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Abstract 

 The novel concept of the application of the Oxygen Carrier (OC) particles in a 

Chemical Looping Combustion (CLC) system for diurnal storage of the 

concentrated solar thermal energy is presented here. Two innovative 

configurations of Hybrid Solar CLC (Hy-Sol-CLC) systems for continuous base-

load power generation are proposed and assessed. The systems seek to take the 

key features of a CLC system that are desirable for a hybrid solar GTCCs; notably 

the production of an industrially pure stream of CO2, inherent chemical and 

sensible heat storage, relatively low temperature of the fuel reactor relative to that 

of the air reactor and the potential to operate the fuel and air reactors at different 

pressures.  

 In the first proposed configuration, three reservoirs have been added to a 

conventional CLC system to allow storage of the OC particles, while a cavity 

solar receiver has been chosen for the fuel reactor. In this Hy-Sol-CLC system the 

flow rates of the fuel and OC particles were considered to be constant. The 

calculations demonstrated that the solar thermal energy can be stored using CLC 

components. However, this configuration is limited to a low solar share of about 

6.5% when averaged over the whole day. Besides, the variations in fuel reactor 

temperature, owing to the diurnal variations of the input concentrated solar 

thermal energy, might result in damage to the OC particles.  

 The second Hy-Sol-CLC system addresses the limitations associated with the 

first configuration. In this system, as for the first one, a cavity solar reactor has 

been chosen for the fuel reactor while two reservoirs have been added to a 

conventional CLC for the storage of OC particles. A direct air-particle heat 
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exchanger has been also proposed to provide independent control of the 

temperature of the OC particles in the air reactor from those stored in the storage 

reservoirs. In this process the operating temperature of the solar fuel reactor is 

controlled through varying the flow rates of fuel and OC particles proportional to 

the variations in the input concentrated solar thermal energy. This hybrid cycle is 

estimated to achieve a solar share of up to 60% when averaged over the whole 

day. The performance of this hybrid system in a GTCC cycle was evaluated with 

and without the application of an after-burner. The after-burner was added to 

further increase the gas turbine inlet temperature. The calculations predict a first 

law efficiency of 50.0% for the cycle employing the after-burner, compared with 

44.0% for that without the after-burner. However, this higher thermal efficiency is 

achieved at the cost of decreasing the solar share from 60.0%, without the after-

burner, to 41.4% with it. 

 Applicability of the combinations of natural gas, CO and H2, as fuel with the 

oxides of Co, Cu, Fe, Mn and Ni, as oxygen carriers in the proposed Hy-Sol-CLC 

system was also evaluated. The calculations demonstrated that, from all of the 

assessed metal-based oxygen carriers, only the pairs of CoO/Co, NiO/Ni and 

Fe2O3/Fe3O4 are potentially suitable for use in a Hy-Sol-CLC system working 

with natural gas. However, none of these materials allow any significant chemical 

storage of solar energy for the oxidation of CO and H2. 

 An unsteady-state model of an OC particle exposed to high intensity solar heat 

flux was also developed to provide the fundamental knowledge required for the 

selection of an efficient solar cavity reactor for the Hy-Sol-CLC systems. The 

model was validated against the available data in the literature. The numerical 
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analysis demonstrated that the application of direct heat transfer is desirable. 

However, it must be combined with a high convective cooling to avoid excessive 

heating rates, which would result in overheating of the particles. 
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1.1. Background 

The recent increase in the atmospheric concentration of greenhouse gases, 

mainly due to anthropogenic emissions, is widely linked to the simultaneous 

increase in the global mean temperature [1, 2]. The most abundant greenhouse 

gases in the Earth’s atmosphere are: water vapour (H2O), carbon dioxide (CO2), 

methane (CH4), oxides of nitrogen (N2O, NO…), ozone (O3) and 

Chlorofluorocarbons (CFCs). Methane and CFCs have higher green-house gas 

effect per their unit mass than CO2 [3]. However, CO2 has the major contribution 

to the global warming, because of its larger amount in the atmosphere [4]. The 

concentration of CO2 in the atmosphere has increased significantly from 280 ppm 

in the pre-industrial times to 396 ppm in 2013 [3, 5], which is mainly due to the 

dependency on the fossil fuel for energy production [3]. Furthermore, the 

investigations performed by the Energy Information Administration (EIA) within 

the U.S. Department of Energy (DOE) have demonstrated that the consumption of 

fossil fuels will increase by around 27% over the next 20 years [1]. However, if 

no action is taken, the world could be around 4 °C warmer by the end of this 

century than it was at the beginning of industrial revolution [6]. This temperature 

raise would have serious impacts on sea level rise, water supplies security and 

agriculture. To assure that the increase in mean global temperature is less than 2 

°C, which is believed as the limit to prevent the most catastrophic changes on 

earth [7, 8], the CO2 concentration in the atmosphere must not exceed 450 ppm. 

This means that the concentration of CO2 must not increase more than 15% over 

today’s concentration [8]. However; at present, despite the urgent need to 

decrease the CO2 emission, fossil fuels account for more than 80% of the world 
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energy demand [3, 9], which is mainly because of their low cost, availability, high 

energy density, existing reliable technology and established position worldwide 

[2]. Therefore, there is need to develop novel technologies that enable reduction in 

CO2 emissions into the atmosphere, while also mitigating the significant 

economic and/or political advantages that favour the business-as-usual 

technologies. There are three options to reduce total CO2 emissions, to reduce the 

energy consumption (including increasing the efficiency of the energy conversion 

and/or utilization systems), to switch to non-fossil fuel energy sources such as 

solar energy, wind energy and biomass and finally Carbon Capture and Storage 

(CCS) [10]. 

The sun as the world’s primary source of energy with a surface temperature of 

about 5800 K and a solar radiosity of 63 MW/m
2
 is an unlimited source for high 

temperature heat [11]. It is also freely available and has no impacts on the 

ecology. However, solar energy is inherently intermittent, distributed unequally 

over the earth and highly diluted owing to the sun-to-earth geometrical constraint, 

to the extent that terrestrial solar irradiance at maximum is about 1 kW/m
2

 [11]. 

Optical concentrator devices enable high solar radiative fluxes with relatively low 

thermal losses [12]. They use large reflective surfaces to collect and concentrate 

the incident solar radiation into a solar receiver [13], in which the high 

temperature heat can be utilized either to drive the endothermic reactions [14, 15] 

or to generate electricity through e.g. steam/gas turbines or Stirling engine [16-

19]. The development of the utility-scale Concentrated Solar Thermal (CST) 

power plants worldwide shows that it has potential to achieve cost-competitive 

power generation, especially in arid regions where direct sunlight is abundant 
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[20]. This is because CST can dispatch power round-the-clock through either 

incorporating Thermal Energy Storage (TES), when enough solar thermal energy 

is available during the day time [11, 21], and/or hybridizing with fossil fuels [22]. 

Currently sensible TES systems, using molten salt as storage medium, are the 

only commercially viable method in large scale CST plants [22, 23]. Nevertheless, 

they have a number of significant disadvantages and typically increase the capital 

cost of a solar thermal plant by 10–20%, depending on the amount of storage [24, 

25]. They also require large quantities of salt and two correspondingly large 

storage tanks. The size and solidification potential of these systems are 

disadvantages that increase their cost [26]. Besides, in these systems heat is stored 

at temperatures of around 565-600°C, while it is released at lower temperatures of 

around 540 °C [22, 27] which are suitable only for inefficient Rankine cycles. 

Moreover, the temperature drop associated with storage and release of the 

concentrated solar thermal energy in these systems, lowers the exergy efficiency 

of the CST Plant. Hence, new options for the storage of solar thermal energy are 

required to improve the efficiency of the power generation in CST power plants 

and consequently reduce the costs. 

Hybrids of CST and fossil-fuelled technologies are also receiving growing 

attention owing to the complementary nature these two energy sources and their 

potential to lower the cost of solar energy [22]. Solar thermal power offers low net 

greenhouse gas emissions but suffers from high cost, due largely to the 

intermittent nature of the resource, while the combustion of fossil fuels offers high 

availability and low fuel cost, but at the expense of high CO2 emissions [28]. 

Advantages of hybrids include greater ease in mitigating the intermittent solar 
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resource, sharing of infrastructure, and increased efficiency [7, 29-32]. Hybrids 

with Rankine cycles are now commercially available [33]. However, these 

commercially available hybrid solar cycles are limited both to a low solar share, 

typically less than 10%, and thermal efficiency, less than around 40% [29, 34]. 

Therefore, new hybrid systems are required enabling both a high solar share and 

more efficient power generation cycles based on gas turbine combine cycles 

(GTCC). 

As mentioned above, CCS is a promising approach to mitigate anthropogenic 

CO2 emissions to the atmosphere. It also enables the reduction of other pollutants 

e.g. NOx, SOx and particulate matter. The Intergovernmental Panel on Climate 

Change (IPCC) has shown that CCS can account for 19% of the world total CO2 

emission reduction needed this century to stabilise the climate change at a 

reasonable cost [2]. Thus far four classes of CCS technologies have been 

proposed: pre-combustion, post-combustion, oxi-fuel combustion and Chemical 

Looping Combustion (CLC). However, different economic assessments 

performed by the CO2 Capture Project, CCP, [35] and by the International Panel 

on Climate Change, IPCC, [2] have shown that CLC is among the best of the 

these options for low cost CO2 capture. Hence, interest in CLC systems is 

growing. In the CLC process a solid oxygen carrier (OC) is used to transfer 

oxygen from the air to the fuel to avoid direct contact between the fuel and air. 

The oxygen carries are typically particles composed of the metal oxides as active 

component and the inert materials as binder. A CLC system consists of two 

separate reactors; an air reactor and a fuel reactor. During the CLC operation, OC 

particles in the fuel reactor are reduced through oxidation of the fuel and 
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transferred to the air reactor, where they are oxidised by the air to produce metal 

oxide. The metal oxide is then returned to the fuel reactor and the process is 

repeated. Hong et al. [36-38] was a pioneer in identifying that the solid OCs in the 

CLC systems offer to solar thermal technology a form of high temperature 

chemical storage. They proposed a number of hybrid solar CLC (Hy-Sol-CLC) 

systems in which, advantageously, concentrated solar thermal energy is converted 

to chemical energy at a lower temperature than that it is released and used for 

power generation. However, in these Hy-Sol-CLC systems the application of OC 

particles for diurnal solar thermal energy storage was not reported. Furthermore, 

their proposed hybrids suffer from a low solar share or cycle thermal efficiency. 

Therefore the principle objective of this thesis is to develop a novel Hy-Sol-CLC 

process in which the concentrated solar thermal energy is stored using the CLC 

components and used for a dispatchable power generation. The proposed Hy-Sol-

CLC system also aims to enable a high solar share and thermally efficient power 

generation to decrease the costs of both CST and CCS technologies. Such a hybrid 

solar CLC system not only offers potential to address the challenge of the 

intermittency of solar energy but also presents the opportunity of combining the 

advantages of CLC and CSP in a unit solar hybrid power plant. 

 

1.2. Aims  

The specific aims of the thesis were defined as follows: 

 to determine the feasibility of the hybridization of a CLC system with CST 

and the application of the OC particles for TES; 
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 to identify the potential of storing solar thermal energy as chemical and 

sensible heat using OC particles in a CLC system;  

 to explore novel configurations of the Hy-Sol-CLC with which a high solar 

share and thermal efficiency can be achieved and to explore the fundamental 

knowledge required for the design and operation of such a system; 

 to explore the performance of the proposed Hy-Sol-CLC in a Gas Turbine 

Combined Cycle (GTCC); 

 to identify the parameters that best describe the performance of the Hy-Sol-

CLC system;  

 to explore potential fuel and OC particles for the Hy-Sol-CLC systems; 

 to explore the behaviour of an OC particle exposed to high radiation heat 

flux. 
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1.3. Thesis outline 

The thesis is presented in eight chapters, the sequence of which highlights the 

chronology of the knowledge development and research undertakings to meet the 

defined aims. The first Chapter, which is the introduction, gives an overview of 

the subject and specifies briefly the gap in knowledge. The principle objective and 

the aims of the thesis are also defined in this Chapter. Chapter 2 provides a 

comprehensive literature review and explains the gap in knowledge as well as the 

importance of the research in more details. The main body of the thesis, Chapters 

3 to 7, is a collection of five manuscripts that have been published, or are 

currently under review. These publications present the progress made in the 

course of this study and explain the achievements of this research. Finally, the 

conclusions of the research performed in addition to some basic recommendations 

for the future works are given in the Chapter 8. In the following paragraphs the 

content of each chapter and the alignment of the research with the specified aims 

are explained. 

Chapter 2 provides a critical review of the literature both related to the CST 

and CCS technologies. The emphasis of the chapter is on the state of the art in 

CLC, TES and Hy-Sol-CLC systems. The research gap in each section has been 

identified. 

The research was started by looking at the potentials of the CLC systems for 

hybridisation with CST and different possible configurations of the Hy-Sol-CLC. 

Chapter 3 is the first of five journal publications. In this chapter the basic concept 

of the application of the OC particles in a CLC system for diurnal storage of the 

concentrated solar thermal energy is described. The chapter also presents the 
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configuration of the first proposed Hy-Sol-CLC process. This system was 

designed to achieve a base-load power generation despite the variations in the 

input concentrated solar thermal energy. The validated mathematical simulation 

required for the analysis of the system in addition to the parameters used for the 

assessment of the operation of the Hy-Sol-CLC systems have been also presented 

in this chapter. Furthermore, the advantages and disadvantages of the system have 

been identified in detail. The calculations showed the solar share achieved using 

this configuration is relatively low, at about 6.5% when averaged over the whole 

day. In addition, the operating temperature of the solar fuel reactor increases 

uncontrolled in response to the variation in input concentrated solar thermal 

energy. It was also demonstrated that these limitations are only associated with 

the present configuration of the Hy-Sol-CLC. Therefore, another Hy-Sol-CLC 

process was proposed to overcome these issues. This process is discussed in the 

next chapter. 

Chapter 4 is the second of five journal publications which presents the second 

proposed Hy-Sol-CLC system. The calculations demonstrated that this system is 

preferred significantly over the first proposed Hy-Sol-CLC system in terms of 

solar share and the viability to control the solar fuel reactor operating temperature. 

A high solar share of around 60% as well as a controlled temperature of the fuel 

reactor was calculated for this system. A comprehensive sensitivity analysis is 

also presented here to assess the effect of different operating conditions on the 

performance of the system. Due to better thermal performance of this Hy-Sol-

CLC system, it was selected for further investigations in the next two chapters. 
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Chapter 5, which is the third of the five journal publications, presents the 

operation of the proposed Hy-Sol-CLC system, described in Chapter 4, in a hybrid 

solar GTCC cycle. The chapter also evaluates the performance of the Hy-Sol-CLC 

GTCC with and without the application of an after-burner. Furthermore, a 

comprehensive sensitivity analysis is presented to evaluate the effects of various 

operating conditions.  

Chapter 6 is the fourth of the five journal publications and aims to identify the 

potential fuels and oxygen carrier combinations applicable in the Hy-Sol-CLC 

systems with the purpose of achieving a higher solar share and better system 

performance. In this chapter a thermal analysis of the Hy-Sol-CLC system, 

described in Chapter 4, is presented to identify the energetic performance of 

various combinations of the fuel and the oxygen carriers. Three fuels in 

combination with the oxides of five different metals, as oxygen carriers, were 

assessed. The possibility and the advantages/disadvantages of the application of 

each combination of the mentioned fuels and oxygen carriers are presented here.  

The investigations presented in former Chapters demonstrated that the solar 

fuel reactor is a key component in the Hy-Sol-CLC systems. Hence, Chapter 7 is 

allocated to the development of the fundamental knowledge required for design 

and operation of a cavity solar fuel reactor. This chapter is the final publication of 

this thesis in which an un-steady-state mathematical model is presented to 

calculate the temperature variations during the conversion of an OC particle 

exposed to high intensity solar heat flux as a function of time. The validation of 

the model against reported experimental and theoretical data is presented. This 

model was used to study the effect on the particle conversion and maximum 
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temperature of various operating parameters i. e. particle size, external heat and 

mass transfer resistance, radiation heat flux intensity, composition and 

temperature of the surrounding gas. 

Finally Chapter 8 lists the conclusions from this research along with 

recommendations for further development of the concept toward 

commercialisation step. 

 

1.4. Publications and Patents arising from this thesis 

 The research discussed in this thesis has led to the generation of five journal 

and two peer reviewed conference papers. The journals in which the papers are 

published or submitted are three of the best in the fields of Energy and Chemical 

Engineering. In addition, the proposed Hy-Sol-CLC system has been patented by 

the Adelaide Research and Innovation Centre. The Australian Provisional Patent 

Application has been also added to the thesis through Appendix A. 

 

Journal papers: 

 M. Jafarian, M. Arjomandi, G. J. Nathan, “A hybrid solar and 

chemical looping combustion system for solar thermal energy 

storage”. Applied Energy, (2012), vol: 103, p: 671-678. 

 M. Jafarian, M. Arjomandi, G. J. Nathan, “The influence of high 

intensity solar radiation on the temperature and reduction of an 

oxygen carrier particle in hybrid chemical looping combustion”. 

Chemical Engineering Science, (2013), vol: 95, p: 331-342. 

http://dx.doi.org/10.1016/j.apenergy.2012.10.033


CHAPTER 1 

12 

 

 M. Jafarian, M. Arjomandi, G. J. Nathan, “A hybrid solar 

chemical looping combustion system with a high solar share”. 

Applied Energy, (2014), vol: 126, p: 69-77. 

 M. Jafarian, M. Arjomandi, G. J. Nathan, “The energetic 

performance of a novel hybrid solar thermal & chemical looping 

combustion system”. Applied Energy, (2014), (Under review). 

 M. Jafarian, M. Arjomandi, G. J. Nathan, “Influence of the type 

of the type of oxygen carriers on the performance of a hybrid solar 

chemical looping combustion system”. Energy& Fuels, (2014), vol: 

28, issue: 5, p: 2914–2924. 

 

Peer review conference papers 

 M. Jafarian, M. Arjomandi, G. J. Nathan, “Modelling the 

influence of high intensity radiation flux on particle performance in a 

hybrid solar chemical looping combustion reactor”. Dec 6-7, 2012, 

Australian Solar Council’s academic conference, Swinburne 

University, Melbourne, Victoria, Australia. 

 M. Jafarian, M. Arjomandi, G. J. Nathan, “Application of 

Chemical Looping for Solar Thermal Energy Storage”. Proceedings 

of the Australian Combustion Symposium Nov 29 to Dec 1, 2011, the 

University of Newcastle, Newcastle, NSW, Australia, p: 231-235. 
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Patent 

 M. Jafarian, M. Arjomandi, G. J. Nathan. A hybrid solar and 

chemical looping combustion system, Provisional Patent Application 

No. 2013903807, Adelaide Research and Innovation Pty. Ltd.; 2013 

[Priority Date: 02.10.2013]. 2013. 

 

1.5. Format 

The thesis has been submitted as a portfolio of the publications according to 

the formatting requirements of The University of Adelaide. The printed and online 

versions of this thesis are totally identical. The online version of the thesis is 

available as a PDF. The PDF version can be viewed in its correct fashion with the 

use of Adobe Reader 9. 
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2.1. Concentrated solar thermal (CST) 

 Concentrated Solar Thermal (CST) systems use reflective surfaces to 

concentrate solar radiation incident on a large area into a small area that is called 

focal point [1]. The concentrated solar radiation is then converted to heat either to 

ultimately generate electricity through a heat engine, which is typically a steam 

turbine, or to drive an endothermic reaction. At present, there are four available 

CST technologies at commercial and pilot scales, namely parabolic trough (PT) 

collectors, parabolic dish (PD) collectors, linier Fresnel (LF) reflector systems and 

central receivers (CR) [2-4]. Figure 1 shows a schematic representation of these 

systems. 

 

 

Figure 2.1. Schematic representation of (a) parabolic trough, (b) linear Fresnel, (c) 

parabolic dish and (d) central receiver technologies, adopted from [1]. 

 

 As shown in Figure 2.1, a PT collector is a 2-D concentrating system 

comprising a curved trough focusing sunrays onto an absorber tube that is 
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mounted at its focal line. The concentrators are controlled to track the movement 

of the sun [4]. LF systems are also 2-D concentrating systems in which thin, long 

segments of reflectors are utilised to focus sunlight into a fixed absorber located at 

a common focal point of the reflectors. As for PTs, here also the reflectors are 

mirrors that can follow the sun on a single or dual axis regime. However, the 

application of flat plate mirrors makes them cheaper to manufacture than PTs. 

Usually a concentration ratio of around 30-80 and a thermal fluid temperature of 

around 500 °C can be achieved using PT and LF collectors, which is well suited 

for the steam Rankine cycles [1, 5]. (The concentration ratio is defined as the 

projected reflection surface area divided by the projected receiver aperture area 

[6].) 

 A DE system comprises of a stand-alone parabolic reflector that concentrates 

sunrays into a receiver positioned at the focal point of the reflector. Typically, 

each dish works independently and produces a power capacity of 5-25 kW which 

is appropriate for a usual Stirling engine or a Brayton mini-turbine. In this 

arrangement, a large number of DEs is required to be installed in a large scale 

plant [5]. Normally, a concentration ratio of 100-3000 and an operating 

temperature of 150-1500 °C can be achieved using DEs [1]. 

 Central receivers (CR), also known as Solar Power Towers (SPT), are one of 

the most recently developed CST technologies [5]. In this system, as shown in 

Figure 2.1, a field of sun tracking reflectors, called heliostat field, reflects and 

concentrates the sun rays into a central receiver which is typically positioned on 

top of a central tower. The concentration ratio of these systems is typically in the 

range of 150-1500. Various working fluids such as molten salts, superheated or 
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saturated steam and pressurised air can be used and heat to temperatures of 500-

2000 °C [1]. Advantageously, the temperature range achievable with these 

systems is well-matched to gas GTCCs which are more efficient than Rankine 

steam turbines. 

 The available energy technology roadmap presented by the International 

Energy Agency (IEA) predicts that CST can be a competitive option for base-load 

power generation by 2025-2030 in the arid region where the sun light is abundant 

[7]. However, the intermittent nature and low intensity of solar radiation are major 

barriers to achieving economic viability. To compensate for the intermittent 

resource and to improve the economic viability of CST plants, compared with the 

conventional fossil-fuel based power generation plants, CST plants require either 

storage capacity or back up power generator to continue electricity supply when 

sunlight is below a threshold [8]. The CST plants equipped with backup systems 

are called hybrids. Hybridisation of the CSTs with fossil fuel-based power plants 

can also increase their efficiency which in turn reduces their costs and enables 

them to compete economically with fossil fuelled based power plants which 

ultimately enables the CST power plants to penetrate into the electricity market  

[1]. 

 

2.2. Solar thermal energy storage (TES) 

 Energy storage (ES) is the storage of some form of energy that can be drawn 

upon at a later time to perform some useful operation [9]. Solar thermal energy 

can be stored as sensible heat, latent heat, heat of chemical reactions or 

combination of these methods [9]. Sensible heat thermal energy storage (TES) 
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stores energy by raising the temperature of a solid or liquid without any phase 

change, latent heat TES stores energy through change in phase of materials 

referred to as Phase Change Materials (PCM), and chemical TES relies on the 

energy absorbed in endothermic and released in exothermic chemical reactions 

[10, 11]. 

 

2.2.1. Sensible TES 

Sensible thermal energy can be stored by solids and liquids. The amount of the 

sensible energy stored per unit volume of a storage medium depends both on the 

energy density of the storage medium and the temperature lift. Therefore energy 

density is an important parameter in the selection of the materials for sensible 

TES. A suitable storage medium also requires [12]: 

 to have chemical and mechanical stability during the large number of 

charge/discharge cycles; 

 to provide a high heat transfer rate in charge/discharge processes; 

 to have a low thermal expansion; 

 to provide a high storage temperature. 

Different solid materials have been proposed for sensible TES, e. g. recycled 

materials, concrete, rock and metals [13-15], in which a Heat Transfer Fluid 

(HTF) is used for the charging/discharging the storage medium. The main 

drawbacks of these systems are typically the conductive resistance of the storage 

materials, which limits the heat transfer rate during the charge and discharge 

processes, and the complexity and heat losses associated with the application of 
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the HTF. In addition, the thermal stresses, associated with the material thermal 

expansion, can lead to technical and operational problems [15, 16].  

 Sensible TES using molten salt is currently the only commercially viable 

method being widely used in large-scale CST plants [17, 18]. Other liquids, e.g. 

synthesis oil and liquid sodium, have been also proposed. However, the operating 

temperature of the synthesis oil is typically limited to around 400 °C and the 

system pressurization for further increasing the operating temperature is costly 

[19, 20]. Besides, their energy density is typically lower than that of molten salts. 

Liquid sodium can provide a high heat transfer rate and is used as HTF in nuclear 

power plants. However, the energy density of liquid sodium is usually lower than 

those of molten salts [9]. In a typical arrangement, the system consists of two 

storage tanks and a solar receiver.  Molten salt at a temperature of around 300 °C 

from the first (cold storage) tank is pumped to the solar receiver, where it is 

heated to around 600 °C and delivered to the second (hot storage) tank. The stored 

hot fluid is then used for steam generation [21]. The benefit of molten salt systems 

in addition to simplicity is that heat transfer during both charging and discharging 

occurs through forced convection and therefore is not a controlling factor for the 

heat transfer in the system [17]. However, molten salt systems typically increase 

the capital cost of a solar thermal plant by around10-20%, depending on the 

amount of storage [22]. They also require large quantities of salt and two 

correspondingly large storage tanks. The size and solidification potential of these 

systems are disadvantages that increase the costs [3]. Besides, the operating 

temperature of the molten salt systems is limited to around 600 °C, which in turn 

imposes limitations on the thermodynamic efficiency of the solar power stations. 
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This is because an appropriate temperature difference between the molten salt and 

the steam is required in the heat exchangers to keep a high rate of heat transfer, 

which typically limits the maximum operating temperature of the power cycle to 

the range 300 to 550 °C [21]. Beside in all sensible TES systems, the reduction in 

the temperature at which the heat is released relative to that at which it is stored 

results in the loss of exergy within the TES process. Hence, it is desirable to seek 

for new alternatives storage mediums to decrease the disadvantages of the 

sensible TES systems. 

 

2.2.2. Latent heat TES  

 The applicable changes in materials phase for latent heat TES vary from solid-

solid, liquid-vapour and solid-liquid transitions. However, the solid-liquid phase 

change is usually preferred over the liquid-vapour transition, due to its low 

volumetric expansion, and over the solid-solid transition, due to its higher latent 

heat [17]. Storage systems based on phase change (PCM) materials are considered 

to be an efficient alternative to sensible TES systems, because not only changing 

the phase of PCMs is nearly an isothermal process but also enables a higher 

energy density than that of sensible TES [23-25]. However, despite the large 

number of PCMs proposed for high temperature TES, e. g. NaCl [26], Li2CO3 

[17], MgCl2 [9], LiF [26], NaCO3-BaCO3/MgO [9], it is not still available for 

large scale CST systems. Because, most of the PCMs have a low thermal 

conductivity of the storage medium, which leads to a low charge and discharge 

rates, and suffer from the solid deposition on heat transfer surfaces [27].  
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2.2.3. Chemical TES  

 Chemical TES is the least investigated and developed storage technology [28], 

though it has potential to provide a higher energy density than both sensible and 

latent TES techniques [9]. In this process solar thermal energy is first used to 

derive an endothermic reaction and then the stored heat is released subsequently 

in an exothermic reaction. The stored heat can be released at a constant and even 

higher temperature than the stored energy, provided that heat is removed at a rate 

that would prevent self-heating/cooling [29]. These advantages make chemical 

TES an appropriate alternative that can be applied in higher energy efficient 

processes than sensible and latent heat TES technologies [30, 31]. The most 

important requirements of a chemical TES system are the reversibility of both the 

endothermic/exothermic reactions at an appropriate temperature level with an 

adequate reaction rate, high heat capacity, cycling stability, low cost, having low 

parasitic losses due to side reactions, being environmentally benign and the 

possibility to providing fast heat transfer in to and out from the 

endothermic/exothermic reactors [32].  

 A large number of reactions have been proposed and investigated for chemical 

TES including thermochemical water-splitting [33], the catalytic dissociation of 

ammonia [34] or reforming of methane [35] and decomposition reactions 

including that of calcium hydroxide [36, 37] and metal carbonates [32]. However, 

chemical TES have not yet been extensively developed at scale in industrial 

applications [38]. This is because the proposed systems typically suffer from poor 

cyclic performance of the reactants and the technical issues due to the impact of 

transient solar radiation on large chemical process facilities that typically operate 
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at steady-state. Furthermore, chemical TES requires additional reactors to be 

introduced to the system, relative to conventional power generation systems, 

which in turn increases both the costs and complexity.  

 In conclusion, new technologies are required to be identified in which the 

endothermic and exothermic reactions are an integral component of the process, 

enabling high temperature storage at low cost. 

 

2.3. Hybrid solar power plants  

 Integration of CST into the thermal cycles of a fuel combustion power plant is 

known as solar hybridisation and is considered to be an attractive alternative to 

decrease the costs of power generation from CST [21]. Advantages of hybrids are: 

(a) lower or no TES required; (b) sharing infrastructure with the existing or new 

combustion power plants without disrupting their operations [39], degrading their 

performance or requiring extensive modifications; (c) reducing the CO2 emissions 

from combustion power plants by either power boosting, through increasing the 

generation capacity, or fuel saving, through decreasing the fuel consumption [21]. 

The main disadvantage of the hybrid CST systems is that their level of greenhouse 

gas mitigation is lower than that of standalone CST power cycles. 

 Here the state-of-the-art in solar hybrid power cycles is presented through three 

sections: (a) hybrid solar steam power plants, (b) hybrid Brayton (Gas turbine) 

cycles and finally (c) hybrid solar combined cycles.  

 The performance of the reviewed cycles have been compared mostly based on 

three parameters including, solar hybrid cycle thermal efficiency (or first law 

efficiency), Solar share and solar to electrical efficiency (or incremental solar to 
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electrical efficiency). The cycle thermal efficiency is the ratio of the net power 

generated by the cycle to the net power input to the power cycle from both fuel 

and solar thermal energy sources [40]. Solar share is the contribution of the solar 

load in the total heating load [41]. The solar share can be calculated 

instantaneously or based on an average over a certain period of time such as 24 

hours. The solar to electrical efficiency is the ratio of power generated by the 

hybrid cycle compared with a pure fossil-based power plant to the input solar 

thermal energy to the hybrid system [40]. It is worth noting that, the input solar 

thermal energy to the system should be calculated considering the efficiencies of 

the heliostat field and solar receivers. 

 

2.3.1. Hybrid solar steam power plants 

  A simple steam power plant, known also as Rankine cycle, consists of four 

sections: a pump, a boiler, a turbine and a condenser. Schematic representation of 

this cycle is shown in Figure 2.2. Firstly, water is compressed by the pump to a 

high pressure. The compressed fluid is then heated and subsequently vaporised in 

the boiler by a heat source. In the next step the produced high pressure and 

temperature working fluid is expanded and used to drive a turbine to produce 

mechanical work. Finally, the working fluid is cooled back to its initial state 

within a condenser. The thermal efficiency of a Rankine cycle increases either as 

the pressure and hence the vaporization temperature in the boiler is increased or 

the pressure and hence the temperature within the condenser is decreased [42]. 

However, these conditions raise the capital cost of the plants. Thus in practice the 

Rankine cycles seldom operate at temperatures above 600 °C or pressure higher 
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than 100 bar. It is worth noting that this temperature range is suited to molten salt 

TES systems [43, 44]. The condensation temperature in the condenser is also 

controlled by the cooling medium, which depends on the power plant location 

geography. The thermal efficiency of a simple steam Rankine cycles is typically 

less than 30 % [42].  

 

 

Figure 2.2. Schematic configuration of a simple steam Rankine cycle adopted 

from [42].  

 

 In most of the modern power plants the simple Rankine cycle is modified to 

improve the cycle thermal efficiency. In these modified cycles the condensed 

water from the condenser, rather than being pumped directly back to the boiler, is 

first heated in several stages by the steam taken from turbine in some intermediate 

stages of expansion. These modified Rankine cycles are known as regenerative 

Rankine cycles and can achieve a thermal efficiency of 37-42% [45, 46]. 

 Solar hybridisation of steam power plants was first proposed by Zoschak and 

Wu [47] in 1975. They studied seven methods for the application of the 

concentrated solar thermal energy as a supplementary heat source in an 800 MW 
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fossil fuelled steam power plant. In these cycles, solar radiation is first 

concentrated onto an absorber which is mounted on a tower by an array of flat 

mirrors. The heat absorbing methods considered were heating of feed water, 

evaporation of water, superheating of steam, combined evaporation and 

superheating, reheating of steam, preheating of air required for the combustion 

and finally combined air and feed water heating. They found that combined 

evaporation and super heating can be the preferred method due to its high 

utilization of solar energy, relatively low indicated capital cost and moderate 

complexity of design and operation. Kolb [21] pioneered in identifying the 

economic benefits of hybrids between solar thermal energy and Rankine cycles 

through assessment of various hybrid and solar-only configurations for molten salt 

power towers. Solar hybridisation of a 210 MW coal-fired power plant was 

studied by Pai [48]. In this regenerative Rankine hybrid cycle solar thermal heat 

was used to reheat the condensed water, instead of extracting steam from the 

turbine in different stages of expansion. A fuel saving of 24.5 % during the period 

of insolation was estimated to be achieved. Deng [49] proposed a solar and coal-

fired steam power plant with secondary air pre-heating. An instantaneous solar 

share of about 5% and a solar to electrical efficiency of 24.1% was predicted for 

this hybrid power cycle. Another 200 MW solar aided coal-fired power generation 

cycle was proposed by Yang et al. [50]. In this cycle also concentrated solar 

thermal heat in the temperature range of 100-260 °C was utilised to preheat the 

feedwater in a regenerative Rankine cycle. The cycle was estimated to achieve a 

maximum solar to electrical efficiency of 36.5% for solar heat at 260 °C. 
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 Supercritical steam Rankine cycles can achieve higher thermal efficiency than 

subcritical steam power cycle. This is because of their higher operating 

temperature and less exergy loss within their supercritical boilers, which is due to 

the better match of temperature profile and avoiding the heating at constant 

temperature. The efficiency of these cycles is typically around 45% [51, 52]. 

However, when the steam temperature exceed 627 °C high quality nickel allows 

are required which in turn increases the costs [53]. Yan et al. [54] studied the 

energy and economic benefits of the hybridising a range of subcritical, critical and 

super critical coal-fired power plants with solar heat in the temperature range from 

90 to 260 °C. In their proposed cycles solar thermal energy was utilised to reheat 

the feedwater. They found that a fuel saving of up to 20% can be achieved, when 

solar thermal energy is available. They also showed that the benefits of solar 

hybridisation varies for different steam extracted positions and different power 

plants. Besides, as the power plant gets larger the benefits of solar hybridisation 

increases. Organic Rankine cycles have also been proposed typically for 

temperatures less than 370 °C [55]. However, their thermal efficiency is low and 

in the range of 10-20% [56, 57].  

 Solar hybrid Rankine cycles are now commercially available. However, these 

hybrid technologies are limited to a low solar share of typically less than 15%, 

while averaged over a long time such as a day [58, 59], and to the relatively low 

efficiency of the Rankine cycle, which limits their relevance either to the 

retrofitting with existing power stations. Furthermore, the number of opportunities 

for such a retro-fit is quite limited, due to the need to satisfy a range of other 
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conditions including good solar resource, sufficient space and suitable plant 

characteristics [59].  

 

2.3.2. Hybrid Brayton cycles 

 In a Brayton cycle, as shown in Figure 2.3, air at ambient conditions is first 

drawn into a compressor, in which it is pressurised, typically to 5-30 bar, and 

consequently heated [60]. The pressurised and heated air is then introduced into a 

combustion chamber where the fuel is burned and the temperature of the 

pressurised air is further increased. Finally, the high pressure and temperature flue 

gas is passed through a gas turbine, expanding to the atmospheric pressure and 

thus producing power [60]. 

 

 

Figure 2.3. Schematic configuration of a simple Brayton cycle adopted from [42].  

 

 The operating temperature of the commercially available gas turbines is around 

1250 °C [61] and is anticipated to increase to 1700 in foreseeable future [62]. The 

thermal efficiency of simple Brayton cycle is typically higher than that of a simple 
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steam Rankine cycles due to its higher operating temperature. Therefore, higher 

solar to electrical efficiencies can be achieved using Brayton cycles, when 

hybridised with the concentrated solar thermal energy, relative to hybridised 

simple Rankine cycles.  

 In a hybrid solar gas turbine both the concentrated solar thermal energy and the 

combustion of the fuel are used to increase the temperature of the pressurised air 

before introduction to the gas turbine [63]. Typically, the concentrated solar 

thermal energy is first used to preheat the pressurised air coming from the 

compressor, within a pressurised solar receiver, and then the heated air goes 

through an after-burner to further heat. The after-burner is also used to 

compensate for fluctuating solar input and to keep the power cycle working when 

solar thermal heat is not available [46]. In a such hybrid solar gas turbine system 

the solar share increases with the temperature of the output pressurised air from 

the solar receiver [64]. Therefore a key component of a hybrid solar Brayton cycle 

is the solar receiver, where the concentrated solar radiation is absorbed and 

transferred to the pressurised air. 

 Various configurations of the pressurised solar receivers have been proposed 

based on direct or indirect heating concepts. In direct heating configurations, 

concentrated solar thermal radiation is either absorbed by the high pressure gas 

directly or by a surface which is exposed to it, while in indirect heating concept 

the working fluid is not directly exposed to either the solar radiation or the surface 

heated by it. In this method, concentrated solar thermal energy is first absorbed on 

a surface and then is transferred though a conductive medium to a second surface 

on which heat is mainly transfer to pressurised air by convection. Outlet air 



CHAPTER 2 

32 
 

temperatures of up to 1300 °C have been achieved [41, 65, 66] using direct 

heating concepts owing to its high heat transfer rate [60]. However, these solar 

receivers require a transparent window which is vulnerable to high pressure, 

especially when the window size increases. It has been also demonstrated that the 

application of a window also imposes serious technical construction and operating 

problems owing to special requirements in optical properties, mechanical strength, 

high diurnal variable working temperature of the receiver, sealing, cooling and 

stress-less installation [66-68]. In indirect-irradiated solar receivers the need for 

the window is eliminated by using an appropriate heat transfer medium. However, 

this achieved at the cost of conduction-limited heat transfer rates through the solar 

absorber walls [69, 70], as described above. Consequently, the disadvantages are 

associated with the restrictions imposed by the material of construction such as 

resistance to thermal shocks, thermal conductivity and inertness to oxidation by 

air [60]. Recently, a high temperature indirect pressurised air solar receiver 

prototype has been developed by Hischier et al. [60] that can achieve a maximum 

outlet temperature of around 1060 °C at an absolute operating pressure of 5 bar 

and an average incident solar heat flux of 4360 W/m
2 

to yield a thermal efficiency 

of 36%. However, the peak thermal efficiency obtained by this system was 77% at 

an outlet temperature of 553 °C. This novel solar receiver has not been 

demonstrated in commercial scale and its thermal efficiency is low due to high re-

radiation heat losses. 

 Supercritical Brayton cycles have been also demonstrated to potentially offer 

high efficiencies, because in the supercritical region, fluid shows heat transfer 

characteristics and compressibility like liquids. This in turn results in low 
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compression work required and more efficient regenerative heat exchangers [71]. 

Several cycles have been proposed [71-73] but have not been demonstrated at 

commercial scale. 

 

2.3.3. Hybrid solar combined cycles 

 Significant effort has been expended for the development of efficient single 

cycles. However, it has been widely accepted that thermal efficiencies above 50%  

require the implementation of the gas turbine combined cycles [74, 75]. A gas 

turbine combined cycle, GTCC, comprises a principal high-temperature Brayton 

cycle (topping) and one or more lower-temperature Rankine cycles (bottoming) 

which are driven by the heat released from the topping cycle. A schematic 

representation of the system is shown in Figure 2.4. Typically natural gas or 

syngas (produced from coal) are used in these systems. In the former case a 

gasification step is also required, prior to the combustion chamber, for the 

production of syngas from coal. Hence, a combined cycle with a gasification step 

is usually called Integrated Gasification Combined Cycle (IGCC).  
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Figure 2.4. Schematic configuration of a gas turbine combine cycle. The outlet 

stream from the gas turbine is used for more steam generation through Heat 

Recovery Steam Generator (HRSG).  

 

 Solar thermal energy is typically incorporated into the GTCCs either through a 

pressurised solar receiver in the gas turbines section or, as a supplementary heat 

source, into the bottoming Rankine cycle. In the first configuration concentrated 

solar thermal energy is used to preheat the air before going through the 

combustion chamber of the gas turbine (Sec 1.2.2) [63, 76], while in the second 

configuration a solar field is used to either increase the steam generation, power 

boosting, or to decrease the fuel consumption, fuel saving (Sec 1.2.1). These 

cycles are known as integrated solar combined cycles (ISCC) or hybrid solar 

GTCC. The solar hybrid GTCC enables the optimum harnessing of the highly 
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concentrated solar thermal irradiation [77]. Furthermore, the high efficiency of the 

GTCCs can lead to lower capital cost of solar collector fields due to less 

heliostat/receiver area required [40]. One of the earliest studies on hybrid GTCCs 

was performed by Oda and Hashem [78] in 1987 where three different hybrid 

GTCC configurations incorporating solar thermal energy, both for preheating of 

compressed air and supplemental heat to the bottoming Rankine cycles, were 

compared. Their cycles were limited to a thermal efficiency of around 30%. The 

Sacramento Municipal Utility District and the National Renewable Energy 

Technology (NREL) led a conceptual assessment of a 30 MWe hybrid CC power 

plant which utilises nitrate-salt solar tower along with a salt/air heat exchanger to 

heat the pressurised air during the peak solar insolation condition [79]. This 

hybrid plant is estimated to achieve a peak solar share of 27%. Segel and Epstain 

[80] optimised a solar hybrid CC with the aim of achieving the maximum overall 

efficiency of the major components of the system namely, the heliostat field and 

tower, receiver and the secondary optics and finally the power block. They found 

that the efficiency of the hybrid CC varies from 35% for a solar receiver of 1000 

K to 55% for a receiver temperature of 2000 K. However, a receiver temperature 

of 2000 K seems to be unrealistic at the present state-of-the-art in pressurised 

solar receivers. A hybrid CC with wet gas turbine technology was studied by 

Kakaras et al. [81]. In this cycle solar thermal energy is used to evaporate the 

water injected into the compressed air before it goes through the combustion 

chamber. They showed that the efficiency of the hybrid cycle is increased. 

However, the cycle is not likely to be implemented in large scale due to increased 

costs. Li and Yang [82] proposed a solar hybrid GTCC with DSG system with a 
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maximum thermal efficiency of 53% and an instantaneous solar share of 27.8%. 

They found that using solar thermal heat for evaporation of feedwater is superior 

to that to be used for sensible heating purposes. (The parabolic trough can either 

produce steam directly, which is called Direct Steam Generation (DSG), or 

through heating an intermediate HTF which is later used for steam generation 

[76]). Montes et al. [83] studied the annual operation of a hybrid GTCC system in 

which solar heat was incorporated to preheat and generate steam in bottoming 

cycle for two different pressures. Annual simulations were conducted for two 

sites: Almería and Las Vegas. They found that even though both locations are 

suitable for placing a solar thermal power plant, the beneficence of the coupling 

solar field-combined cycle is more evident in the Las Vegas due to its very hot 

and dry climate.  

 In conclusion, despite the large number of proposed configurations of the solar 

hybrid CCs, they suffer mostly from both the low solar share and the technical 

issues associated with the high pressure solar receivers, as described in Section 

1.2.2. Furthermore, these hybrids use conventional combustion technologies, 

which burn the carbon-base fuel in air and release the diluted CO2 with N2 into the 

atmosphere. Carbon Capture and Storage (CCS) is an alternative to decrease the 

CO2 emission from these hybrid systems. However, CCS imposes around 25% 

efficiency penalty on the gross plant energy output of steam Rankine power cycles 

[84]. This energy penalty is even larger for the gas turbines (either Brayton cycle 

or GTCC) than it is for boilers, because of the greater nitrogen dilution, even 

though the GTCC is otherwise more efficient. Hence there is a need for new 
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hybrid technologies that enable the efficient hybridisation of GTCCs with 

concentrated solar thermal energy as well as low cost capture of CO2 emissions. 

 

2.4. Carbon Capture and Storage (CCS) 

The motivation behind the development of CCS is to minimize the effect of 

CO2 emission on global climate change, while keeping the low cost carbon-based 

infrastructure [85]. Carbon capture and storage consists of three main steps: 

capturing CO2 at the generation point such as power plants, compressing it to a 

concentrated fluid and finally either reserving it in safe and secure places such as 

oil reservoirs and mineral deposits [86, 87]  or reusing it [88, 89]. Of these three 

stages, carbon capture is the most energy consuming step. Hence, substantial 

research endeavours globally to improve the efficiency of this step. There are four 

ways for CO2 capture: 1. pre-combustion, (2) oxi-fuel combustion, (3) post-

combustion and (4) chemical looping combustion (CLC) [87, 90, 91]. In the 

following sections a brief description of each technology is provided.  

 

2.4.1. Pre-combustion 

In pre-combustion CO2 capture, CO2 is recovered before the fuel is burned. In 

this process the hydrocarbon fuel is first reformed to produce a mixture of CO and 

H2. The CO is then further oxidised to CO2 through water-gas shift reaction (CO + 

H2O ↔ CO2 + H2). The CO2 so produced is then separated using adsorption, 

absorption or membrane separators [87, 92, 93] to generate industrially pure H2, 

which is subsequently combusted with air in the power plants.  
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Pre-combustion carbon capture can decrease the energy conversion efficiency 

of the Integrated Gasification Combined Cycles (IGCC) by 13-24% [94-96]. This 

efficiency loss is mainly due to the large steam consumption through water-gas 

shift reaction, heating and cooling required within the CO2 separation and power 

consumption for CO2 compression. It also increases the cost of electricity 

generation by around 25-45% [94-97]. 

 

2.4.2. Post combustion separation 

Post-combustion is a downstream process for the separation of CO2 from the 

flue gas after being produced in the combustion. Several post-combustion gas 

separation technologies have been proposed, such as absorption [98-100], 

adsorption [101, 102], cryogenic separation [103], membrane separation [104, 

105] and micro algal bio fixation [106, 107]. Among these technologies 

absorption using amines, e. g. Mono Ethanol Amine (MEA), is a well-established 

technology primarily being developed and used as a potential economic source of 

CO2, mainly for enhanced oil recovery (EOR) operations, but the primary driver 

was not the greenhouse mitigation [108]. In this process the flue gas is first cooled 

and treated to remove the solid impurities before being fed to the absorption 

column. Within the absorption column MEA is used to remove the CO2 by 

chemical reactions. The CO2-rich solution is then transferred to a stripper column 

in which the MEA is heated to release dissolved CO2. Finally the separated CO2 is 

compressed and the recovered MEA is sent back to absorption column [96]. The 

energy-intensive nature of this system results in 21-42% decrease in the thermal 

efficiency of the power cycle when retrofitted into the existing power plants [97, 
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109]. Various investigations also demonstrated that a 90% CO2 capture using 

MEA leads to around 40-70% increase in the cost of power generation [109, 110]. 

 

2.4.3. Oxy-fuel combustion 

In oxy-fuel combustion almost pure oxygen is used for fuel combustion, 

instead of air. This results in a high concentration of CO2 in the flue gas [91]. 

Oxy-fuel flames have a higher temperature than air flames due to elimination of 

N2 from the oxidant gas. Typically, a fraction of the flue gas is recycled to the 

combustor to moderate the temperature and the rest is cooled down to remove the 

produced water [111]. Consequently, high temperatures of the flue gas are 

possible, which is important in term of cycle efficiency, besides the thermal NOx 

formation is suppressed. However, the main disadvantage of the process is an 

efficiency loss of around 20-35% in production of pure oxygen required, which is 

usually provided by an air-separation unit (ASU) [96]. A novel chemical looping 

air separation technology has been recently proposed by Moghtaderi et al. [112] 

for pure O2 production with low energy penalty. However, this technology is at its 

early stages of development yet and has not been demonstrated at pilot scale. 

 

2.5. Chemical looping combustion (CLC) 

 The concept of CLC was first proposed by Lewis and Gilland [113] in 1954 

for the production of pure CO2. Later the CLC was suggested as a novel system 

for decreasing the irreversibilities associated with conventional combustion 

systems [114-116]. Finally; in 1994, Ishida and Jin [116] proposed it for CO2 

separation with minimum energy loss. In this system a metal oxide, such as and 
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oxygen carrier (OC), is used to provide oxygen for fuel oxidation to avoid direct 

contact between the fuel and air [84, 85]. The OCs are typically solid particles 

comprised of an active and an inert. Other configurations e. g fixed bed oxygen 

carriers have been also reported in literature. 

 The schematic representation of the CLC concept is shown in Figure 2.5. The 

system consists of two separate reactors, an air reactor and a fuel reactor. During 

the CLC operation, oxygen carriers (OC) in the fuel reactor reduce through 

oxidation of the fuel and migrate to the air reactor where they are oxidised by the 

oxygen from the air. The metal oxides so produced are then transferred back to 

the fuel reactor and the process continues. CLC can be categorised as either the 

pre-combustion or oxy-combustion. Because, carbon of the fuel is first separated 

within the fuel reactor (pre-combustion), then the reduced metal oxide is oxidised 

by air within the air reactor (oxy-combustion) [96]. 

 If the composition of the fuel and metal oxide are expressed as CnH2mOp and 

MeaOb, respectively, the reactions within the fuel and air reactors can be 

expressed as: 
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The summation of these two reactions is the oxidation of fuel with oxygen: 
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Figure 2.5. Schematic representation of chemical looing combustion. The 

oxygen carriers are reduced and oxidised alternatively within the fuel and air 

reactors, respectively. The H2O so produced can be separated from the fuel reactor 

output gas stream through a condensation process. 

 

In CLC process, as shown in Figure 2.5, the outlet stream from the fuel reactor 

consists of mainly of H2O and CO2. Thus, it is possible to obtain almost 

industrially pure CO2 through condensation of water without any energy loss. In 

addition, because in a CLC system air and fuel are carried through different 

reactors, the possibility of NOx formation is greatly decreased [117]. 

Nevertheless, several irreversibilities occur due mainly to incomplete fuel 

conversion, heat losses, attrition and deactivation of the OC particles. 
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Furthermore, the restrictions associated with both the physical properties of the 

particles and the operation of the system impose restrictions on the maximum 

operating temperature achievable for power generation, which in turn result in 

decreased efficiency of CLC-based power generation cycles [118, 119].  

Various economic assessments carried out by the CO2 Capture Project, CCP, 

[120] and by the International Panel on Climate Change IPCC [121], have shown 

that CLC is among the best of the options available for low cost CO2 capture from 

combustion. Hence, the interest in CLC systems is growing. So far around 3500 

hours of operational experiments in continuous plants of different sizes has been 

reported [85] and several pilot scale plants have been demonstrated [85, 122, 

123]. Considering that this technology is around than 10 years old, this 

development can be considered very successful. 

 

2.5.1. Thermal Energy Storage (TES) as an inherent part of Chemical 

Looping Combustion (CLC) 

In a CLC system the oxidation of the reduced oxygen carriers, within the air 

reactor, (Eq. 2.2) is always an exothermic reaction. However, the reduction of the 

oxygen carriers with fuel, inside the fuel reactor, (Eq. 2.1) can be either 

exothermic or endothermic depending on the type of fuel and the metal oxide 

used. In the CLC processes, for those combinations of fuel and metal oxide that 

react endothermically, the required heat for fuel oxidation is provided by the 

exothermic oxidation of metal oxides in the air reactor [124] and is transferred to 

the fuel reactor by means of the hot oxygen carriers, coming from the air reactor, 

and/or through the direct contact between the fuel and the air reactors [124]. This 
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results in a temperature difference between the air and fuel reactors [125]. 

Consequently, if the required energy within the fuel reactor can be provided from 

an external source such as concentrated solar thermal energy rather than the air 

reactor, the output from the CLC-based power plant will increase. In addition, it 

provides the possibility of chemical TES for concentrated solar thermal energy. 

Solar energy can be also stored within the OC particles as sensible heat. Therefore 

CLC offers to solar thermal energy the potential for sharing the infrastructure and 

consequently decreasing the capital costs. 

 

2.5.2. Solar hybridisation of Chemical Looping Combustion (CLC) systems 

Solar hybridization of CLC with concentrated solar thermal energy was first 

proposed by Hong and Jin [126] in 2005. Their proposed Hybrid Solar Chemical 

Looping Combustion Gas Turbine Combined Cycle (Hy-Sol-CLC GTCC) is 

shown in Figure 2.6. The process comprises two sections: (a) the CLC reactors, 

which allow the integration of the solar thermal energy and (b) the combined 

cycle with CO2 recovery and separation. In the first section, CH4 is preheated by 

the exhaust stream from the turbine GT1 and is fed to the fuel reactor, where it 

reacts with NiO using solar heat to produce CO2 and H2O at a temperature of 530 

°C. Then the solid Ni particles are transported to the air reactor where they are 

oxidized with pressurized and preheated air to make a hot gas stream of N2 and O2 

at a temperature of 1200 °C. In the second section, the exhaust gas streams from 

the oxidation and reduction reactors are used to drive two gas turbines called 

“GT1” and “GT2”. Finally, the CO2 and H2O in the exhaust stream, as shown in 

Figure 2.6, are separated in a condenser.  
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Figure 2.6. Simplified flow diagrams of the solar thermal cycle with CLC 

proposed by Hong et al. [126], adopted from [126]. Solar energy is used both to 

preheat the inlet CH4 and to derive the endothermic reaction of NiO and CH4. 

Turbines GT1 and GT2 are applied to produce power. 

 

It was shown that the exergy efficiency of this Hy-Sol-CLC process, shown in 

Figure 2.6, would be about 4 percentage points higher than that of a conventional 

GTCC and the cycle can achieve an instantaneous solar share of around 16.0%, 

while solar thermal energy is available [126]. This hybrid power cycle was 

modified by Hong et al. [127] in 2006, as shown in Figure 2.7. In the former 

proposed process, NiO and CH4 are also used as the oxygen carrier and fuel, 

respectively, and the same operating temperatures for the fuel and air reactors 

were considered. However, in this system a gas-solid heat exchanger is added to 

the process to further heat the exhaust stream from the fuel reactor and, 
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consequently, to enhance the gas turbine GT2 efficiency. Two steam turbines are 

also proposed for power generation from the steam generated by the heat 

recovered from output streams within the Heat Recovery Stream Generators 

(HRSG). Other parts of this process are similar to the system shown in Figure 2.3. 

The operation of this Hy-Sol-CLC GTCC has been also compared with that of a 

conventional solar hybrid GTCC, in which concentrated solar thermal energy, as 

supplementary heat source, is used in the bottoming regenerative Rankine cycle. 

Hong et al. [127] showed that the Hy-Sol-CLC GTCC can achieve a net solar to 

electrical efficiency of 31.8% which is around 7.4 percentage points higher than 

that of the assessed solar hybrid GTCC. However, this is achieved at the cost of 

decreasing the instantaneous solar thermal share from 28.6% for the conventional 

hybrid solar GTCC to 18.65% for the Hy-Sol-CLC GTCC.  
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Figure 2.7. The Flow diagram for the solar hybrid systems proposed by Hong 

et al. [127]. The solar thermal energy is used to drive the reaction between NiO 

and CH4. The outlet streams from the reduction and oxidation reactions are 

utilised for power generation through two gas turbines. Two heat recovery steam 

generators along with steam turbines have been also applied to increase the cycle 

efficiency. 

 

More recently, Hong et al. [128] reported another Hy-Sol-CLC GTCC 

integrating methanol-fuelled CLC with low temperature solar thermal energy at 

200 °C. This process is shown in Figure 2.8 and also employs two main sections. 

In the first section methanol is evaporated and introduced into a reduction reactor 

in which it reacts with Fe2O3, as oxygen carrier, producing FeO, CO2 and H2O. 

The heat required for both the evaporation of methanol and its endothermic 

reaction with Fe2O3 is provided by solar thermal energy at a temperature of 200 
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°C. The FeO produced is then oxidized in the oxidation reactor to produce a high 

temperature gas stream at 1000 °C. In the second section, to enhance the 

efficiency of the gas turbine, the hot gas stream so produced from oxidation 

reactor is further heated to 1400 °C through combustion of methanol in an after-

burner prior to introduction to a gas turbine. A HRSG and a steam Rankine cycle 

were also utilised to increase the efficiency of the power cycle. They also 

modelled a conventional hybrid solar GTCC. And showed that this Hy-Sol-CLC 

GTCC can achieve a solar to electrical efficiency of 22.3% which is around 6.0 

point percentages more than that of the considered conventional solar hybrid 

GTCC. However, the instantaneous solar share of the hybrid system is decrease 

from 24.9 to 15.54% using the CLC-based hybrid system. 
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Figure 2.8. Flow diagram of a solar-hybrid thermal cycle with methanol fuelled 

chemical looping combustion adopted from [128]. The after-burner is used to 

further the temperature of hot stream produced in the air reactor. The outlet 

streams from both turbines are used to produce more power through a heat 

recovery steam generator and a bottoming Rankine cycle. 

 

In all of these hybrids solar GTCCs concentrated solar thermal energy is 

mainly used as a heat source to provide either the heat of endothermic reactions of 

the fuel and oxygen carriers or the energy to preheat the reactants. Therefore, 

advantageously in this cycle solar thermal energy is converted to chemical energy 

at a lower temperature than that at which it is released. This favourably not only 

reduces the re-radiation losses from the solar receivers but also increases the solar 

to electrical efficiency of the cycles. However, the solar share in these cycles has 

not been assessed considering the impact of diurnal, cloud induced and seasonal 

transience in solar insolation. Over these much larger time scales the solar share 
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of these processes would be significantly lower than those reported, which only 

examine instantaneous performance when solar energy completely satisfies the 

process thermal demand.  

 

In conclusion, to the best of our knowledge, no previous investigation has 

assessed or proposed the application of OC particles within a CLC system for 

diurnal solar thermal energy storage. Such a solar hybrid system offers not only 

the potential to address the challenge of the intermittency of solar thermal energy 

but also presents the opportunity to reduce the cost of storage for solar thermal 

energy through sharing the infrastructure. Therefore, one of the aims of this thesis 

is to investigate the novel concept of Hy-Sol-CLC systems in which solar thermal 

energy can be stored diurnally with a high solar share and solar to electrical 

efficiency, using CLC system components. 

 

2.5.3. Oxygen carrier materials 

The large scale utilization of CLC depends on the availability of suitable 

oxygen carriers [129]. A suitable oxygen carrier should satisfy the following 

criteria [129-132]: 

 withstand a large number of oxidation and reduction reaction cycles with a 

high reactivity to fully combust the hydrocarbon fuels. 

 have a good capability for fluidization with resistance to agglomeration. 

 have a high melting point, active surface area, particles pore volume, and 

mechanical resistant to friction. 

 be environmentally benign and economically viable. 
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Several investigations have shown that the oxides of transition metals Ni, Cu, 

Co, Fe and Mn are good oxygen carrier candidate given their favourable 

reductive/oxidative thermodynamics [84, 133, 134]. These are often doped with 

an inert e. g. NiAl2O4, Al2O3, TiO2, MgO and yttria-stablized zirconium (YSZ) 

with a view to increasing their reactivity and durability during the reactions [131, 

133]. The combinations of these active and inert materials have been the subject 

of many experimental and numerical studies. The reactivity and mechanical 

strength of 240 samples of potential oxygen carriers composed of 40-80 % Cu, 

Mn and Ni oxides as active metal solids and Al2O3, sepiolite, SiO2, TiO2, or ZrO2 

as inert using CH4 as fuel was investigated by Adanez et al. [135]. They showed 

that for Cu-based oxygen carriers SiO2 and TiO2 are the best inert binders while 

for Fe-based oxygen carriers Al2O3 and ZrO2 are more suitable. They also 

demonstrate that the OC particles prepared with the oxides of Mn and Ni behave 

more efficiently with ZrO2 and TiO2, respectively, than other assessed inert 

materials. Approximately, 300 different oxygen carriers based on the oxides of Ni, 

Fe, Mn and Cu, as active components, and Al2O3, sepiolite, SiO2, TiO2 and ZrO2, 

as inert, were assessed by Mattisson et al. [136]. They found that a high reactivity 

can be achieved with Mn, Fe and Cu oxygen carriers and these cheaper and more 

environmental friendly metal oxides may be better candidates than Ni which is 

more expensive. An inclusive thermal investigation of various oxygen carriers 

based on the oxides of Ni, Cu, Fe, Mn, Co, W and sulphates of Ba and Sr for three 

fuels; namely, CH4, CO and H2, was reported by Jerndal et al. [130]. They used 

HSC Chemistry software for their equilibrium calculation. The oxygen carriers 

were analysed for their ability to convert the fuel to the combustion products CO2 
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and H2O, stability in air and the melting temperatures of the solid material. They 

showed that only a few of these potential oxygen carriers, based on Cu, Fe and 

Mn, can achieve complete conversion of the fuel. They also showed that the 

oxides of Ni, W, BaS and SrS are highly promising, even though their reactions 

with fuels are not fully completed. The favorable reduced/oxidized pairs were 

investigated further considering the possible carbon, sulphide and sulphate 

formation in the fuel reactor. They found that the fuel needs to be de-sulphurised 

prior to being oxidized by Ni and Co, to avoid formation of sulphates and/or 

sulphides, while it is necessary to have some sulphur in the fuel to prevent 

decomposition of the BaSO4 and SrSO4 in the fuel reactor.  

In the following section an overview of each type of the metal oxides is 

presented. 

 

2.5.3.1. Co-based oxygen carriers 

Cobalt oxide is a potential oxygen-carrier because of its high oxygen transport 

capacity. Nevertheless, it is expensive relative to other possible metal oxides and 

there are some environmental concerns about its applications [84, 85]. Three main 

oxidation states; namely, Co3O4, CoO and Co, can be involved in the 

reduction/oxidation reactions of Co. However, Co3O4 is unstable above 950 °C 

and decomposes to CoO. Therefore, only the reduction of CoO to Co is applicable 

in CLC systems [85] although this reaction is not favourable in terms of fuel 

conversion efficiency and decreases the fuel conversion efficiency [85, 137]. 

Hence, little work has been reported on this type of materials. Jin et al. [138] 

developed Co-based OC particles using Yttria-stabilised zirconia (YSZ) as inert. 
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Good reactivity and low carbon deposition was observed. A similar test was 

performed by Mattisson et al. [139] using γ-Al2O3 as inert. 

 

2.5.3.2. Cu-based oxygen carriers 

Cu-based oxygen carriers have a high oxygen transfer capacity with no 

thermodynamic limitations for the complete conversion of fuels [134, 137]. They 

are also highly reactive with Al2O3, SiO2, sepiolite, TiO2 and ZrO2, regardless of 

the preparation method used [139-141]. Furthermore, copper is cheaper than other 

materials used for CLC such as Ni and Co [142-144]. However, the main concern 

regarding the application of Cu-based oxygen carriers for CLC systems is 

associated with the agglomeration problem, which is due to the low melting point 

of Cu (1085 °C) [139, 145]. 

 

2.5.3.3. Fe-based oxygen carriers 

Iron is not only environmentally benign but also one of the cheapest metals 

available [84, 85]. In addition, iron oxides are thermodynamically quite favorable 

for the complete conversion of fuel to CO2 and H2O [137]. As a result, despite the 

low oxygen transport capability of Fe-based metal oxides, they are considered as 

an attractive oxygen carrier for CLC systems. Different oxidation states can be 

found for iron; namely, Fe2O3, Fe3O4, FeO and Fe. However, only the 

transformation from hematite (Fe2O3) to magnetite (Fe3O4) can be used in 

industrial CLC systems [125] because further reduction of Fe3O4 to FeO and/or Fe 

leads to both agglomeration problems in the bed [146] and to a decrease in the 

purity of CO2 obtained [111, 137]. Several, investigations have demonstrated that 
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Fe-based oxygen carriers have adequate reactivity with natural gas and specially 

syngas both at atmospheric [125, 133, 147, 148] and pressurized conditions [149]. 

The application of natural mineral iron oxides, as ore, [150-152] and synthesis 

particles using different support materials e. g. Al2O3, MgAl2O4, TiO2 and SiO2, 

have been also investigated in detail [147, 153-156]. 

 

2.5.3.4. Mn-based oxygen carriers 

Manganese is a non-toxic and cheap metal with an oxygen transport capacity 

higher than that of iron [85]. As with Fe, Mn also has several oxidation states; 

namely, MnO2, Mn2O3, Mn3O4 and MnO [157]. The highest oxidised manganese, 

MnO2, decomposes to Mn2O3 at around 773 K, whereas Mn2O3 is 

thermodynamically stable in air at temperatures lower than 1173 K. At 

temperatures below 1100 K, MnO can be oxidized to Mn2O3 in air. Additionally, 

Mn3O4 is the only form of Mn oxides that is stable in air at temperatures higher 

than 1073 K [157, 158]. It has been demonstrated that pure manganese has as a 

low reactivity in reaction with coal and methane [159]. The reactivity also does 

not improve using Al2O3, SiO2, TiO2 and NiAl2O4 as support [135], which is due 

to the production of highly irreversible and non-reactive phases between the 

active and inert materials. The reactivity of particles supported with ZrO2 has 

been also investigated and very high conversion efficiencies have been achieved.  

 

2.5.3.5. Nickel-based oxygen carriers 

Ni-based oxygen carriers, as both bulk and supported with inert binders, have 

been the most extensively analysed materials in the literature. Early experimental 
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works were done in either thermo-gravimetric analyzers (TGA) or fixed bed 

reactors in Japan [160, 161]. These studies demonstrated that the NiO reduction 

reaction is fast enough to be employed in practice, the fuel oxidation reaction is 

nearly completed and that the soot formation or carbon deposition on the particles 

did not appear to be a major problem if the oxidation reaction was carried out at a 

high enough temperature [162]. However, typically the performance of pure NiO 

decreases in the repeated reduction/oxidation cycles, which is due to the 

agglomeration of the particles [163]. Therefore, supported NiO/Ni oxygen carrier 

particles by inerts, e.g. Al2O3, NiAl2O4, MgAl2O4, MgO, ZrO2, bentonite and 

sepiolite, are preferred and receiving growing attention [93, 133, 164-169]. 

Among different proposed support materials, the oxygen carriers supported by 

AL2O3 has been studied more comprehensively [84, 85]. This is due to their low 

attrition rates during the operation in the fluidized beds, high thermal stability, 

low carbon deposition and no agglomeration problems [164, 170-173]. However, 

the side reaction of NiO and Al2O3 leads to the production of spinal component 

NiAL2O4 [93, 164, 174, 175], which has poor reactivity for CLC systems [164, 

165]. The application of NiAl2O4 as support has been also investigated by several 

researchers. Johansson et al.[176] investigated the performance of the OC 

particles composed of NiAl2O4 and NiO, with a mass ratio of 6 to 4, for the 

combustion of CH4 in a 10 kW CLC prototype for 100 h. Possible chemical and 

physical property changes were studied. They showed not only no major changes 

had occurred but also the used OC particles were harder than fresh ones and had a 

similar reactivity to the gaseous fuel. In addition, the composition of the particles 

had remained unchanged, indicating that no irreversible reactions had occurred 
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within the particles. Similar experiments were performed by Linderholm et al. 

[177] for the combustion of natural gas using an oxygen carrier consisting of 60 

wt% NiO and 40 wt% NiAl2O4 in a 10 kW CLC reactor system for 160 h of 

operation. The results were in agreement with those presented by Johansson et al. 

[176] and a total particle life time of 4500 h was estimated based on the attrition 

rate measured. Estimated life time of 40000 h and 33000 for the OC particles 

composed of NiO/Al2O3 and NiO/(NiAl2O4+MgAl2O4), respectively, have been 

also reported in literature [85, 178]. 

 

2.5.3.6. Complex metal oxides 

Complex mixed metal oxides have been also proposed to be used as oxygen 

carrier in CLC systems in order to improve the particles reactivity, stability, 

mechanical strength and to decrease the carbon deposition, the cost of oxygen 

carrier preparation and the use of toxic metals [85]. The investigations have been 

performed either by mixing different active metal oxides into the same particle or 

mixing different oxygen-carriers composed by single metal oxides [85]. Jin et al. 

[138] studied the synergetic combination of NiO and CoO supported by Yttria-

stabilized zirconia (YSZ). A great performance was achieved in the fuel 

conversion, high reactivity and avoidance of carbon deposition. The behavior of a 

number of Ni-Cu/Al2O3 in increasing the efficiency of fuel conversion during the 

CLC operation working at high temperatures was studied by Adanez et al. [179]. 

They found that the presence of NiO stabilizes the CuO and allows working at 

950 °C. It was also shown that the addition of CuO to Ni-based oxygen carriers 

improves their efficiency in fuel conversion. The same results were reported by 
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Johansson et al. [180] for mixed Fe and Ni oxygen carriers. The Fe-Mn mixed 

oxides were studied by Lambert et al. [181] to assess the cooperative effect in 

between the two metals. They found that these mixed oxides, depending on their 

synthesis technique, show a lower oxygen transfer capacity than that of Ni. In 

addition to bimetallic and mixed oxides oxygen carriers, other more complex 

oxygen carriers with pervoskite structure have been also proposed [182, 183]. 

Nevertheless, the long term operation of these materials in CLC reactors is mostly 

unknown [85].  

 

To summarise, although several metal oxides with a variety of fuels have been 

proposed and tested for application in CLC systems, the potential advantages and 

disadvantages of these alternative oxygen carriers and inert materials for use in a 

Hy-Sol-CLC system have not been investigated yet. Besides, hybridisation of 

CLC with solar thermal energy introduces more limitations and characteristics in 

the performance of the OC particles. 

 

2.6. Configuration of the Chemical Looping Combustion (CLC)  reactors 

Efficient operation of a CLC process depends on: 

 appropriate contact between the oxygen carriers and the gas phase 

through both the oxidation and reduction reactions; 

 high conversion efficiency of fuel oxidation to CO2 and H2O; 

 adequate conversion of solids in both of the oxidation and reduction 

reactions; 
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 efficient transfer of the oxygen carriers between the oxidation and 

reduction reaction zones with restricted gas leakage; 

 consistent and reliable operation of both the fuel and air reactors as 

well as long term operation of oxygen carriers. 

To achieve these criteria, different CLC reactor configurations have been 

proposed, which can be mainly categorised as interconnected fluidised bed and 

fixed bed configurations [184, 185].    

 

2.6.1. Interconnected fluidized bed reactors 

The majority of the CLC plants existing worldwide use the two interconnected 

fluidized bed reactors [85, 186], one as a fuel reactor, in which the fluidised OC 

particles are reduced via fuel (reaction 2.1), and the other as air reactor, in which 

the fluidised reduced OC particles are oxidised by oxygen from air (reaction 2.2) 

[85]. Schematic representation of these systems is shown in Figure 2.9. During the 

CLC operation the OC particles are pneumatically transported between the air and 

fuels reactors. Typically, loop seal devices have been also applied to avoid the 

leakage of the gas between the fuel and air reactors. This design has the following 

main advantages [187-189]: 

 high heat and mass transfer coefficients within the fuel and air reactors due 

to the perfect mixing of the particle; 

 homogeneous and nearly uniform temperature distribution within both 

reactors;  

 continuous production of a hot gas stream for power generation. 
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The major drawbacks of the interconnected fluidised bed reactors are related to 

[186, 190, 191]: 

 problems associated with the sufficient particle circulation between the 

fuel and air reactors; 

 the gas leakage between the fuel and air reactors, which leads to 

decreased CO2 separation efficiency;  

 the pressure drop throughout the reactors; 

 the separation of the OC particles from the gas streams; 

 the attrition and agglomeration of the OC particle due to the collisions 

within the fluidised bed reactors at high temperature; 

 the gas leakage between the reactors. 

 

 

Figure 2.9. Schematic view of two interconnected fluidized bed, adopted from 

[85]. A high velocity riser is used to provide the required elevation for the 

particles to circulate through the system. The fuel reactor is a low velocity 

fluidised bed. 
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A variety of interconnected fluidized bed reactors have been proposed varying 

typically on the sealing technique used and the control of the solid circulation 

between the two fluidised bed reactors. One of the earliest designs was proposed 

by Lyngfelt et al. [134] in 2001. Their system comprises a low velocity bubbling 

fuel reactor, a high velocity riser air reactor, a cyclone for the separation of the 

OC particles and two gas seals. In this system the gas velocity in the riser air 

reactor provides the driving force for the circulation of particles between the two 

reactors beds. The high velocity riser is devoted to the air reactor due to the higher 

flow rate of air than that of fuel. Later a 10 kWth CLC prototype based on this 

design was built and run by Lyngfelt et al. [187] in 2004, using nickel-based OC 

particles and natural gas as fuel. A combustion efficiency of 99.5% was achieved 

during a total operation time of more than 100 h with no sign of gas leakage 

between the air and fuel reactors. This CLC system was then used by Linderholm 

et al. [177] to study application of the OC particles consisting of 60% NiO and 

40% NiAl2O4  for 160 h of operation. During these experiments the operating 

temperature of the air reactor was kept constant at 1000 °C while the operating 

temperature of the fuel reactor varied in the range of 660-950 °C. A nearly 

complete conversion of fuel, approximately 99%, as well as no indication of 

decrease in reactivity of the OC particles was seen during the test period. Similar 

experiments in a 10 kWth CLC system with the interconnected fluidised bed 

reactors were performed by Adanez et al. [192] for 200 h. These experiments 

were the first long time demonstration of the application of the Cu-based OC 

particles in a CLC system. Similarly, no serious leakage of gas was found. They 

demonstrated that the fuel conversion efficiency is mostly affected by both the 
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temperature of the fuel reactor and the oxygen carrier to fuel ratio. Ryu et al. 

[193] reported results of a 50 kWth CLC system for the combustion of CH4 using 

two types of OC particles based on the oxides of nickel and cobalt. They found 

that the nickel-based OC particles provide higher conversion efficiency than 

cobalt-based OC particles. Several experiments with different OC particles in a 

two interconnected circulating fluidised bed reactors were performed by 

ALSTOM Power Boilers [194] to study the attrition behaviour of the OC 

particles. Forero et al. [195] tested Cu-based OC particles in a 500 Wth CLC using 

syngas as fuel. Their atmospheric CLC system comprises two interconnected 

bubbling fluidized bed reactors that were separated by a loop seal and a cyclone. 

A riser and a solid valve were also added to the system to improve the control of 

the circulation of the OC particles between the bubbling fuel and air reactors. A 

nearly full conversion of fuel was achieved during the experiments and after 40 h 

of operation, significant sign of agglomeration, attrition, and carbon deposition 

was not found. De Diego et al. [142] used a bubbling fluidised bed as the air 

reactor in a 10 kWth CLC prototype. In their CLC system a separated riser was 

proposed after the air reactor. A loop-seal was also proposed. A good reactivity of 

the Cu-based OC particles was found with no agglomeration during 100 h of 

operation. A dual circulating air and fuel reactors were used in a 120 KWth CLC 

developed by Kolbitsch et al. [123, 196] and Proll et al. [197-199]. In this system 

both air and fuel reactors operate in the turbulent regime, improving the gas and 

solid contact within the reactors. The system was fed with either natural gas or 

mixtures of CH4, CO, H2, and higher hydrocarbons. Ilmenite, which is a natural 

iron titanium ore, and a designed Ni-based particle were used as oxygen carrier. In 
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all cases assessed the fuel was almost fully converted to CO2 and H2O. They also 

succeeded in controlling of the solid flow rate through the system based on the 

aeration rate in the air reactor, independent of the fuel reactor operating 

conditions. A CLC system with two-compartment fluidized bed reactors was 

proposed by Kronberger et al. [200]. The system comprises two adjacent fluidised 

bed reactors, which are separated by a vertical wall. A downcomer and a slot were 

also used to circulate the OC particles between the air and fuel reactors. In this 

system the air reactor has a high velocity causing the particles to be thrown into a 

down comer, where they are directed to the fuel reactor. This results in a higher 

pressure in the fuel reactor, pushing the particles back into the air reactor through 

the slot. This system suffers from a high leakage of gas between the fuel and air 

reactors, which in turn decreases the performance of the CLC in separation of CO2 

from flue gases, even though its simple configuration can decrease the capital 

costs.  Operation of a pressurised CLC has been reported by Wang et al. [201]. 

The system maximum operating temperature is 950 °C and the pressure was 

maintained at 0.3 MPa during the 15 h experiment. The reactivity of four potential 

oxygen carrier particles composed of Fe2O3/CuO, as active metal oxides, 

supported on MgAl2O4 was assessed. However, the maximum fuel conversion 

reached was 92.3%. Combustion of the solid fuels in the interconnected fluidised 

bed reactors has been also investigated by many researchers. In these systems, 

typically the solid fuel is first gasified and then the produced syngas is oxidised by 

the OC particles [202-204].  
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2.6.2. Fixed bed reactors 

To avoid the problems associated with the separation of gas and particles and 

to minimize the gas leakage between the fuel and air reactors, a concept of 

dynamically operated packed bed reactor was proposed by Noorman et al. [191, 

205, 206]. In this concept, as shown schematically in Figure 2.10, the solid 

oxygen carriers are stationary in a fixed bed reactor and are alternately exposed to 

reducing/oxidizing conditions through periodic switching of the fuel and air 

streams. 

 

 

Figure 2.10. Schematic representation of a periodically operated packed bed 

reactor taken from [191, 205, 206]. The valves 1-4 are used to periodically switch 

the fuel and air streams. 

 

The advantages of this system is that the separation of solid and gas phases is 

intrinsically avoided, is that the reactor design can be much more compact and is 

that a nearly complete fuel conversion can be achieved while the oxygen carriers 

are used over the entire range of their oxidation state [191, 205, 206]. 
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Disadvantage of the system includes the need for complicated control systems 

both to switch the fuel and air streams and to provide the inert gases, as a purge 

stream, in between the gas switching times. Furthermore, changing the oxidizing 

condition to the reducing one can lead to a large temperature drop within the fixed 

bed [191, 205, 206], which in turn causes thermal shocks and increases the long 

term operational and maintenance costs. 

The rotating bed reactor is a kind of modified packed bed reactor [186]. The 

concept is shown schematically in Figure 2.11. In this reactor, the oxygen carrier 

particles are fixed in a doughnut shaped fixed bed reactor. The reactor rotates, 

when fuel and air streams are introduced radially outward through the reactor. 

Between the fuel and air sectors an inert gas e. g. steam or N2 is fed to avoid the 

mixing of reacting gases and explosion. The main advantages of this design are 

both the continuous operation and the compactness of the design. However, the 

main drawback is associated with the gas leakage and dilution between fuel and 

air streams [186, 207]. 
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Figure 2.11. Schematic representation of a rotating fixed bed reactor taken 

from [186, 207]. The reactor rotates while the air and fuels gases are fed radially. 

An inert gas section is also applied in between the oxidation and reduction sectors 

to avoid the fuel and air mixing. 

 

In conclusion, even though the operation of the CLC systems in lab scale 

prototypes has been demonstrated, further investigations are required for their 

demonstration in pilot plant and commercial scales. In addition, none of the 

aforementioned concepts of CLC reactors have been especially designed for Hy-

Sol-CLC systems. The solar fuel reactor of a Hy-Sol-CLC system, in addition to 

the efficient operation in the CLC cycle, should also provide the capability for 

efficient harnessing of the concentrated solar thermal energy. Therefore, further 

investigation is required to develop the principle knowledge required for the 

design and operation of the efficient hybrid solar fuel reactors for the Hy-sol-CLC 

systems.  

 

2.7. Solar reactors 

Previous investigations have demonstrated that the cavity-type solar reactor 

configurations are the most appropriate configuration for harnessing highly 
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concentrated solar radiation [208]. Thus far a wide range of solar cavity solar 

reactors have been proposed which can be categorized by those that directly [209-

211] or indirectly [212, 213] utilize the concentrated solar heat to drive the 

endothermic reactions. The reactors have been also categorised as those that are 

oriented horizontally [210, 214, 215] or vertically [212, 216] to incoming 

concentrated sunlight. 

In direct absorption reactors concentrated solar thermal energy is directly 

introduced to the reaction site. Therefore, a transparent window is required [1], 

which is vulnerable to high pressures and/or harsh environments [68, 217]. In 

indirect solar reactor either an intermediate heat transfer fluid or a conductive 

separating medium is used between the solar radiation absorption surface and the 

chemical reactions sites. As a result, the need for transparent window is 

eliminated [1, 217]. However, the disadvantages are mainly associated with the 

limitations in the maximum operating temperature, thermo-physical properties of 

heat transfer mediums, resistance to thermal shocks, inertness and suitability for 

transient operation [217]. Direct heating can achieve more efficient heat transfer 

rates than that of indirect heating, due to the elimination of heat losses and 

thermal resistances in conduction and convection mechanisms, which is 

advantages in term of system efficiency [217]. 

In conclusion, despite the large number of proposed direct and indirect solar 

reactors [210, 218-220], none of these are well suited to the Hy-Sol-CLC 

processes. This is mainly because of the fact that previous solar reactors have 

been proposed for other processes such as solar gasification [218, 221] and solar 

ZnO dissociation [211, 222] in which particles are consumed within the reactor, in 
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contrast to the Hy-Sol-CLC processes in which the OC particles are regenerated 

for reuse. Therefore, there is a need for further analysis to better understand the 

detailed characteristics of existing direct and indirect heated reactors and to 

develop the fundamental knowledge required for the design and operation of 

efficient solar reactors for Hy-Sol-CLC systems. 
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Abstract 

The overall energetic performance of a gas turbine combined cycle powered by 

a hybrid cycle between a solar thermal and a chemical looping combustion (CLC) 

system firing methane is reported for two configurations. In one case, the outlet 

from the air reactor is fed directly to a gas turbine, while in the other an after-

burner, also firing methane, is added to increase the gas turbine inlet temperature. 

The cycle is simulated using Aspen Plus software for the average diurnal profile 

of normal irradiance for Port Augusta, South Australia. The first law efficiency, 

total solar absorption efficiency, average and peak fractional power boosts, total 

solar share, net solar to electrical efficiency, fraction of pressurised CO2, 

incremental CO2 avoidance and the exergy efficiency for both cycles are reported. 

The calculations predict a first law efficiency of 50.0% for the cycle employing an 

after-burner, compared with 44.0% for that without the after-burner. However, 

this is achieved at the cost of decreasing the solar share from 60.0%, without the 
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after-burner, to 41.4% with it. Also reported is the sensitivity analysis of 

performance to variations in key operating parameters. The sensitivity analysis 

shows that further improvements to the performance of the cycle are possible.  

 

Keywords: hybrid systems; solar energy; chemical looping combustion; 

combine cycles; power generation 

 

1. Introduction 

 Hybrids of concentrated solar thermal energy and chemical looping 

combustion (CLC) systems are receiving growing attention, due to their potential 

to lower the cost of greenhouse gas abatement by harnessing the complementary 

strengths of two technologies to mitigate their limitations [1, 2]. Solar thermal 

power offers low net greenhouse gas emissions but suffers from high cost, due 

largely to the intermittent nature of the resource, while fossil fuels offer 

continuous power, but at the expense of high CO2 emissions. Although CLC was 

originally developed to provide an industrially pressurised CO2 stream for 

sequestration or reuse, it has also recently been shown to offer the potential to 

store thermal energy in a novel hybrid between these two technology concepts [1]. 

Jafarian et al. [2, 3] also calculated this hybrid to achieve an outlet temperature of 

950 °C with continuous operation, a 60.0% solar share and an industrially pure 

and pressurised stream of CO2 exhaust gas. However, the thermodynamic 

performance of this for power generation has yet to be assessed. Therefore the 

overall aim of this paper is to determine the full cycle performance of this hybrid 
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solar-CLC system, both with and without the potential use of an after-burner to 

increase gas turbine inlet temperature, and so cycle efficiency, at the cost of a 

decreased solar share. 

Chemical Looping Combustion (CLC) is a new technology under development 

to provide inherent capability for CO2 capture from the combustion of a 

hydrocarbon fuel. The process employs a metal oxide as an “oxygen carrier”, to 

enable the indirect transfer of oxygen from the air to the fuel. This enables the fuel 

and air to be kept in two separate reactors, an air reactor and a fuel reactor which, 

in turn, prevents the CO2 product from the fuel reactor from being diluted with the 

N2 from air. During the CLC operation, the oxygen carrier in the fuel reactor is 

reduced by oxidation of the fuel in the fuel reactor, while it is oxidised in the air 

reactor. Particles have now been developed that are mechanically robust, enabling 

them to be cycled many times between the two reactors to provide a continuous 

process [4-6]. The potential to hybridise CLC systems with concentrated solar 

thermal energy was first identified by Hong et al. [7-9]. In their three hybrids 

solar-CLC systems, the solar energy was proposed to be used to provide either 

sensible heat for preheating reactants or the endothermic heat of reaction between 

the fuel and oxygen carrier (OC) particles. These processes have the advantage 

over the direct heating of air by solar radiation that the temperature of the reactor 

in which the solar energy is converted to chemical energy, is lower than the final 

temperature of the outlet air. However, these systems do not provide any storage 

of the solar energy. To demonstrate the potential to also achieve thermal energy 

storage by hybridising CLC with concentrated solar thermal energy, Jafarian et al. 

[1] proposed a hybrid CLC system that also employs the OC particles as a storage 
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medium. In this concept, three reservoirs were added to a conventional CLC 

system to provide storage of the OC particles, while a cavity solar receiver was 

chosen as the fuel reactor. This hybrid also offers shared infrastructure, which can 

potentially lower the capital and operating costs. However, it is limited to a low 

total solar share of about 6.5%. Moreover, since in this system the flow rates of 

fuel and OC particles are considered to be constant, the operating temperature of 

the cavity fuel reactor changes with the intensity of the concentrated solar thermal 

radiation, which has the potential to damage the OC particles [10]. To address 

these limitations, another hybrid CLC concept has been proposed more recently 

by Jafarian et al. [2, 3], in which two reservoirs are utilized to store the OC 

particles in a CLC system, also with a cavity solar receiver for the fuel reactor. In 

this system the operating temperature of the fuel reactor is proposed to be constant 

by varying the flow rates of fuel and OC particles in response to the variations in 

the input concentrated solar radiation. As with the earlier solar-CLC hybrids, the 

stored heat in the OC particles is released in the air reactor to achieve a higher 

outlet temperature than that of the solar reactor. This system also achieves shared 

infrastructures, but has the important advantage over the earlier systems in 

achieving an estimated solar fraction of 60%, averaged over the whole 24 hour 

day. It also provides a continuous output for base-load power, determined from 

the annually-averaged solar day, and has the capacity to revert to conventional 

CLC operation in the event of an extended period of cloud cover. The operation of 

conventional CLC systems in power cycles has been studied before. For example, 

Wolf et al. [11] estimated a thermal efficiency of 53% for an 800 MW natural gas-

fired combined cycle integrating a CLC, operating at 1200 °C and 13 bar. Naqvi et 
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al. [12] calculated a net plant efficiency of 52.2% for a natural gas-fired combined 

cycle, where the combustion chamber of the gas turbine was replaced with the 

CLC reactors. They also estimated an efficiency of 40.1% for a CLC-integrated 

steam turbine [13]. Peltola et al. [14] performed a preliminary design of a 100 

MWth CLC-based steam power plant using a dual circulating fluidised bed reactor 

for gaseous fuels and found the net cycle efficiency to be 42.8%, without the 

purification and compression of CO2. However, the thermodynamic efficiency of 

the Hy-Sol-CLC in a hybrid solar-CLC power plant cannot be derived readily 

from such previous studies of the conventional CLC power generation cycles 

because of the significant differences in the sources of input thermal energy, 

process configuration and operating conditions [2, 3].  Therefore, the first aim of 

the current work is to investigate the thermodynamic performance of the hybrid 

solar-CLC system proposed by Jafarian et al. [2, 3] when employed for 

continuous base-load power generation in a GTCC.  

 In CLC systems, the operating temperature of the air reactor typically does not  

exceed 1000-1200 °C, depending on the type of OC carrier particles used and the 

operating conditions [4]. This is significantly less than the inlet temperature of the 

state of the art in commercially available gas turbines, which is currently around 

1250 °C [15] and is anticipated to increase up to ~1700 °C in the foreseeable 

future [16]. Similarly, the current temperature to which pressurised air can be 

heated by concentrated solar radiation is also limited to about 1000 °C [17]. One 

well known approach to increase the temperature of pressurised air from a solar 

receiver to a turbine is to employ an after-burner [18-20]. A similar approach has 

also been proposed for conventional CLC gas turbine systems [11, 21, 22]. This 
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approach requires additional fuel, so that the increase in the efficiency of the solar 

hybrid system will come at the expense of a decreased solar fraction. Therefore, 

the second aim of this work is to evaluate the advantages and disadvantages of the 

use of an after-burner, particularly in regard to cycle efficiency and solar share for 

the hybrid solar-CLC system.  

 

2. Power generation cycles 

 The configuration of the proposed hybrid solar-CLC (Hy-Sol-CLC) Gas 

Turbine Combined Cycle (GTCC) is shown in Fig. 1. The cycle comprises of two 

main sections: (i) a hot gas generator and (ii) a combined power generation. The 

concentrated solar thermal radiation from the solar collector field is captured and 

stored within the solar fuel reactor of the hybrid-CLC section by the oxygen 

carrier (OC) particles. Both sensible and chemical heat stored in the OC particles 

are then released in the air reactor at a higher temperature to produce a steady 

stream of hot gas (stream 3) despite an intermittent solar radiation input. The 

operation of this section has been described in detail by Jafarian et al. [2, 3]. 

However, an air compressor is added to the present cycle to pressurize the air 

reactor (through streams 11, 12, 1 & 5 shown in Fig. 1) for delivery to the gas 

turbine. An air heat ex-changer is also proposed to cool the pressurised air before 

being introduced to the direct air-particle heat ex-changer to cool the OC particles. 

A loop-seal is employed between the direct air-particle heat exchanger and 

reservoir R1 to allow the particles to be transferred from the high pressure air-

reactor to the atmospheric-pressure of reservoir R1 and the fuel reactor. The valve 
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between resevoir R2 and the air reactror shown by Jafarian et al. [2, 3] has also 

been replaced with a loop-seal/valve, to transfer the particles to the pressurised air 

reactor from reservoir R2 at a controlled flow rate. That is, the use of a loop-seal 

and a loop-seal/valve are proposed as a means to allow the air reactor to be 

pressurised while the fuel reactor is at atmospheric pressure, following other 

related processes [23-25]. The detailed design of the loop-seal and loop-

seal/valves is beyond the scope of this work.  It is worth noting that, in addition to 

making provision for heat storage, the use of the two reservoirs makes it 

technically easier to operate the air and fuel reactors at different pressures than is 

the case for a conventional CLC system. This is significant because the difference 

in the operating pressures of the fuel and air reactors can lead to gas leakage in 

conventional CLC systems, lowering the efficiency of CO2 separation [4, 26]. The 

potential to operate the solar (fuel) reactor at a much lower pressure than the air 

reactor is highly desirable for solar reactors, since it significantly reduces the risk 

of damage to transparent windows, which are a critical component of the most 

efficient solar reactors and are vulnerable to high pressures and/or harsh 

environments [27, 28]. Operation at atmospheric pressure allows to its thickness 

to be minimized for efficient transmission of solar energy [17].  

 The after-burner can be used to increase the temperature of the pressurised 

outlet stream from the air reactor. Under conditions in which the excess oxygen 

from the air reactor is not sufficient to burn all of the fuel supplied to the after-

burner, supplementary pressurised air is provided by the air compressor (stream 

13 in Fig. 1). The flow rate of air in each stream is adjusted using valves V4, V5 

and V6. The cycle can also operate without the after-burner, using valves V2 and 
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V3, in which case the outlet air stream from the air reactor is directly introduced to 

the gas turbine.  

 

Fig. 1. The proposed hybrid solar-CLC combined cycle. Resrvoirs R1 and R2 are 

used to store the hot and cold particles from the solar fuel and air reactors, 

respectively. A direct air-particle heat ex-changer is employed to further cool the 

particles to the OC particle storage temperaure in resevior R1 [2, 3]. The hot and 

pressurised stream leaving the air reactor, stream 3, is used to generate power by 

means of a three-stage gas turbine. The heat recovered through the heat recovery 

steam generators (AR-HRSG and FR-HRSG) is also utilized to produce additional 

power with the gas and steam turbines (AR and FR). The AR-Steam turbine has 

two stages, the high pressure, HP, and low pressure LP, respectively. An after-

burner is optionally used to increase the temperature to the gas turbine inlet using 

valve V2 and V3 [3]. 
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 Fig. 1 also presents the power generation side of the plant, in which hot gases 

(stream 9) from the air reactor directly (stream 6) or after overheating in the after-

burner (stream 7) is passed through a three-stage gas turbine and then through a 

heat recovery steam generator, AR-HRSG, (stream 10) to power a two-stage AR-

Steam turbine. The hot gas stream from the fuel reactor (stream 4) is also used for 

power generation through a heat recovery steam generator (FR-HRSG) and FR-

Steam turbine. Here the prefixes “AR” and “FR” indicate the air and fuel reactors, 

respectively. The AR-HRSG and AR-Steam turbines are inspired from those 

proposed by Naqvi et al. [12]. Finally, the CO2-rich stream (stream 4 in Fig. 1), 

cooled down by the FR-HRSG, is fed to the CO2 dehydration and compression 

process. This compression represents only a small parasitic loss of approximately 

1.6% and 2.6%, respectively, for the cycles with and without the integration of the 

after-burner, respectively. Obviously, these losses could be decreased with multi-

step compression and inter-cooling. Another possible option to the use of a small 

FR-HRSG together with the compression of the CO2 for transport and geological 

sequestration, is to instead employ mineral sequestration of CO2. One such 

process involves the endothermic conversion of magnesium silicate to magnesium 

hydroxide before the exothermic carbonation reaction with CO2 to produce a 

stable magnesium carbonate [29, 30]. Here, the enthalpy in the hot CO2 (stream 

15) has potential to drive this process. However, the detailed assessment of these 

other options is beyond the scope of the present investigation. 

 The reference cycle, against which the S-CLC combined cycle is compared, is 

shown in Fig. 2. This comprises only a Gas Turbine Combined Cycle, GTCC, 

which uses the same amount of fuel as the hybrid Sol-CLC cycle. For each 
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comparison, the reference cycle is considered to operate at a temperature and 

pressure of 1250 °C and 15 bar, respectively. 

 

 

Fig. 2. The configuration of the reference combined gas turbine considered here. 

The pressurised hot stream produced in the air Compressor and the Combustion-

chamber is used to produce power through a three-stage gas turbine. The steam 

turbine has two-stages, consistent with the hybrid solar CLC system (Fig. 1), 

which is fed to the HRSG. This is fed through the HP and LP steam streams 

produced by the HRSG. 
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3. Methodology 

Simulations of the proposed Hy-Sol-CLC cycles were performed using Aspen 

Plus software. The model solves the governing equations of mass and energy, 

simultaneously. The Gibbs minimization method, with an R-Gibbs reactor, was 

used to calculate the equilibrium product compositions from the fuel and air 

reactors. The following gas phase components were considered: N2, O2, CH4, 

H2O, CO2, CO and H2. To account for departures in fluid from ideal gas 

behaviour of up to  6%, the Peng–Robinson’s equation of state was used to 

calculate the fluid properties. The power produced or consumed by the turbines, 

compressors and pumps was calculated with assumed isentropic efficiencies [31], 

shown in Table 1. Furthermore, to account for the dynamic performance of the 

Hy-Sol-CLC owing to diurnal variations of the concentrated solar thermal energy, 

a quasi-steady state condition based on annually averaged variations of solar 

irradiance through the day was considered.   

The mass flow rate of the OC particles fed to the solar fuel reactor was 

calculated from the molar ratio of oxygen carrier particles to fuel, Ø [32]: 

4
4

CH

OC

n

n




 .        (1) 

Here 
4CH

n , is the molar flow rate of CH4 introduced into the solar fuel reactor 

and 
OC

n , is that of the oxygen carrier particles. 

The incoming solar heat flux to solar collector, collQ , was calculated by the 

direct normal insolation, DNI, and the average optical efficiency, coll
 , of the 
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collection system, which is assumed to be 65.0% ( Table 1) following earlier work 

[7].  

 DNIAQ
collcollcoll

 .       (2) 

For simplicity it is assumed that the receiver aperture is sized to capture all of 

the incoming power from the collector, so that 
collins

QQ  
,

, also following earlier 

work [33]. 

Radiative heat losses are accounted for through the total solar energy 

absorption efficiency, ηabs,tot, which is defined as the ratio of net solar power 

absorbed by the solar reactor to the net diurnal solar power input through the solar 

reactor’s aperture, as follows:  
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 ,     (3) 

where abssQ ,
  and radreQ 

 are the concentrated solar thermal heat absorbed within 

the solar reactor and the heat re-radiated through the solar reactor aperture, 

respectively. Subscripts “ap,open” and “ap,close” denote the condition in which 

the solar fuel reactor aperture is opened or closed, respectively, noting that the 

fuel reactor operates with both solar and chemical energy. In addition: 
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DNICR

T
QQ

eff

FReff

insradre


 4

,
 


.      (5)

 Here insQ ,
  is the solar power input through the solar aperture, αeff and εeff are the 

effective absorptance and emittance of the cavity-receiver respectively, σ is the 

Stephan-Boltzmann constant, TFR is the temperature of the solar cavity fuel 

reactor and CR is the mean flux concentration ratio.  

The first law efficiency, η, of the hybrid system is calculated by [34]: 
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           (6) 

 Here 
4CHLHV is the lower heating value of CH4, FRF

n
,

  is the CH4 flow rate into 

the solar fuel reactor (stream 2 in Fig. 1), 
ABF

n
,

 is the CH4 flow rate into the after-

burner (stream 8 in Fig. 1),

 

GTW  is the power produced by gas turbine, aircW ,
 is the 

power required for air compression, STARW ,
 is the power produced by AR-Steam 

turbines, STFRW ,
 is the power produced by FR-Steam turbines, 

IPump
W and 

IIPump
W

are the work consumed by pumps I and II, respectively and 
2,COcW is the power 

required for the compression of CO2.  

 The energy extracted from the gas turbine and the AR-Steam turbine is 

available continuously for the present cycle, while that from the FR-Steam turbine 

is only available intermittently when the fuel reactor is operating, i.e. when the 

DNI exceeds the minimum threshold [2]. This situation corresponds to a “power 



CHAPTER 5 

 

120 

 

boost” mode of operation over the “base load” component of the output, following 

the terminology of Kolb [35]. Hence, we define the fractional power boost share 

in terms of both the average and peak values, χboost,av, and χboost-pk, as the ratio of 

the additional net power available from the FR-Steam turbine over the total from 

the gas turbine and AR-Steam turbines. 
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 The total thermal solar share, χsol,tot, is calculated as follows [20]:  
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The incremental concentrated solar to electrical efficiency, ∆ηcon-sol,elec, [20, 36] 

is given by: 

dtQ

dtEE

hours
s

hours
hybridfuelrefhybridelec

elecsolcon



 
 

24

24
,,

,

).(



 
 ,    (10) 

where ηref is the first law efficiency of reference cycle, hybridelecE ,
  and hybridfuelE ,


 are 

the power produced and the energy of fuel consumed by solar-hybrid CLC plants. 

The numerator of this equation shows the net increase in electricity generated by 

the solar-hybrid CLC plants compared with the equivalent pressurised fossil 

reference plant. 
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The CO2 produced in the solar fuel reactor is industrially pure and pressurised 

(stream 15 in Fig. 1), while the CO2 produced in the after-burner is released 

directly to the atmosphere. Since the former fraction is more valuable, the 

pressurised CO2 fraction that is industrially pure is calculated separately, defined 

as: 
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In this equation FRCO
n

,2
  and ABCO

n
,2

  are the flow rates of CO2 produced in 

solar fuel reactor and after-burner reactors, respectively. Obviously, the fraction 

of CO2 that is emitted to the atmosphere can be calculated by: 

pureCOemitCO ,, 22
1   .       (12) 

Since the pressurised and industrially pure CO2 is presumed to not be released 

into atmosphere, it is not considered to be CO2 emission from this process. Hence 

the  incremental CO2 avoidance, 
2CO

 , from the solar hybrid CLC system is 

defined following Schwarzbözl et al. [19] as: 
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.   (13) 

Here
2CO

f  is the amount of CO2 emission per heating rate of fuel (for CH4 
2CO

f = 

0.055 kg/MJ). Obviously, while the cycle is working without the after-burner 

22 COCO
f . 

http://www.researchgate.net/researcher/75356921_P_Schwarzboezl/
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 The exergy efficiency is defined as the ratio of the net output exergy to the 

total input exergy [37]: 
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Here 
FEx represents the exergy of the fuel. 

 The key operating conditions of the cycles are presented in Table 1. The solar 

energy added to the solar fuel reactor is calculated based on the DNI data for Port 

Augusta, South Australia [38]. The results are calculated relative to the average 

maximum solar heat input to solar fuel reactor, max,,insQ , noting that solar noon 

occurs at 12:30 hours. A start up time of an hour is assumed for the FR-Steam 

turbine, while start up is ignored for the other turbines, since they operate 

continuously. 

The net power produced by each cycle is calculated by: 

  consgenin WWW 
, .       (15) 

In this equation, subscripts “gen” and “cons” indicate the power generated by 

the turbines or consumed by the compressors and/or pumps, respectively.  

The Aspen Plus model was validated in our previous work [1]. The sensitivity 

of both cycles, with and without the after-burner, to the variations of the 

parameters listed in Table 1 was also assessed to detect those variables with the 

greatest influence on the cycle operations. A total pressure loss of 5 and 2 % was 

considered for the gas turbines and steam cycles, respectively. In both cycles the 
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fuel was assumed to be pressurised, so that no compressor is needed to pressurize 

it [39]. 

Table 1. The main assumptions employed in the cycle analysis. The solar fuel 

reactor in both cycles operates at the same conditions, while the air reactors 

operate at different pressures. 

 

Reference 

operating 

conditions 

Variation range Source 

Solar collector field    

Optical efficiency ( coll
 ) (%) 65  [7] 

Mean flux concentration ratio 2000 500-8000 [33] 

Fuel reactor    

Effective absorptance (αeff) 1  [33, 40] 

Effective emittance (εeff) 1  [33, 40] 

Operating temperature (° C) 750 550-950 [41] 

Operating pressure (bar) 1   

Ø 2.5 1-4.5  

Air reactor    

Operating temperature (°C) 950  [41] 

Operating pressure (bar) 15 10-20  

Reservoir & HX’s stream 

temperatures 
   

Reservoir R1 temperature (°C) 100 100-750  

Reservoir R2 temperature (°C) 750   

Minimum temperature difference 

between the outlet hot and cold 

streams form Direct air-particle heat 

ex-changer (°C) 

100   

Minimum temperature difference 

between the outlet hot and cold 

streams form Steam generators (°C) 

5   

Power cycles    

Isentropic efficiency of gas turbine 0.91  [9] 

Isentropic efficiency of steam turbine 0.90  [42] 

Isentropic efficiency of air 

compressor 
0.88  [9] 

Isentropic efficiency of pump 0.75  [42] 

Steam pressure (HP/LP) (bar/bar) 60/5  [12] 

Steam temperature (IP/LP) (°C/°C) 467/258  [12] 

Mechanical efficiency of generators 0.99  [42] 

Generator efficiency 0.99  [22] 

Compression ratio of CO2 

compressor (bar) 
120  [43] 
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The particles tested by Johansson et al. [41] are chosen as the oxygen carrier, 

considering several selection criteria [44]. In these OC particles, NiO is supported 

by NiAl2O4 with a mass ratio of 4 to 6.  

 

4. Results and discussion 

Fig. 3 presents for the annually averaged solar day the calculated average 

diurnal variations of the absorbed solar power within the solar fuel reactor, abssQ ,
 ; 

the input power of fuel into solar fuel reactor, FRFQ ,
  (stream 2 in Figs. 1); the heat 

lost through re-radiation from the solar fuel reactor aperture, radreQ 
 ;  and the 

input power from the fuel fed to the after-burner, ABFQ ,
 , (stream 8 in Figs. 2). All 

of these parameters are normalized by the maximum solar power input to the fuel 

reactor, 
max,,insQ . As shown, max,,, / insFRF QQ   varies in phase with max,,, / insabss QQ   

showing that the flow rate of CH4 through the fuel reactor is controlled in 

proportion to the net solar input. However, at the same time, the plant maintains 

an almost constant power output throughout the 24 hours day, with a slight 

increase in output with the solar resource. It can also be seen that the threshold of 

minimum solar flux occurs at t = 6:30 and 18:30 hours, while solar noon occurs at 

t = 12:30. The maximum values of  max,,, / insabss QQ   and max,,, / insFRF QQ   at solar noon 

are 95.0×10
-2

 and 62.9×10
-2

, respectively, while max,,/ insradre QQ 
  is constant at 

5.0×10
-2

 during the operation of solar reactor.  
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Fig. 3. The calculated normalized hourly average variations of the absorbed 

solar radiation in the fuel reactor, the heat loss through re-radiation from solar fuel 

reactor aperture, the input power of fuel into fuel reactor and after-burner, the net 

power produced by the hybrid combined cycle with and without after-burner and 

the power required for compression of CO2 to the maximum solar input to fuel 

reactor for the reference operating conditions given in Table 1 and the average 

solar insolation at Port Augusta, South Australia [38]. 

 

Fig. 3 also shows the calculated normalised net power generated by the hybrid 

combined cycle with the after-burner, max,,, / insABn QW  ; that generated without it, 

max,,/ insn QW  ; and the power required for the compression of CO2 produced in the 

fuel reactor, max,,, /
2 insCOc QW  , for geological sequestration. All of these parameters 

are normalised to the maximum solar heat input to the solar fuel reactor. It can be 
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seen that the after-burner increases the net power out by 62.0%. A 4.1% increase 

in the net power occurs during the solar day, so that the output is not quite 

constant through the 24 hours. These variations, as shown in Table 2, correspond 

to average and peak fractional power boosts (χboost,av, χboost,pk) of 4.2% and 10.6%, 

respectively. Similarly, χboost,av is 6.90% and χboost,pk is 16.8% for the cycle not 

employing the after-burner, also shown in Table 2. This indicates that the 

application of after-burner decreases the variations in the work produced by the 

cycle. 

Table 2 presents the total solar absorption efficiency, ηabs,tot; first law efficiency 

of the reference cycle, ηref; and the first law efficiencies of the cycles with and 

without the after-burner, η. As expected, ηabs,tot is constant for both cycles at 

92.5%. This is because the solar fuel reactor in both cycles operates at the same 

operating conditions and is independent from the air reactor. It can be seen that, 

ηref was estimated 57.9%. The efficiency of the hybrid cycles with and without the 

after-burner is calculated to be 7.9 and 13.9 percentage points lower than this 

respectively, although these values would reduce to 6.3 and 11.3 percentage 

points, respectively, where the CO2 to be emitted to the atmosphere as is the case 

for the reference cycle, thereby avoiding the energy required to compress the CO2. 

The other main causes for the lower efficiency of the hybrid cycles to that of 

reference cycle are the re-radiation heat losses through the solar fuel reactor 

aperture and the lower inlet gas turbine temperature for the cycle not employing 

the after-burner. 
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Table 2. Calculated first law efficiency of the reference cycle and the 

performance parameters for both the cycles with and without the after-burner 

using the operating condition given in Table 1 and the average solar insolation at 

Port Augusta, South Australia [38]. 
Parameter Cycle with after-burner Cycle without after-burner 

ηabs,tot (%) 92.5 92.5 

ηref (%) 57.9 57.9 

η (%) 50.0 44.0 

χboost,av (%) 4.2 6.9 

χboost,pk (%) 10.6 16.8 

χsol,tot (%) 41.4 60.0 

∆ηcon-sol,elec (%) 39.4 35.4 

pureCO ,2
  46.8 100.0 

2CO
  (kg/MJ) 0.0357 0.055 

ηex (%) 57.2 54.9 

 

Table 2 also shows the calculated solar share, χsol,tot; incremental concentrated 

solar to electrical efficiency, ∆ηcon-sol,elec; fraction of pressurised CO2, pureCO ,2
 ; 

incremental CO2 avoidance, 
2CO , and the exergy efficiency, ηex, for both cycles, 

with and without the after-burner. As expected, the increase in the cycle first law 

efficiency achieved by employing an after-burner comes with the cost of lowering 

χsol,tot and pureCO ,2
  by around 18.6 and 53.2 percentage points, respectively. 

Moreover, 
2CO decreases from 0.055kg/MJ without the integration of the after-

burner to 0.033 kg/MJ with it. Importantly, even though χsol,tot decreases with the 

utilization of the after-burner, ∆ηcon-sol,elec increases from 35.4% to 39.4% with it. 

This is attributed to the increase in the hybrid solar cycle first law efficiency. The 

calculations also show that using the after-burner increases the ηex by around 2.3 

percentage points. 

The incorporation of post combustion carbon capture to the reference cycle 

leads to a ~25% decrease in the cycle’s gross power output [45] and an overall 

first law efficiency of 43.0%. This first law efficiency is about the same as that of 



CHAPTER 5 

 

128 

 

the solar cycle without the after-burner. However, it is worth noting the value-

adding characteristics of the present hybrid solar CLC system relative to the 

carbon capture integrated reference, namely the high solar share enabled by the 

hybrid process and the potential solar thermal energy storage feature. 

  

4.1. Effect of air reactor operating pressure  

Fig. 4 shows the sensitivity of the calculated values of η, ηcon-sol,elec, χsol,tot , 

pureCO ,2
 and ηex to the variations in the operating pressure of the air reactor, PAR. 

As expected, η increases with an increase in PAR. For example, for PAR = 10 bar η 

is 48.9 % while it is 50.2 % for PAR = 20 bar. As a result, ∆ηcon-sol,elec also increases 

with PAR from 37.4% at PAR = 10 bar to 40.0% at PAR = 20 bar. As PAR is increased 

the outlet air temperature from the air compressor (stream 12 in Fig. 1) also 

increases. Consequently, more air is required within the air reactor to keep its 

temperature constant, which in turn requires more fuel in the after-burner. This 

explains why χsol,tot and pureCO ,2
 decrease with the increasing of PAR  from 42.0% 

and 48.0% at PAR = 10 bar, respectively, to 41.0% and 46.0% at PAR = 20 bar. 

However, since most of the air required in the air reactor is supplied through 

stream 5, which is at constant temperature, the variations are not very significant. 

Hence too, 
2CO

 remains relatively constant at 0.036 kg/MJ. It can also be seen 

that ηex is also slightly sensitive to PAR, increasing from 56.0 % at PAR = 10 bar to 

57.5 % at PAR = 20 bar. This is caused by the increased efficiency of a gas turbine 

with operating pressure.  
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Fig. 4. Sensitivity to variations in air reactor operating pressure of the first law 

efficiency, total solar share, incremental concentrated solar to electrical efficiency, 

exergy efficiency, fraction of pressurised CO2 , average and peak fractional power 

boost and the incremental CO2 avoidance for the cycle employing the after-burner 

using the reference conditions given in Table 1 and  the average solar insolation at 

Port Augusta, South Australia [38]. 

 

The sensitivity of the calculated χboost,av and χboost,pk to the variations in PAR are 

also shown in Fig. 4. Importantly, both χboost,av and  χboost,pk decrease slightly with 

an increase in PAR. For instance, doubling PAR from 10 bar to 20 bar decreases 

χboost,av and χboost,pk from 4.3% and 11.0%, respectively, to χboost,av = 4.1% and 

χboost,pk = 10.4%. This is because the power boost is derived from the waste heat 

generator from the fuel reactor, which is independent of the operation of the gas 
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turbine. Hence, increasing the pressure ratio across the gas turbine only increases 

the base-load component and not the boosted component.  

Fig. 5 shows the calculated sensitivity of η, χsol,tot, ∆ηcon-sol,elec, ηex to the 

variations in PAR for the cycle without the after-burner. Interestingly, η decreases 

marginally from 44.0% to 43.0% as PAR is increased from 10 bar to 20 bar. This is 

due to the increase in work required to pressurise the air, given that pressurised air 

is then cooled by the air heat ex-changer. As expected, χsol,tot is not sensitive to 

PAR. These trends explain why ∆ηcon-sol,elec decreases with an increase in PAR from 

36.0% at PAR = 10 bar to 34.0% at PAR = 20 bar. Hence too, the exergy efficiency 

of the cycle, ηex, also decreases by around 1.5 percentage points as PAR is 

increased from 10 bar to 20 bar. 

 

 

 

 

 



CHAPTER 5 

 

131 

 

 

Fig. 5. Sensitivity to variations in the air reactor operating pressure of the first 

law efficiency, total solar share, incremental concentrated solar to electrical 

efficiency, exergy efficiency, average and peak fractional power boost for the 

cycle without the after-burner using the reference conditions given in Table 1 and 

the average solar insolation at Port Augusta, South Australia [38]. 

 

The calculated sensitivities of χboost,av and χboost,pk to the variations in PAR for 

the cycle without the after-burner are also show in Fig. 5. Unlike the cycle with 

the after-burner, χboost,av and χboost,pk are calculated to increase from 6.8% and 

16.6%, respectively, to 7.0% and 17.0%. This occurs because the increase in the 

work required for compression of air with an increase in PAR is less than the 

corresponding increase in work produced by the gas turbine. 
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4.2. Effect of molar ratio of oxygen carrier particles to fuel  

Fig. 6 illustrates the calculated sensitivity of η, χsol,tot and ∆ηcon-sol,elec to the 

variations in the ratio of oxygen carrier particles to fuel, Ø, for the cycle 

employing the after-burner. It can be seen that χsol,tot increases by around 23.0 

percentage points as Ø is increased from 1.0 to 4.5. This is due to the increased 

thermal mass and hence sensible heat storage with Ø [2]. However, the cycle 

efficiency decreases with Ø which is attributed to the increase in the sensible 

storage fraction [2]. For example, for Ø = 1.00, η is 52.0%, while it is 48.5% for Ø 

= 4.50. However, since the increase in χsol,tot with Ø is more significant than the 

decrease in η with it, the ∆ηcon-sol,elec increases from 38.1% at Ø = 1.0 to 40.0% at 

Ø = 4.50. The calculations also predicted that the pureCO ,2
  decreases significantly 

with Ø by around 22.0% as Ø is increased from 1.0 to 4.5 which is also arisen 

from the increase in the fraction of sensible heat storage with Ø [2]. 
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Fig. 6. Sensitivity to molar ratio of the oxygen carrier particles to fuel of the 

first law efficiency, total solar share, incremental concentrated solar to electrical 

efficiency, exergy efficiency, fraction of pressurised CO2, average and peak 

fractional power boosts and the incremental CO2 avoidance for the cycle 

employing an after-burner using the reference conditions given in Table 1 and the 

average solar insolation at Port Augusta, South Australia [38]. 

 

The calculated sensitivity of χboost,av, χboost,pk, 
2CO

 and ηex to the variations in Ø 

for cycle with the after-burner is also shown in Fig. 6. As can be seen, χboost,av and 

χboost,pk are strongly sensitive to the variations in Ø. For instance, increasing Ø 

from 1.0 to 4.5 decreases the χboost,av and χboost,pk from 5.6% and 14.0%, 

respectively, to 3.1% and 8.0. This is due to the increase in the fraction of sensible 

heat storage with Ø [1]. The calculations also predict that 
2CO

 decreases by 

around 6.0% over the range of Ø considered. It is thus fairly insensitive to this 
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parameter. Finally, ηex increases with Ø, which is due to the decreasing of the 

fraction of chemical storage with increasing of Ø [2].  

Fig. 7 shows the predicted sensitivity of η, χsol,tot and ∆ηcon-sol,elec to the 

variations in Ø for the cycle without the after-burner. As can be seen, η decreases 

by around 3.7 percentage points over the considered range of Ø, which is due to 

the increase in the sensible storage fraction with Ø. Hence too, χsol,tot increases 

with Ø. For instance, an increase in Ø from 1.0 to 4.5, leads to an increase in χsol,tot 

from 42.6% to 71.7%, respectively. Importantly; as for the cycle employing an 

after-burner, ∆ηcon-sol,elec increases with Ø. However, the sensitivity of ∆ηcon-sol,elec 

to Ø is greater for the cycle that does not employ an after-burner than is cycle 

which does. For instance, increasing Ø from 1.0 to 4.5 increases ∆ηcon-sol,elec by 

around 16.6%, compared with 4.7% for the corresponding cycle with an after-

burner.  
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Fig. 7. Sensitivity to molar ratio of oxygen carrier particles to fuel of the first 

law efficiency, total solar share, incremental concentrated solar to electrical 

efficiency, exergy efficiency, average and peak fractional power boosts for the 

cycle without the after-burner using the reference conditions given in Table 1 and 

the average solar insolation at Port Augusta, South Australia [38]. 

 

The sensitivities of the calculated χboost,av, χboost,pk and ηex to the variations in 

Ø are also shown in Fig. 7.  As for the cycle with the after-burner, χboost,av, χboost,pk 

are found to decrease with an increase in Ø. This is attributed to the decrease in 

the flow rate of fuel with an increase in Ø [2]. Hence too, the exergy efficiency of 

the system is increased from 53.3% to 56.0% as Ø is increased from 1.0 to 4.5. 

 

 



CHAPTER 5 

 

136 

 

4.3.Effect of Reservoir R1 temperature 

Fig. 8 shows the sensitivity of χsol,tot, pureCO ,2
 , η and ∆ηcon-sol,elec to the 

variations in the temperature of the reservoir R1, 
1R

T , for the cycle with the after-

burner. As expected, χsol,tot is strongly sensitive to
1R

T and decreases from 41.4% at 

1R
T = 100 °C to 12.3% at 

1R
T = 750 °C as the inlet temperature of the OC particles 

to the fuel reactor approaches to its operating temperature [2]. However, the first 

law efficiency of the cycle, η, is increased slightly from 50.0% to 52.5% as 
1RT

increases from 100 °C to 750 °C. Together these effects explain why ∆ηcon-sol,elec 

decreases considerably from 39.4% at 
1RT = 100 °C to 16.7% at 

1RT = 750 °C with 

the same change in 
1RT . Interestingly, pureCO ,2

  is increased by around 30% over 

this range of 
1R

T . Moreover, χboost,av and χboost,pk also increase from 4.2% and 

10.6%  at 
1R

T = 100 °C to 8.1% and 19.4% at 
1RT = 750°C, respectively. These 

trends are attributed to the increase in the fraction of chemical stored energy in the 

OC particles with an increase in 
1RT [2].  
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Fig. 8. Sensitivity to reservoir R1 temperature of the first law efficiency, total 

solar share, incremental concentrated solar to electrical efficiency, exergy 

efficiency, fraction of pressurised CO2 , average and peak fractional power boost 

and the incremental CO2 avoidance for the cycle with an after-burner using the 

reference conditions given in Table 1 and the average solar insolation at Port 

Augusta, South Australia [38]. 

 

The sensitivity of the calculated 
2CO and ηex to the variations in 

1RT for the 

cycle with an after-burner is also shown in Fig. 8. Interestingly, 
2CO is insensitive 

to 
1RT  varying by only around 3.6% over the temperature range considered. 

Finally, it can be seen that the exergy efficiency of the system decreases from 

57.2% at 
1R

T = 100 °C to 53.2% at 
1R

T = 750 °C. This is caused by the increase in 

the fraction of chemical storage with 
1RT [2].  
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Fig. 9 shows the sensitivity of η, χsol,tot, ∆ηcon-sol,elec, ηex, χboost,av and χboost,pk to 

the variations in temperature of reservoir R1, 
1R

T , for the cycle without the after-

burner. As can be seen, all of the trends are fairly similar to those of cycle with 

the after-burner.  

 

 

Fig. 9. Sensitivity to reservoir R1 temperature of the first law efficiency, total 

solar share, incremental concentrated solar to electrical efficiency, exergy 

efficiency, average and peak fractional power boost for the cycle without the 

after-burner using the reference conditions given in Table 1 and the average solar 

insolation at Port Augusta, South Australia [38]. 

 

4.4. Effect of fuel reactor temperature 

Fig. 10 presents the sensitivity of the predicted ηabs,tot, η, χsol,tot, ∆ηcon-sol,elec and 

ηex to the variations in operating temperature of the solar fuel reactor, TFR, for the 
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cycle employing the after-burner. As excepted, ηabs,tot decreases with an increase 

in TFR from 97.0% at TFR = 550 °C to 85.5% at TFR = 950 °C. Simultaneously η is 

also decreased by around 1.5 percentage points. These changes are mostly due to 

the increase in the re-radiation heat losses through solar fuel reactor aperture with 

TFR. Importantly, even though ηabs,tot decreases with TFR, χsol,tot increases from 

36.6% at TFR = 550 °C to 44.8% at TFR = 950 °C. This is due to the increase in 

sensible heat storage within the OC particles [2]. The calculations also predict that 

the ∆ηcon-sol,elec increases slightly from 36.7% to 38.6% as TFR is increased from 

550 °C to 950 °C. This is attributed to the increase in the χsol,tot cycle efficiency 

with TFR. Finally, ηex is insensitive to TFR changing less than 1.0 percentage point 

over the considered range of TFR.  
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Fig. 10. Sensitivity to fuel reactor operating temperature of the solar absorption 

efficiency, first law efficiency, total solar share, incremental concentrated solar to 

electrical efficiency, exergy efficiency, fraction of pressurised CO2, average and 

peak fractional power boosts and the incremental CO2 avoidance for the cycle 

employing an after-burner using the reference conditions given in Table 1 and the 

average solar insolation at Port Augusta, South Australia [38]. 

 

The calculated sensitivity of the predicted pureCO ,2
 , 

2CO
 , χboost,av and χboost,pk to 

the variations in TFR for the cycle with an after-burner is also shown in Fig. 10. It 

can be seen that pureCO ,2
  decreases with an increase in TFR. For example, pureCO ,2

  

is 53.2% at TFR = 550 °C, while it is 41.6% at TFR = 950 °C. This is because of the 

increase in fraction of sensible heat storage in the OC particles with TFR [2]. 

Hence too, χboost,av and χboost,pk are also decreased slightly with the increasing of 
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TFR over the considered range. However, 
2CO

 is not sensitive to TFR, remaining 

relatively constant at 0.036 kg CO2/MJ. 

Fig. 11 depicts the calculated sensitivity of the predicted ηabs,tot, η, χsol,tot, ∆ηcon-

sol,elec, χboost,av, χboost,pk, ηex and 
2CO

 to variations in TFR for a cycle without the 

after-burner. As shown, the sensitivities are similar to those of cycle employing 

the after-burner. 

 

 

Fig. 11. Sensitivity to fuel reactor operating temperature of the solar absorption 

efficiency, first law efficiency, total solar share, incremental concentrated solar to 

electrical efficiency, exergy efficiency, average and peak fractional power boosts 

for the cycle without the after-burner using the reference conditions given in 

Table 1 and the average solar insolation at Port Augusta, South Australia [38]. 
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4.5.Effect of concentration ratio of the solar collector field 

Fig. 12 shows the calculated sensitivity of ηabs,tot, η and ∆ηcon-sol,elec to the 

variations in the concentration ratio of the solar collector field, CR, for the cycle 

with the after-burner. As expected, ηabs,tot, η and ∆ηcon-sol,elec increase with CR due 

to decrease in re-radiation heat loss through solar fuel reactor aperture. This 

sensitivity is greater at low values of CR than at high ones. For instance, an 

increase in CR from 500 to 1000 raises the ηabs,tot, η and ∆ηcon-sol,elec by around 

18.1%, 8.6% and 18.1%, respectively, in contrast to a 2.0%, 1.0% and 2.0% 

increase for the doubling of CR from 4000 to 8000 [2]. The sensitivity of the 

calculated χboost,av,  χboost,pk , 
2CO

 and ηex to the variations in CR are also depicted 

in Fig 6. As shown, χboost,pk decreases from 11.3% at CR = 500 to 10.4% at CR = 

8000 while χboost,av is generally insensitive to CR. Interestingly, other parameters 

are not sensitive to CR. It is also worth noting that the operation duration time of 

the solar fuel reactor also depends on the CR [2]. 
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Fig. 12. Sensitivity to variations in to solar collector field concentration ratio of 

the solar absorption efficiency, first law efficiency, total solar share, incremental 

concentrated solar to electrical efficiency, exergy efficiency, fraction of 

pressurised CO2, average and peak fractional power boost and the incremental 

CO2 avoidance for the cycle employing an after-burner using the reference 

conditions given in Table 1 and the average solar insolation at Port Augusta, 

South Australia [38]. 

 

Fig. 13 presents the calculated sensitivity to the variations in CR of ηabs,tot, η, 

∆ηcon-sol,elec, χsol,tot, χboostav,  χboost,pk, and ηex for the cycle without the after-burner. As 

shown, the sensitivities are relatively similar to those of cycle employing the 

after-burner. However, here η is more sensitive to CR. For instance, η increases by 

around 21.2% as CR is increased from 500 to 8000, while this is around 14.5% for 

the cycle not employing the after-burner. It is worth noting that the total energy 
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that can be extracted from the solar radiation in both cycles is not independent 

from this ratio, due both to the differing thresholds of minimum solar flux and to 

the differing absorption efficiency of the solar fuel reactor [2].  

  

 

Fig. 13. Sensitivity to variations in to solar collector field concentration ratio of 

the solar absorption efficiency, first law efficiency, total solar share, incremental 

concentrated solar to electrical efficiency, exergy efficiency, average and peak 

fractional power boost for the cycle without the after-burner using the reference 

conditions given in Table 1 and the average solar insolation at Port Augusta, 

South Australia [38]. 
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4.6.  Effect of after-burner operating temperature  

Fig. 14 shows the calculated sensitivity to the variations in after-burner 

temperature, TAB, of χsol,tot, pureCO ,2
 , η, ∆CO2, ∆ηcon-sol,elec, χboost,av and χboost,pk. Here 

the case of an after-burner temperature of 950 °C means that the cycle operates 

without it. As expected, an increase in TAB, also increases η, while χsol,tot, pureCO ,2
  

and 
2CO

 all decrease, but with varying sensitivities to TAB. The calculations 

predict that η is less sensitive to TAB than are χsol,tot, pureCO ,2
  and 

2CO
 . For 

example, as TAB is increased from 950 °C to 1700 °C,  η increases by around 

23.0%, while χsol,tot , pureCO ,2
  and 

2CO
 decrease by approximately 55.0%, 75% 

and 57%, respectively. Furthermore, the sensitivities of χsol,tot, pureCO ,2
  and 

2CO
  

are greater at low values of TAB than at high ones. For instance, an increase in TAB 

from 950 °C to 1000 °C decreases χsol,tot, 
2CO

 , pureCO ,2
 by around 7.0% , 8.0 % 

and 15.0%, respectively, in contrast to 4.0%, 3.7% and 6.0% for an increase in TAB 

from 1650 to 1700 °C. The drop in χsol,tot, pureCO ,2
  and 

2CO
 is only caused by the 

increase in fuel required in the after-burner with TAB, while the increase in η with 

TAB is due to both the increase in temperature and mass flow rate of inlet gas into 

the gas turbine. Significantly, ∆ηcon-sol,elec also increase with TAB. For example, an 

increase in TAB from 950 °C to 1700 °C leads to around 32.0% raise in ∆ηcon-sol,elec. 

This is attributed to the increase in η with TAB, as discussed above.  

 

 



CHAPTER 5 

 

146 

 

 

Fig. 14. Sensitivity of the first law efficiency, total solar share, incremental 

concentrated solar to electrical efficiency, exergy efficiency, fraction of 

pressurised CO2 , average and peak fractional power boost and the incremental 

CO2 avoidance to the operating temperature of the after-burner for the reference 

conditions given in Table 1 and the average solar insolation at Port Augusta, 

South Australia [38]. 

 

The sensitivities of the calculated χboost,av, χboost,pk and ηex to the variations in TAB 

are also shown in Fig. 14. As shown, both χboost,av and χboost,pk decrease with TAB 

from 6.80% and 16.70%, respectively, at TAB = 950 °C to χboost,av = 2.50% and 

χboost,pk = 6.50% at TAB = 1700 °C. As mentioned above, this is because the power 

generated by the capture of waste heat from the fuel reactor is independent from 

the operating temperature of the after-burner, while the power generated by the 

gas turbine and AR-Steam turbines increase with an increase in TAB. Finally, it can 
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be seen that ηex is only weakly sensitive to TAB and increases from 55.0% to 58.7% 

as TAB is increased from 950 °C to 1700 °C.  
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5. Conclusions 

The proposed hybrid combined cycle without any supplementary heating from 

the after-burner is estimated to achieve a solar share of 60.0% and a first law 

efficiency of 44.0%, producing a pressurised and industrially pressurised CO2 

ready for reuse or storage. The incorporation of the after-burner into the cycle is 

found to increase the first law and the incremental concentrated solar to electrical 

efficiencies from 44.0% and 35.4%, respectively, to 50.0% and 39.8%, but at the 

dual cost of a significantly reduced solar share of 41.4% and fraction of 

pressurised CO2 of 46.8%. Moreover, the incremental CO2 avoidance is found to 

decrease by 35.0% with the addition of an after-burner to the cycle. The 

calculations also demonstrate that the exergy efficiency of the cycle increases 

from 54.9% to 57.2% with the introduction of the after-burner. The sensitivity 

analysis found that: 

 Increasing the operating pressure of the air reactor from 10 to 20 bar 

leads to an expected increase in the first law and incremental 

concentrated solar to electrical efficiency of 2.6% and 6.9%, 

respectively, for the cycle employing the after-burner. However, this is 

accompanied by a corresponding 2.2% decrease in the solar share. 

Importantly, the solar share of the cycle without the after-burner is 

insensitive to the operating pressure of the air reactor, while the first 

law and incremental concentrated solar to electrical efficiencies 

decrease by around 2.8% and 5.5% over the considered pressure range. 

 An increase in the molar ratio of oxygen carrier particle to the fuel 

increases the solar share in both cycles. However, the increase in solar 
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share of the cycle employing the after-burner is around 16.0% more 

than that of the cycle without it.  

 The first law efficiency of the both cycles decreases with an increase in 

operating temperature of the fuel reactor. However, the incremental 

concentrated solar to electrical efficiency of both cycles increases with 

it. Moreover, in both cycles the average and peak fractional power 

boosts decrease with the operating temperature of the fuel reactor.   

 For both cycles; the exergy efficiency, fraction of pressurised CO2, 

solar share, average fractional power boosts and the incremental CO2 

avoidance are insensitive to mean flux concentration ratio of the solar 

collector field. However, the total absorption efficiency of the solar fuel 

reactor, first law efficiency and the incremental concentrated solar to 

electrical efficiency for both cycles, increase with it. Moreover, the 

peak fractional boost decreases with the increasing of mean flux 

concentration ratio. 

 Increasing the operating temperature of the after-burner from 950 °C to 

1700 °C causes an increase in the first law efficiency and the 

incremental concentrated solar to electrical efficiency of the hybrid 

solar cycle by around 23.0% and 27.0%, respectively. However, this is 

achieved at a considerable decrease of 54.0% in the solar share. 

Importantly, the exergy efficiency is quite insensitive to the gas turbine 

inlet temperature.  
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Nomenclature 

Acoll  solar collector area (m
2
) 

CR  mean flux concentration  

                       ratio 

DNI  direct normal insolation 

                       (W/m
2
) 

Exi  molar exergy of fuel stream  

   (kJ/mol) 

fuelelecE ,
         fuel consumed by the hybrid 

                      Cycle (W) 

hybridelecE ,
      power produced by the 

                       hybrid cycle  (W) 

 

4CHLHV  molar lower heating value of 

                       CH4 (kJ/mol) 

 ̇   molar flow rate i’th  

                       (mol/min) 

collQ   incoming power from solar 

  collector field (kW) 

radreQ ,
  re-radiated thermal power 

                       (W) 

insQ
,

                input solar thermal power  

                       (W) 

abssQ ,
  absorbed solar thermal 

                       power (W) 

max,,insQ  maximum input solar  

                        Thermal power (W)  

TFR  fuel reactor temperature (K) 

Ti  temperature of stream i’th 

                       (K) 

STARW
,

  power generated by air 

                       reactor steam turbine (W) 

aircW
,

  power required for air 

                       compression (W) 

STFRW
,

  power generated by fuel 

                       reactor steam turbine (W) 

GTW   power generated by gas 

                       turbine (W) 

IpumpW  power consumed by pump I 

  (W) 

IIpumpW  power consumed by pump II 

  (W) 

 

 

Greek letters 

αeff  effective absorptance 

2CO  incremental CO2 avoidance  

∆Hi  total stream enthalpy change 

(kJ/mol) 

elecsolcon , incremental concentrated solar  

  Electrical efficiency 

εeff  effective absorptance 

η  first law efficiency 

ηabs,tot absorption efficiency 

 

coll    average collector system 

                       optical efficiency 

σ  Stephan-Boltzmann constant     

(W/m
2
k

-4
) 

Ø  Molar ratio of oxygen carrier 

particles to fuel 

χboost,av average fractional power boost 

χboost,pk peak fractional power boost 

χloss,rad total fraction of solar input 

                       energy reradiated 

χsol,tot  thermal solar share  

pureCO ,2
  pressurised CO2 fraction 

emitCO ,2
  fraction of CO2 emitted to 

                       atmosphere 

χsol,st  solar fraction stored 

 

Subscripts 

abs  absorption 

ap,open solar fuel reactor aperture open 

ap,close solar fuel reactor aperture close 

AB  after-burner 

AR  air reactor 

coll  collector 

F  fuelr 

FR  fuel reactor 

GT  gas turbine 

GTCC gas turbine combined cycle 

G  generator 

in  input 

oc  oxygen carrier 

out  output 
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8.1.Conclusions 

It can be concluded that the chemical and sensible storage systems that are an 

integral component of CLC, are well suited to hybridising with solar thermal 

power systems (as explained in Chapter 2, section of 2.4.1.). The primary 

contribution of the thesis is the feasibility study of a Hybrid Solar Chemical 

Looping Combustion (Hy-Sol-CLC) process with an estimated high solar share of 

~60%, in which the oxygen carrier (OC) particles in a CLC system are employed 

to provide thermal energy storage for concentrated solar thermal energy. The 

process seeks to take advantage of the key features of the CLC systems, which are 

the inherent potential for sensible and chemical energy storage, the potential to 

operate the fuel reactor at a different pressure to the heated gas stream and the 

higher temperature of the product gas in the air reactor than that of the solar fuel 

reactor. By this approach, the re-radiation heat losses from the solar receiver are 

also reduced relative to a system without chemical storage, because the 

temperature of the solar receiver is below the maximum temperature of the power 

cycle. The second major contribution of the thesis is the development of the 

fundamental understanding required for the design and operation of the direct 

heated solar fuel reactor of the proposed Hy-Sol-CLC. The thesis also identifies 

the parameters that should be considered in the selection of the appropriate fuels 

and oxygen carriers for the system. The following sections outline the specific 

conclusions drawn from the various parts of the study. 
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8.1.1. How the proposed Hy-Sol-CLC system is novel 

Two different configurations of the Hy-Sol-CLC were proposed and 

investigated for the application in power generation cycles for steady base-load 

power generation. In the first proposed system (shown in Figure 1, Chapter 3) the 

fuel reactor of a conventional CLC system was replaced with a cavity solar 

reactor to harness the concentrated solar thermal energy efficiently. Three 

reservoirs were also added to a conventional CLC system to allow storage of the 

OC particles. In this process, regardless of the intensity of the input concentrated 

solar thermal energy, the flow rates of fuel and OC particle are assumed to be 

constant during the system operation. Simulation of the proposed Hy-Sol-CLC 

system was performed by Aspen Plus software and the model was validated using 

available data in the literature. The analysis shows that the operating temperature 

of the solar fuel reactor strongly depends on the intensity of the input concentrated 

solar thermal energy which can lead to sintering or deactivation of the OC 

particles, while the operating temperature of the air reactor remains constant 

(Figure 2 Chapter 3). It was also shown that the variable temperature of the solar 

fuel reactor results in increasing of the re-radiation heat losses especially at solar 

noon (Figure 3 Chapter 3). Furthermore, it was estimated that the process is 

limited to a total solar share of 6.5%, while averaged over 24 hours. 

To overcome these restrictions another Hy-Sol-CLC system (Figure 1 of 

Chapter 4) was proposed. In this hybrid CLC system, two reservoirs were added 

between the air and fuel reactors of a conventional CLC system for the storage of 

the OC particles. An air-particle heat exchanger was also proposed to provide 

independent control of the temperatures of the storage reservoirs from those of air 
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reactors and the solar fuel reactor. In this system the operating temperature of the 

solar fuel reactor is kept constant by varying the flow rates of fuel and OC 

particles in response to variation in the incoming concentrated solar thermal 

energy. The calculations show that in this cycle, despite the variations in the input 

solar thermal energy, a constant operating temperature of the air reactor can be 

achieved. In addition, the solar share achieved in this cycle is ~ 60%, averaged 

over the 24-hour day, which was more than any proposed hybrid solar GTCC in 

the state-of-the-art when the research was started. The calculations also 

demonstrates that due to the lower temperature of solar fuel reactor in this cycle, 

the re-radiation heat loss from the solar cavity fuel reactor in this cycle is lower 

than that of the first one. In summary, the main advantages of the proposed Hy-

Sol-CLC concept are: 

 combining the benefits of CST and CLC systems in a unit hybrid 

system; 

 achieving a high level of infrastructure sharing between the solar and 

combustion plant; 

 utilising the CLC components for chemical and sensible thermal 

energy storage with high energy density and high exergy efficiency; 

 potential to achieve cost effective power generation relative to 

conventional CLC and the present CST power systems. 

 lower CO2 production compared to a conventional CLC system; 

 capacity to achieve continuous, despatachable power. 



CHAPTER 8 
 

187 
 

Since a high solar share and a better control of temperature of the OC particle 

were achieved with the second cycle compared with the first one, it was selected 

for further investigations in the next Chapters. 

 

8.1.2. Hy-Sol-CLC power cycle efficiency 

The thermal efficiency of the selected Hy-Sol-CLC system (explained in 

Chapter 4) as the hot gas generator in two hybrid GTCC configurations (Figure 1, 

Chapter 5) was assessed. In one case, the outlet from the air reactor is fed directly 

to a gas turbine, while in the other an after-burner, firing the natural gas, is added 

to increase the gas turbine inlet temperature. The calculations predict a first law 

efficiency of 44% for the cycle without the after-burner compared to a first law 

efficiency of 50% for the cycle using the after-burner. However, this higher 

thermal efficiency is achieved at the cost of decreasing the solar share from 60%, 

without the after-burner, to 41.4% with it. The calculations also demonstrated that 

the exergy efficiency of the cycle increases from 54.9% to 57.2% with the 

utilization of the after-burner (Table 2, Chapter 5). It is worth noting that the 

efficiency of the solar collector field has been considered in these calculations. It 

was also shown that incremental concentrated solar to electrical efficiency of this 

Hy-Sol-CLC GTCC is 39.4% with the after-burner and 35.4% without it. It is 

worth noting that, to the best of our knowledge, the incremental concentrated solar 

to electrical efficiencies achieved by this Hy-Sol-CLC system are also higher than 

any proposed hybrid system in the state-of-the-art.    
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8.1.3. Appropriate oxygen carriers for Hy-Sol-CLC 

 To identify the energetic performance of various combinations of fuel and 

oxygen carriers in the second Hy-Sol-CLC system (explained in Chapter 4), a 

thermal analysis of this system was also performed (Chapter 6). Three fuels 

namely hydrogen, carbon monoxide (as the main components of syngas) and a 

sample of natural gas from Mooba-Sydney and Adelaide in combination with the 

oxides of five metals namely Co, Cu, Fe, Mn and Ni, were assessed. The 

calculations showed that none of these materials allow any considerable chemical 

storage of solar energy for the oxidation of syngas. However, the pairs of 

CoO/Co, NiO/Ni and Fe2O3/Fe3O4 are potentially suitable for use in a Hy-Sol-

CLC system working with natural gas. On balance, NiO/Ni pair is likely to offer 

the best performance for the Hy-Sol-CLC systems fed with natural gas even 

though a higher solar share can be achieved with the pair of Fe2O3/Fe3O4. 

 The energy densities of the oxidation reactions of a sample of natural gas from 

Mooba-Sydney and Adelaide with the oxides of Co, Cu, Fe, Mn and Ni as well as 

the volumetric heat capacities of these oxides and NiAl2O4, Al2O3, SiO2, TiO2 and 

ZrO2, as inert materials, were also calculated. These calculations demonstrated 

that more thermal energy can be stored in the unit volume of these materials as 

chemical and/or sensible heat than those of some proposed reactions for chemical 

and material for sensible heat storage in the literature. 
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8.1.4. Appropriate solar fuel reactor for Hy-Sol-CLC 

The solar fuel reactor for the proposed Hy-Sol-CLC system is the only 

component that is significantly different from the fuel reactor of the conventional 

CLC systems. It can be either heated directly or indirectly by concentrated solar 

thermal energy and, advantageously, is not limited to any single heating method. 

In the present analysis the direct heating method, using a cavity solar fuel reactor, 

was selected due to its high thermal efficiency relative to the indirect heating 

method. The specific solar cavity reactor for this Hy-Sol-CLC system has not yet 

been developed, therefore a uniform temperature within the cavity solar reactor 

was assumed for the process analysis. To provide the fundamental knowledge for 

the solar cavity fuel reactor, a dynamic model of an oxygen carrier exposed to 

high intensity solar heat flux was also developed (Chapter 7). The un-steady state 

model incorporated the conservation equations of mass and energy to calculate the 

variations in particle temperature during the conversion. The model was validated 

against the available numerical and experimental data available in literature (both 

Figure 2 a-c and Figure 3 of Chapter 7). The numerical results show that exposing 

the particles to high intensity solar radiation increases the particle temperature and 

decreases the conversion time (Figure 4 Chapter 7), relative to an OC particle 

within the fuel reactor of a conventional CLC system. The calculations also show 

that, despite the high temperature of the particle surface, convection is the 

dominant mechanism of particle cooling (Figure 5 of Chapter 7). This indicates 

that reactor designs with relatively high values of Nu and Sh numbers are likely to 

best limit damage to the particles due to the high solar heat flux. Therefore, none 

of the developed solar cavity reactors so far are the most efficient option for the 
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proposed Hy-Sol-CLC system and new reactor designs are required which enables 

a high convective heat transfer on the OC particle surface.  

 

8.2. Recommendations for future works 

8.2.1. Solar fuel reactor 

The solar fuel reactor is the main component of the Hy-Sol-CLC concept that 

differs from conventional CLC systems. Hence, further research is required on the 

design and operation of efficient solar fuel reactors. Comprehensive experimental 

studies are needed to determine the effect of high radiation heat flux on both the 

thermo-physical properties of the OC particles and the gas solid reactions. The 

outcomes of these investigations will provide the fundamental knowledge 

required for the detail simulation, optimised design and operation of the pilot and 

finally commercial scale solar fuel reactors.  

 

8.2.2. Assessment of the potential benefit and/or applicability of other fuels 

and particles 

While the combination of Ni-based OC particles with natural gas has been 

selected from a thorough investigation of alternative options, other alternatives 

remain to be explored, especially the mixed oxygen carriers, metal oxides with 

perovskite structures and natural ores. To meet this aim the operation of the Hy-

Sol-CLC system with other fuels such as heavy oil and coke are also needed to be 

investigated. 
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8.2.3. Assessment of the hybrid chemical looping combustion configurations 

and applicability to other chemical looping processes 

The potential benefits of adapting the Hy-Sol-CLC concept to other chemical 

looping processes, such as Chemical Looping Reforming (CLR) of carbonaceous 

fuels, remain to be evaluated. For example, Ströhle et al., [1] have reported a 

novel CLC process in which solid carbonaceous particles are directly reacted with 

the OC particle in a fluidised bed and then separated with a two-stage cyclone. 

This process has now been demonstrated at a scale of 1MW and shown to have 

significant potential, even though the conversion efficiency of the ileminite OC 

particle was only around 60%. Importantly, the reaction with the ileminite OC 

particle is endothermic, so that it could be adapted for the chemical storage of 

solar energy. Therefore, there is a need for ongoing process analysis to continue to 

explore further opportunities for the Hybrid Solar Chemical Looping (Hy-Sol-CL) 

concept. 
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