =  �̇�𝐻2 ∗ �̇�𝑜𝑥𝑖𝑑𝑒_𝑎𝑐                                       (47) 

 

Therefore, the required solar input to produce the amount calculated in eqn 33 is, 
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  �̇�𝑠𝑜𝑙𝑎𝑟,𝑟𝑒𝑞𝑑 =  𝑂𝐻2
(�̇�𝐻2,𝑓𝑖𝑛𝑎𝑙∗𝑚𝐻2∗3600∗𝑡𝑜𝑝)

                                     (48) 

The mass flow rate of the oxide through the reactor is given by[53], 

                                            �̇�𝑜𝑥𝑖𝑑𝑒 =
�̇�𝐻2,𝑟𝑒𝑞𝑑  ∗𝜐𝑜𝑥𝑖𝑑𝑒𝜐𝐻2

∗𝑀𝑜𝑥𝑖𝑑𝑒

𝛼
                                          (49) 

Finally, assuming the residence time of 10 minutes in the reactor, its volume is given by, 

                                             𝑉𝑜𝑥𝑖𝑑𝑒 = �̇�𝑜𝑥𝑖𝑑𝑒∗𝑡𝑟𝑒𝑠𝑖𝑑𝑒𝑛𝑐𝑒
𝜌𝑜𝑥𝑖𝑑𝑒

                                              (50) 

 

Reactor cost calculated according to specific cost of $38870/m3[57] is, 

                                            𝐶𝑟𝑒𝑎𝑐𝑡𝑜𝑟 = 38870 ∗ 𝑉𝑜𝑥𝑖𝑑𝑒                          $            (51) 

 

 

2.2.2.5 Oxide 
  

The oxide is assumed to be purchased according to the amount consumed per batch and the 

replacement is taken as an O&M cost. 

 

                  𝐶𝑜𝑥𝑖𝑑𝑒 = �̇�𝑜𝑥𝑖𝑑𝑒_𝑎𝑐 ∗ 𝑐𝑜𝑥𝑖𝑑𝑒 ∗ 𝑀𝑜𝑥𝑖𝑑𝑒 ∗ 𝑡𝑜𝑝                         (52) 

 

Fe2O3 is the cheapest of the four materials, at 1000$/tonne [58], followed by ZnO at 1850 

$/tonne [52], then CeO2 with 5.50 $/kg [59] and the most expensive material is WO3 at 79.2 

$/10 kg [60]. These values bear heavily on the economic evaluation but as will be seen 

further, low efficiencies boost the plant costs regardless of the above costs. 
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2.2.2.6 Land 
 

The cost of land area required depends on the land use factor and the location-specific unit 

cost and is given as, 

                                                       𝐴𝑙𝑎𝑛𝑑 =  𝐴𝐻_𝑡𝑜𝑡

𝑓
                                                           (53) 

                                                 𝐶𝑙𝑎𝑛𝑑 =  𝑠𝑙𝑎𝑛𝑑 ∗ 𝐴𝑙𝑎𝑛𝑑                                           (54) 

Where f=0.35 and sland=2 $/m2 [54] 

2.2.2.7 Water 
 

Ihara [61] mentions that approximately 0.27 m3 of water is required to produce an energy 

equivalent of 1 MWh of hydrogen. Applying this statement, along with the average unit price 

for industry use of 1 $/m3[62], the cost is given as, 

                          𝐶𝑤𝑎𝑡𝑒𝑟 =  𝑂𝐻2 ∗ 𝐻𝐻𝑉𝐻2 ∗ 0.27 ∗ 1 $/𝑚2                                  (55) 

2.2.2.8 Miscellaneous costs   
 

Miscellaneous costs such as cost of the hydrolyzer, piping, oxide storage tanks, pumps, heat 

exchangers etc. are taken as approximately 10% of the total capital costs[52]. Sizing the heat 

exchangers proved to be a little difficult considering the different sweep gas heat 

requirements at different reduction temperatures. 
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2.2.3 Breakdown of costs and assumptions 
 

All the costs in the previous sections make up the direct capital costs whereas the indirect 

costs takes the cost to services such as EPCM or engineering, procurement, commissioning 

and management costs into account. This would amount to 20% of the direct costs and 10% 

of the heliostats[54]. Another cost component that is meant to cover any unforeseen 

circumstances such as natural disasters, labour strikes, market collapse etc. is known as the 

contingency cost, which is taken at 15% of the total capital cost[54]. The O&M costs consist 

of two parts namely, fixed and variable costs. The fixed O&M costs would mainly consist of 

the wages of labourers which is conservatively assumed to be 1% of the total capital cost. 

Variable costs are responsible for the purchase of the oxide for replacement in the reactor 

upon completion of the batch time and this is taken at 2% of the total capital cost [63].  

Overall plant lifetime is assumed to be 30 years (excluding construction) and the depreciation 

in the value of the plant is taken at 3% for the entire lifetime using the “straight-line” method 

such that the salvage value of the plant at the end of the operational period is assumed to be 

10% [64] with no equipment replacement at any point. The NPV, IRR and PBT are 

calculated by the discounted cash flow method and therefore, this means that a suitable 

discount rate must be chosen. Factors such as project risk, credit rating of the responsible 

organization/government, inflation among others affect the choice of the discount rate. 

Considering all these factors along with the fact the project in question is assumed to be 

100% equity (equal portions of  preferred and common equity), the discount rate is chosen to 

be 7%[65]. Insurance is taken at 1% of the plant cost[54]. 
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2.2.4 Economic modeling results 
 

Figure 2.2-1 shows the change in the LCOH when either of the parameters, discount rate or 

the plant lifetime varies. These plots are made for the IM model for a required daily H2 output 

of 0.5 TPD (unless specified), although similar trends with lower values of LCOH can be 

seen when replaced by the CF model. For a given discount rate, the change in LCOH is not as 

substantial as when the plant lifetime is constant. Therefore, it would be advisable to choose a 

low discount rate and a high lifetime period as this would possibly alleviate any economic 

pressures with respect to production. It can be seen that every curve approaches a minima at a 

specific value of heliostat area. This can be attributed to the absence of thermal energy 

storage in the solar plant and this point would be shifted to the right for increasing number of 

storage hours. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2-1: Effect of the discount rate and plant lifetime on the LCOH 
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The internal rate of return depends on the current market price of H2 and only a positive value 

would represent a profitable investment. The desirable IRR would be between 16% to 20% 

[66] but, the plant lifetime affects this choice as seen in Figure 2.2-2, with operating 

conditions shown in Table 2.2-1. Since this project is assumed to be financed as an individual 

ownership, the expected rates of return would be higher and consequently, a higher selling 

price. If the capital is divided in a certain proportion between debt and equity, this scenario 

could possibly reduce the selling price while maintaining a constant IRR but at the expense of 

a higher discount rate, which in turn affects the LCOH. Therefore, a calculated choice of all 

these parameters is crucial in striking a balance in the economic assessment. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2-2: Effect of the current selling price of H2 on the IRR for different plant lifetime 
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Figure 2.2-3: Effect of changing H2 selling price and discount rate on payback period 

 

The payback period varies with respect to the market selling price of H2 and the discount rate. 

Figure 2.2-3 shows that, for a daily production under baseline conditions and at the maximum 

thermal efficiency (2500 K) using iron oxides (cheapest of the four), the payback period 

would spike for a certain selling price, thus representing the break-even point of the project. 

With the increase in discount rate, the project would break even at higher selling prices thus 

bringing the choice of discount rate into question. A smaller discount rate would lower the 

payback time but not truly reflect the influence of risk of the project and inflation on the 

overall costs.  

When the total system costs are broken down and studied separately, a stark difference can be 

seen when the redox materials are changed, as given in Figure 2.2-4 and Figure 2.2-5. 

With the exception of the concentrator costs, the tower and heliostats costs show similar 

trends when Ceria and iron oxides are used. The only change with respect to the concentrator 
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costs can be due to the greater energy required for dual-temperature cycling of Fe3O4, leading 

to halving of the efficiency compared to Ceria at the respective baseline conditions. 

 

 

 

 

 

 

 

 

 

 

Figure 2.2-4: Cost breakdown of Ceria cycle 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2-5: Cost breakdown of Fe-cycle 
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Figure 2.2-6: Cost breakdown of Zn-cycle 

 

The thermal efficiencies of the plant, when water-splitting is done by the Zn cycle, are of the 

order of 10-2 and hence, the required plant size will be quite substantial compared to when 

Ceria and Fe-oxides are applied. Instead to comparing costs with the latter pair, the essential 

cost breakdown of the Zn-cycle at 2340 K, 0.1TPD is shown in Figure 2.2-6. As expected, 

the concentrator would be the most expensive, owing to its dependence on the total heliostat 

reflective area. In addition to this, the small reflector area further exacerbates the effect of 

compensating the low productivity by drastically increasing the cost.  The corresponding 

figure for the W-system is completely overshadowed by the cost of the concentrator under all 

plant specifications and therefore, has been neglected in this section. 

.Comparing the LCOH from different sources gives a clear idea of the current state of 

thermochemical water-splitting by using the efficiencies obtained in this project, as seen in 

Figure 2.2-7. 
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Figure 2.2-7: LCOH comparison between H2 pathways. 

 

The LCOH by STCH processes is comparable to most of the other, more conventional, H2 

pathways[67] and the prices for Ceria and Iron oxides are under specific conditions are as 

given in Table 2.2-1. The temperatures are chosen according to the highest efficiency. Results 

may be slightly misleading since the extra energy required to maintain a higher po2 in the Fe-

system is not taken into the process of costing.  

Material Tred (K) 

Nature of 

temperature 

cycling 

Po2 (Pa) 
Reqd H2 output 

(TPD) 

Ceria (CF) 1900 Tox=1800 K 0.1 1.5 

Iron 2500 Tox=800 K 2182.98 2 

Table 2.2-1: LCOH comparison between STCH materials under specific conditions 
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2.3 Thermo-economic model  

 

Combining the thermal and economic offers an opportunity to optimize the system to achieve 

the highest efficiency and the best output at reasonable costs. Upon computing the required 

solar input for Ceria, as seen in Figure 2.3-1, an obvious relationship between the level of 

temperature cycling and efficiency can be noticed. It would seem that operating the system 

under isothermal conditions would require the maximum solar input albeit at low efficiencies. 

These curves have been designed under baseline conditions, which would entail a possible 

range of efficiencies between 16-18% by utilizing a modest amount of solar energy. 

 

 

 

 

 

 

 

 

 

Figure 2.3-1: Contour plot of ΔT vs η to find Qsolar for Ceria cycle 

 

But, achieving such a range would be difficult considering the amount of sweep gas required 

to maintain oxygen partial pressure at 100 Pa. Accordingly, the solar plant costs would vary 

and therefore, a compromise would have to be made between choosing a system with lower 

efficiency with high plant costs and a system with higher efficiency with relatively lower 

plant costs for the same temperature difference from Figure 2.3-2. 
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Figure 2.3-2: Contour plot of ΔT vs Qsolar to find Csolar for Ceria cycle 

 

 

 

 

 

 

 

 

 

 

Figure 2.3-3: Contour plot of H2 output vs η to find Cchem for Ceria cycle 

 

The chemical plant costs are functions of the required H2 output, which influences the reactor 

size and cost and the amount of oxide converted per cycle. Figure 2.3-3 emphasizes the 

strength of the influence of the former on the chemical cost, which is governed by economies 

of scale. It is found, quite convincingly, that Zn-and Fe-cycles also follow a similar chemical 

cost-trend.  
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Figure 2.3-4: Contour plot of Qsolar vs H2 output to find η for Zn cycle 

 

Given the extremely small efficiencies of the Zn-cycle, it comes as no surprise the required 

solar input would be as large as seen in Figure 2.3-4. This brings up the question of economic 

feasibility of the solar plant in Figure 2.3-5 wherein even smaller solar plants cost a fortune 

and hence, this setup would not be feasible until further investigation. 

 

 

 

 

 

 

 

 

Figure 2.3-5: Contour plot of Qsolar vs η to find Csolar for Zn cycle 
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Figure 2.3-6: Contour plot of Qsolar vs H2 output to find η for Fe cycle 

A more well-defined efficiency zone structure can be seen in the case of Fe-cycles in Figure 

2.3-6. An optimal value of efficiency can be reached by a combination of reducing the solar 

energy input, by reducing reflective losses in the heliostats and the concentrator, and 

increasing the daily H2 output and this is partly reflected in the Figure 2.3-7, which is similar 

to the corresponding Zn-cycle graph. 

 

 

 

 

 

 

 

 

 

Figure 2.3-7: Contour plot of Qsolar vs η to find Csolar for Fe cycle 
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Optimizing a system thermo-economically requires compromises to be made between 

different sections of a plat, often leading to the best possible system configuration. In this 

case, the Fe-based cycles appear to be the most suitable of the four, owing to its relatively 

high efficiencies at lower 𝑝𝑂2,𝑟𝑒𝑑and correspondingly, lower total plant costs.  

However, it has to be recalled that this cycle achieves its maximum efficiency at a reduction 

temperature higher than the other two thereby leading to questions over the required size of 

the solar plant. A similar trend is seen in the case of the W-system in Figure 2.3-8  and Figure 

2.3-9, although with much higher costs and lower efficiencies than any of the above. 

 

 

 

 

 

 

 

Figure 2.3-8:  Contour plot of η vs H2 output to find Qsolar for W cycle 
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Figure 2.3-9: Contour plot of η vs Qsolar to find Csolar for W cycle 

 

 

3 Future work  

The amount of research being done in this field is growing rapidly and every inherent 

problem will possibly be resolved in the near future. In this project, there were certain 

challenges faced in terms of modeling and selection of material but further investigation into 

the validity of doped materials as redox pairs will be interesting. Also, as encountered in this 

project, a complete exergy analysis (including sweep gas heating) of the Zn-cycle would be 

an exciting prospect since it has been lauded with providing the highest theoretical efficiency 

among undoped materials. Calculations of the non-stoichiometric coefficients for ZnO via 

thermogravimetric analysis to be utilized in the CF model can also be looked into. 
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4 Conclusions  

Published data in the relevant field dictates that the W- and Zn- cycles operate at some of the 

highest theoretical efficiencies ever recorded but when applied to a specific model with well-

defined constraints, contrasting results are produced. Not only does the Zn-cycle have a low 

efficiency when coupled with the sweep has heating requirement, it also incurs a high capital 

costs and correspondingly, a risky investment. Undoped Ceria produces expected results and 

helps identify the nuances between the CF and IM model, hopefully providing a better 

understanding of the underlying processes.  

The CF model is applied to Ceria demonstrates the importance of a well-defined, empirical 

relation between the non-stoichiometric nature and the thermodynamic properties of the 

material, thereby generating far more realistic results than the IM model. An increase in C 

from 3000 to 10000 sees the jump in efficiency by a maximum of 15%, bringing the reactor 

sizing into question. Even a positive zone temperature difference and low po2 causes a rise in 

efficiency by affecting the sweep gas heating requirement. These influences are intertwined 

with the level of gas-phase heat recovery, hence exerting a multi-functional, parametric effect 

on the efficiency. Focus on gas-phase heat recovery and the respective pressure ranges help 

differentiate between the Zn-, Fe- and W-system, even though the latter is the most influential 

parameter affecting the efficiency 

For the purpose of this project, the economic evaluation of the four systems is conducted and 

subsequently compared with other source of H2. As shown earlier, a low discount rate, higher 

plant life and a suitable theoretical model (CF in this case) would help in maximizing the 

economic viability of the plant. But, since the Fe-cycle would not be compatible with the CF 

model at this point, the Ce-system would offer the best thermal and economic feasibility 

potential based on the results in this project (η=31.53% @ 5.74 $/kg H2 LCOH), Although the 
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LCOH does not make the thermochemical process commercially viable currently due to the 

doubts over chemical reactor manufacturing, tweaking the above parameters to lower the gap 

between H2 production between Fe-oxides and electrolysis can be achieved. Nevertheless, it 

would still take some time for STCH to be technologically competitive and financially 

attractive to potential investors and the general market but eventually, current technology will 

saturate and make room for the thermochemical industry to flourish. 
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