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Abstract 

Nuclear and solar power, in the form of concentrated solar power (CSP), play a significant role 

in achieving the ambitious global targets of reducing greenhouse emissions and guaranteeing 

security of energy supply. However, both power generation technologies still require further 

development to realise their full potential, especially in terms of attaining economic load 

following operations and higher thermal efficiencies. Therefore, the aim of this research is to 

investigate and thermo-economically evaluate the available options of upgrading the flexibility 

and enhancing the thermal efficiency of nuclear and solar power generation technologies 

(i.e., through the integration with thermal energy storage (TES) and by hybridising both power 

generation technologies) while providing reasonable economic returns. 

The thesis starts with describing the development and validation of several thermodynamic and 

economic computational models and the formulation of the whole-energy system model. The 

formulated models are utilised to perform several thermo-economic studies in the field of flexible 

nuclear and solar power, and to quantify the economic benefits that could result from enhancing the 

flexibility of nuclear power plants from the whole-energy system perspective. The studies 

conducted in this research are: (i) a thermo-economic assessment of extending the conventional 

TES system in direct steam generation (DSG) CSP plants; (ii) a thermo-economic evaluation of 

upgrading the flexibility of nuclear power plants by the integration with TES and secondary power 

generation systems; (iii) an investigation of the role of added flexibility in future low-carbon 

electricity systems; and (iv) a design and operation analysis of a hybrid nuclear-solar power plant.  

The most common TES option in DSC CSP plants is steam accumulation. This conventional 

option is constrained by temperature and pressure limits, leading to lower efficiency operations 

during TES discharging mode. Therefore, the option of integrating steam accumulators with 

sensible-heat storage in concrete to provide higher-temperature superheated steam is thermo-

economically investigated in this research, taking an operational DSG CSP plant as a case study. 

The results show that the integrated concrete-steam TES (extended) option delivers 58% more 

electricity with a 13% enhancement in thermal efficiency during TES discharging mode, 

compared to the conventional steam accumulation (existing) configuration. With an estimated 

additional investment of $4.2M, the projected levelised cost of electricity (LCOE) and the net 
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present value (NPV) for the considered DSG CSP plant with the extended TES option are 

respectively 6% lower and 73% higher than those of the existing TES option. 

The option of upgrading the flexibility of nuclear power plants through the integration with 

TES and secondary power generation systems is investigated for two conventional nuclear 

reactors, a 670-MWel advanced gas-cooled reactor (AGR) and a 1610-MWel European 

pressurised reactor (EPR). In both investigated case studies, the reactors are assumed to 

continuously operate at full rated thermal power, while load following operations are conducted 

through the integrated TES tanks and secondary power generators. Based on the designed TES 

and secondary power generation systems, the AGR-based configuration can modulate the 

power output between 406 MWel and 822 MWel, while the EPR-based configuration can 

operate flexibly between 806 MWel and 2130 MWel. The economic analysis results demonstrate 

that the economics of added flexibility are highly dependent on: (i) the size of the TES and the 

secondary power generation systems; (ii) the number of TES charge/discharge cycles per day; 

and (iii) the ratio and difference between off-peak and peak electricity prices. 

Replacing conventional EPR-based nuclear power plants with added flexibility ones is found to 

generate whole-system cost savings between $30.4M/yr and $111M/yr. At an estimated cost of 

added flexibility of $53.4M/yr, the proposed flexibility upgrades appear to be economically justified 

with net system economic benefits ranging from $5.0M/yr and $39.5M/yr for the examined low-

carbon scenarios, provided that the number of flexible nuclear plants in the system is small. 

The concept of hybridising a small modular reactor (SMR) with a solar-tower CSP integrated 

with two-tank molten salt TES system, with the aim of achieving economically enhanced load 

following operations and higher thermal efficiency levels, is also thermo-economically 

investigated in this research. The integration of both technologies is achieved by adding a solar-

powered superheater and a reheater to a standalone SMR. The obtained results demonstrate that 

hybridising nuclear and solar can offer a great amount of flexibility (i.e., between 50% and 100% 

of nominal load of 131 MWel) with the SMR continuously operated at full rated thermal power 

output. Furthermore, the designed hybrid power plant is able to operate at higher temperatures 

due to the addition of the solar superheater, resulting in a 15% increase of thermal efficiency 

compared to nuclear-only power plant. Moreover, the calculated specific investment cost and 

the LCOE of the designed hybrid power plant are respectively 5410 $/kWel and 77 $/MWhel, 

which are 2% and 4% lower than those calculated for the nuclear-only power plant.  
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𝐹  factor (-) �̇�  heat power (W) 

𝑔  acceleration of gravity (m/s2)  𝑟  discount rate (%) 

𝐺  mass flux (kg/m2 s) 𝑅  radius (m) 

ℎ  specific enthalpy (J/kg) 𝑅𝑒  Reynolds number (-) 

𝐻  enthalpy (J) / height (m) 𝑠  specific entropy (J/kg K) 

�̇�  rate of enthalpy (W) 𝑆  entropy (J/K) 

𝑖  number of items (-) �̇�  rate of entropy (W/K) 

𝐼  cost index (-) / revenues (currency) 𝑆𝐼𝐶  specific investment cost (currency/W) 

𝐼𝑅𝑅  internal rate of return (%) 𝑡  time (s) 

𝑗  spatial node (-) 𝑇  temperature (°C) 

𝐽  dimensionless velocity (-) 𝑢  specific internal energy (J/kg) 

𝑘  thermal conductivity (W/m K) 𝑈  unit price (currency) 

𝐾  correction factor (-) 𝑣  velocity (m/s) 

𝐾e0  efficiency parameter (-) 𝑉  volume (m3) 

𝐾v0  velocity parameter (-)  �̇�  volumetric flowrate (m3/s) 

𝐿  length (m) 𝑊  work (J) / width (m)  

𝐿𝐶𝑂𝐸  levelised cost of electricity (currency/Wh) �̇�  power (W) 

𝐿𝐶𝑂𝑆  levelised cost of storage (currency/Wh) 𝑊𝐹𝑅  water filling ratio (-) 

𝑚  mass (kg) 𝑥  quality (-) 

�̇�  mass flowrate (kg/s) �̇�  local dryness factor (-) 

𝑛  time step (-) / lifetime (years) 𝑧  axial length (m) 

𝑁  number of units (-) 𝑍  Shah’s correlation parameter (-)  

Greek symbols 

𝛼  heat transfer coefficient (W/m2 K) 𝛬  Nusselt film height (m) 

𝛽  boundary constant (-) 𝜇  dynamic viscosity (kg/m s) 

𝛾  boundary constant (-) 𝜈  specific volume (m3/kg) 

∆  change between two values (-) 𝜉  absorptivity (-) 

휀  error (-) 𝜌  density (kg/m3)  

𝜖  emissivity (-) 𝜎  Stefan-Boltzmann constant (W/m2 K4) 

𝜂  efficiency (-) 𝜏  total time (s)/ shear stress (N/m2) 

𝜃  approach angle (rad) / temperature (°C)  𝜑  flow coefficient (m2) 

𝜆  turbine positive constant (-) 𝜔  shaft rotational speed (rad/s) 



xxxv 

 

Subscript/superscript 

1 to 40 number of flow stream gen generator 

′  saturated liquid h hydraulic 

′′  saturated vapour hel heliostat 

a ambient HFWH high-pressure feedwater heater 

A analysis/present year HL hot leg (stream) 

ava availability HNS hybrid nuclear solar 

axial axial HPT high-pressure turbine  

b blade / base HT hot tank 

B base year HTF teat transfer fluid 

BM bare module HX heat exchanger 

c calculated / capital i inner 

C concrete mixture I&C instruments and control 

CB concrete block IHX internal heat exchanger  

CFWH closed feed water heater in inlet 

Ch charging Ins insulation 

CiP circulation pump irr irradiance  

CL  cold leg (stream) is isentropic 

cond condenser L liquid 

conv convection La laminar 

CP condensate pump LFWH low-pressure feedwater heater 

crit critical LM logarithmic mean 

CT cooling tower / cold tank Lo all liquid 

Cyc power generation cycle loss loss 

d dead-state LPT low-pressure turbine 

D design m melting 

day day M material 

Dch discharging max maximum 

DE deaerator  min minimum 

e effective MS molten salt 

E electrical net net 

EMS energy management system NO nuclear only 

evp evaporator nom nominal 

exp experimental NR nuclear reactor 

f fluid Nu Nusselt 

F foundation / fixed / film num numerical 

FN flexible nuclear o outer 

FP feedwater pump O&M operation and maintenance 

fuel fuel OD off-design 

fus fusion ORC organic Rankine cycle  

gb gear box out outlet 
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p provided from data / purchase SG steam generator 

P pressure / pump Sh Shah 

P&S platform and steel SH superheater 

P&V piping and valves SM solar multiple 

P1 Part 1 SP single phase 

P2 Part 2 spr superheater 

P3 Part 3 SSRC secondary steam Rankine cycle 

P4 Part 4 ST solar tower 

PC phase change T turbine 

PGB power generation block TES thermal energy storage 

Ph film free-surface  tm tube material 

PL platform and ladders / part load total total 

PP power plant tow tower 

pp pinch point TP two-phase / turbo-pump / turbine part 

PSRC primary steam Rankine cycle TS turbine stage 

PV pressure vessel  TT thermal tank  

r rough TT-1 Thermal Tank 1 

R reduced  TT-2 Thermal Tank 2 

rad radiation TT-3 Thermal Tank 3 

radial radial Tu turbulent 

rec receiver  tubes tubes 

RH reheater TV throttling valve 

RMS root mean square Ü  superheated  

s solid / surface V vapour / variable 

SA steam accumulator vap vaporisation 

sat saturation view view 

SE turbine side extraction w wall 

SF solar field wf working fluid 

N.B.: Other symbols are defined in the text where they are first used. Where appropriate, lower-

case symbols refer to specific quantities and upper-case symbols to extensive quantities. 
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Chapter 1   

Introduction 

1.1. Context and motivation 

Providing sustainable, affordable, and clean energy for the increasing global energy demand is a 

challenge that requires an intensive international community collaboration. The governmental 

climate efforts have expanded dramatically since the 2015 Paris Agreement on climate change and 

many countries have already selected pathways to shifting from fossil fuel-based energy sources to 

rely more on carbon free sources, such as renewables and nuclear energy [1]. For example, the UK 

has initiated the Climate Change Act with the aim of reducing greenhouse gas emissions by 100% 

compared to 1990 levels by 2050 [2,3]. Figure 1.1 shows the total electricity generated in the UK 

by source from 1990 to 2021 [4]. The chart clearly indicates that renewables have been replacing 

fossil fuel sources, especially coal, in the last 10 years in order to meet the target of net-zero 

greenhouse emissions set by the UK government. However, there is a need to make significant 

efforts to meet this target, as more than 40% of total generated electricity in 2021 were generated 

using fossil-fuel based energy sources. Moreover, the nuclear share is almost constant during the 

last 20 years, indicating that nuclear is still significant in securing low-carbon electricity. 

 

Figure 1.1. Electricity generation by source in the UK (from 1990 to 2021) [4]. 
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Nuclear power is considered a carbon-free source of energy which is widely utilised around the 

world. Nuclear power plants (NPP) are commonly operated to meet the baseload demand of 

electricity due to their high reliability, high capital costs, and relatively low variable costs. Although 

nuclear power is an attractive option for the decarbonisation process, it is still not highly favoured 

by some governments due to challenges including high capital costs, long construction times, 

relatively low thermal efficiencies as well as limited and uneconomic load following operations [5].  

Nevertheless, the global interest in nuclear power has recently increased due to international 

actions, which confirms the importance of energy security without the reliance on other countries. 

Nuclear power can play an important role for ensuring energy security in electricity systems with 

high shares of variable renewable sources. Its importance has come into focus in light of the recent 

Ukraine-Russia conflict, with several European countries recognising the need to secure domestic 

energy production with reduced dependence on energy imports. For example, France, which 

relies heavily on nuclear power that provides 70% of its electricity, announced in early 2022 plans 

to construct six new nuclear reactors [6]. France also considers building a further eight reactors 

in the future to secure its energy supply and reduce reliance on other countries [6]. Security of 

supply represents one of the main reasons why the UK is also considering future investments in 

nuclear power [7], in addition to the need to achieve the target of net-zero greenhouse gas 

emissions by 2050. Future UK government investment plans envisage expanding current nuclear 

capacity by four times in 2050, from 6 GWel to 24 GWel [8]. 

To tackle challenges such as high capital cost and long construction times of current nuclear 

reactors, the nuclear industry is shifting towards designing small modular reactors (SMRs), 

which are smaller, simpler, standardised, and safer type of nuclear reactors. Through the 

standardisation and modularisation concept, SMRs are expected to offer better upfront capital 

cost affordability and shorter construction times, compared to the conventional NPPs [9]. Most 

NPPs, especially light water reactors (LWRs) have thermal efficiencies ranging between 30% 

and 36%, which are relatively low compared to the other conventional power plants. For 

example, coal and oil power plants have thermal efficiencies up to 46%. Furthermore, combined 

cycle gas turbines have the highest thermal efficiency which can reach a level of more than 

56% [10]. The relatively low cycle efficiency levels in LWRs are because of the operation 

temperature constraint, usually below 350 °C, due to the need of having liquid water in the 

reactor core for cooling purposes. Thus, achieving higher thermal efficiency levels, above 36%, 
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is a challenge in LWRs, but it can be tackled, to some degree, through the integration with other 

higher temperature heat sources such as biomass and solar power [10–12].  

NPPs with load following capabilities are currently desired, especially with the increasing 

penetration of renewables in the electricity grids. Although new NPPs, including SMRs, are 

designed with better power variation capabilities, it is still more economical to operate nuclear 

units at full rated thermal power due to their low variable costs and higher profits from electricity 

sales, thus, quicker return of initial investments. Flexible and economical operation of NPPs can 

be achieved through the integration with thermal energy storage (TES) systems as proposed and 

investigated by several studies [13–18]. These studies suggest storing heat during off-peak 

demand periods and then discharging the stored heat either to the primary or the secondary power 

generation cycle systems during peak demand periods, which is usually accompanied by high 

electricity prices. Another option of achieving a more flexible power output is hybridising 

nuclear with other thermal power sources (i.e., solar power) [11,12,19–21]. This integration 

allows the nuclear reactor to operate at full rated thermal power while load following operations 

are achieved by adjusting the amount of heat provided from the other heat source. 

Solar energy, in the form of concentrated solar power (CSP), is rapidly growing due to its abilities 

of providing high temperature thermal power, which can be utilised in several energy 

applications. However, the main disadvantage of CSP plants is their high dependence on weather 

conditions. This drawback can be resolved, to some degree, through the integration with TES 

systems, which can store solar heat for a period of time (i.e., commonly between 2 and 15 hours) 

to generate power during low or no sunlight times [22]. Still, the storage period might not be 

sufficient to secure energy supply during longer periods of unfavourable weather conditions (i.e., 

a cloudy week). Therefore, it is important to investigate the available options of increasing the 

reliability and the capacity factor of CSP plants. One option to achieve this is through the 

integration with other reliable and carbon-free source of energy such as nuclear power [23,24]. 

The use of TES technologies is nowadays common practice in some large-scale thermal 

power generation applications such as CSP plants. There is a wide range of TES technologies, 

which can be classified in terms of storage mechanism as: (i) sensible, (ii) latent, also known 

as phase change material (PCM), and (iii) thermochemical [25]. There is a growing demand 

for TES, as reported in a recent study by the International Renewable Energy Agency 
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(IRENA) [26] that predicts that the global market for TES could triple in size by 2030, with 

an increase from 234 GWhth of installed capacity in 2019 to over 800 GWhth within a decade. 

The role of TES technologies in systems with high renewable penetrations becomes even 

more prominent when considering renewable technologies such as CSP. This is evident in 

Ref. [27] which analyses different European scenarios with very high renewable penetrations 

and discusses the economic and technical issues. The advantages of the application of TES 

over batteries in combination with large-scale thermal power plants were also highlighted in 

Ref. [28]. According to that analysis, the use of TES in combination with conventional power 

plants allows to economically support variable renewables at larger capacity and for longer 

discharging hours than current battery storage technologies or hydropower storage. 

It is evident that both nuclear power and solar power, in the form of CSP, can play a 

significant role in achieving the ambitious global emission reduction targets due to their 

ability to provide zero carbon emission electricity. However, both technologies have some 

technical and economic constraints, and both still need extra research attention, especially in 

terms of power flexibility, thermodynamic efficiency, and affordability.  

1.2. Aim and objectives 

Increased flexibility and thermal efficiency of large-scale carbon-free thermal power plants, 

including nuclear and concentrated solar power plants, can greatly aid in achieving low or net-

zero carbon emission targets while navigating the energy trilemma of security, affordability and 

sustainability. Accurately accounting for the thermodynamic characteristics and costs of these 

two technologies, from a technology point of view as well as from a whole-energy system 

perspective, is crucial to assess the value of nuclear and solar power in future energy systems.  

The overall aim of this research is the assessment of available options for upgrading the 

flexibility and enhancing the thermal efficiency of nuclear and concentrated solar power 

generation technologies (i.e., through the integration with thermal energy storage (TES) and by 

hybridising both power generation technologies) while providing reasonable economic returns. 

The use of the developed thermodynamic and economic models is the key to comprehensively 

analyse and investigate the potential benefits of the considered power generation and TES 

technologies. Furthermore, utilising the formulated models with the objective of evaluating the 
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upgrade, in terms of power flexibility and thermal efficiency, of currently operating nuclear and 

concentrated solar power plants is beneficial for making energy related decisions. 

To achieve the overall aim of this research, several thermodynamic and economic 

computational models related to nuclear and concentrated solar power generation as well as 

TES technologies will be used to address the following objectives: 

• To assess and investigate the potential thermodynamic and economic advantages of extending 

a TES system of an operating direct steam generation concentrated solar power plant. 

• To evaluate and explore the available options of upgrading the flexibility of the current and 

future fleet of UK’s nuclear power plants.  

• To quantify the potential of achieving economic benefits, from a technology and a whole-

electricity system perspectives, of upgrading the flexibility of nuclear power plants through 

the integration with TES and secondary power generation cycle systems. 

• To design a hybrid nuclear-solar power plant integrated with TES system based in a specific 

geographical location, and to assess the degree of added flexibility and enhanced thermal 

efficiency as well as the economic benefits that could results from the hybridisation concept.  

Detailed research gaps and questions will be clearly identified and defined in the last section 

of the background and literature review chapter (Chapter 2). 

1.3. Thesis structure 

Chapter 2 provides some background information and comprehensive literature review on the 

investigated technologies. In particular, Chapter 2 contains: (i) information on nuclear power 

plants (i.e., conventional and small modular reactors); (ii) background and discussion on 

current load following operations of the conventional nuclear reactors; (iii) general 

information and current status of CSP technologies; (iv) information on TES technologies 

including discussion of their importance in current electricity systems; and (v) explanation 

and literature review on hybridising nuclear power with renewables and specifically with 

solar power. The identified research gaps from the conducted literature review and the defined 

research questions are listed in the last section of Chapter 2 (Section 2.8).  

In Chapter 3, the developed thermodynamic and economic models alongside with the collected 

data in this research are presented and discussed. The first section of Chapter 3 presents the 
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collected data on the investigated nuclear reactors. Then, the basis of the thermodynamic model 

for the considered CSP technology is discussed. After that, the formulation and the validation 

of a range of TES technologies models (steam accumulators, solid heat storage, two-tank 

molten salt) is presented and discussed. The chapter continues with presenting the modelling 

procedure of power generation cycles systems and defining the thermodynamic performance 

indicators that are used in this research. The component costing methods and the formulation 

of economic models alongside with an overview of economic performance indicators that are 

used throughout this research are also presented in Chapter 3. Lastly, the formulation and the 

main assumptions of the whole-electricity system model are listed and discussed.  

The thermodynamic and economic assessments of extending a conventional steam-

accumulation TES system through the addition of solid (i.e., concrete) heat storage blocks 

taking an operating direct steam generation (DSG) CSP power plant as a case study are 

presented and discussed in Chapter 4. The case study covered in Chapter 4 includes 

performance of parametric analysis to determine the most cost-effective size of the concrete 

blocks. Moreover, the thermodynamic characteristic of operating both steam-accumulation TES 

systems (i.e., with and without concrete) are also compared for different direct normal 

irradiance (DNI) profile inputs. The chapter ends with investigating the economic performance 

of both compared TES systems for a range of electricity prices. 

Chapter 5 involves an assessment of the thermodynamics and the economics of upgrading the 

flexibility of the current fleet of UK’s nuclear power plants (advance gas-cooled reactor (AGR)) 

through the integration with TES tanks and secondary power generation cycle systems. The study 

contains: (i) a thermodynamic analysis of three different TES system charging mechanisms; 

(ii) a design and performance analysis of phase change material thermal (PCM) TES tanks; and 

(iii) a design and parametric optimisation of secondary organic Rankine cycle (ORC) based power 

generation systems. Lastly, a comprehensive economic analysis to evaluate the profitability of the 

upgraded flexibility based on recent UK’s wholesale electricity prices is presented and discussed.  

In Chapter 6, a combined thermodynamic and economic analysis, from a whole-electricity system 

perspective, of upgrading the flexibility of power plant (European pressurised reactor (EPR)) 

through the integration with PCM-based TES tanks and steam Rankine cycle based secondary 

power generators is presented. The study in Chapter 6 involves: (i) a detailed thermodynamic 
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modelling and optimisation framework to identify the optimal operating conditions of the primary 

steam Rankine cycle system, and (ii) the design of modular TES and secondary steam Rankine 

cycle systems. Chapter 6 ends with a comprehensive analysis and quantification (i.e., for different 

electricity system scenarios) of the anticipated whole-electricity system economic benefits that 

could be gained from upgrading the flexibility of the considered nuclear power plant.  

In Chapter 7, the design and operation of a hybrid nuclear-solar power plant integrated with 

two-tank molten salt TES system is presented. The study includes: (i) a cost-based design 

optimisation of a nuclear-only and hybrid nuclear-solar power plant configurations including 

the consideration of off-design performance of power generation block components during 

part-load operations; (ii) a parametric optimisation to size the solar field components and the 

integrated TES system taking a city in the Sultanate of Oman as a potential location; and 

(iii) a thermodynamic and economic comparison for the considered power plants for a set of 

economic parameters and a range of electricity prices.  

The summary of main research findings and conclusions, the key research outputs, and the 

future work recommendations are all presented and discussed in Chapter 8. 
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Chapter 2  

Background and literature review  

2.1. Nuclear power plants 

Nuclear power, which is carbon-free, reliable, and affordable energy source, plays an 

important role in providing low-carbon and sustainable power. Nuclear power is the use of 

nuclear reactions, either fission or fusion, that release a vast amount of energy to generate 

electricity or heat for other applications. Nuclear power plants (NPP) have been commercially 

available for electricity generation since the beginning of 1950s. Today, about 11% of the 

world’s electricity is generated by about 450 NPPs [29]. The most common operating NPPs, 

about 82% of total NPPs, are light water reactors (LWRs), which are classified as either 

pressurised water reactors (PWRs) or boiling water reactors (BWRs) [29]. LWRs use ordinary 

water as neutron moderator and coolant. Other types of NPPs are: (i) gas-cooled reactors, 

which uses graphite as moderator and carbon dioxide as primary coolant, (ii) pressurised 

heavy water reactors, using heavy water (D2O) as moderator and coolant, (iii) molten salt 

reactors, using graphite as moderator and fluoride based molten salt as coolant [30].  

NPPs are mostly considered as a baseload electricity source due to their high reliability, high capital 

costs, and relatively low marginal cost (i.e., operation, maintenance, and fuel) [31]. However, with 

the development of cost competitive renewables such as wind and solar, NPPs started to compete 

with renewables in providing the baseload electricity demand [32]. This competition has forced the 

nuclear industry to develop innovative, more advanced, and potentially cheaper NPPs. These new 

technologies include small modular reactors (SMR) and advanced modular reactors (AMR). 

2.1.1. Small modular reactors 

Most of the current fleet of NPPs around the world are approaching the end of their operating 

lifetime. Therefore, the electricity share provided by these reactors must be replaced either 

by using nuclear or other energy sources. For example, half of the current NPPs fleet in the 

UK will retire by 2025 [33]. One viable option for replacement is the consideration of SMRs, 

which are a smaller, simpler, standardised, and safer type of nuclear reactors. SMRs are 
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designed to generate electric power up to 300 MWel and can be deployable as a single unit or 

multi-unit system. The most important feature of SMRs is their modularity, meaning that their 

components and systems can be fabricated in factories and then shipped and installed at 

different sites [34]. Through this modularisation concept, SMRs are expected to offer better 

upfront capital cost affordability and shorter construction times, compared to the conventional 

NPPs [9]. The SMR technology is selected for the nuclear part in the proposed hybrid nuclear-

solar power in Chapter 7 for two main reasons. The first is their comparable power output 

level to most CSP plants (in the range of 20-300 MWel). The second reason is the growing 

interest of deploying SMRs due to their expected flexibility and affordability. 

There is a wide range of SMR designs, which can be categorised in terms of their coolant 

type, power range, or temperature range. According to the latest status of SMRs report 

published by the International Atomic Energy Agency (IAEA), there are over 50 SMR 

concepts and designs with different types of coolant, neutron spectrum adopted, output power, 

and operating temperature range [9]. Figure 2.1 illustrates the existing SMR designs and 

concepts in terms of reactor type, electrical power output, and reactor core outlet temperature.  

 

Figure 2.1. Classification of SMR designs in terms of reactor type, electrical power, and core 

outlet temperature [35,36]. 

SMRs are designed with a core outlet temperature in the range of 270-950 °C depending on the 

coolant type [9]. The operating temperature of LWRs based SMRs are between 250-340 °C. This 

relatively low temperature range is because of the size and the material constraints of the reactor 
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pressure vessel, which is usually optimised based on the operating conditions of LWRs as well as 

costs. For both types of LWRs, BWRs and PWRs, the presence of liquid water around the reactor 

core is necessary for neutron moderation and control. Therefore, the maximum operating 

temperature and pressure of LWRs is the critical point of water (𝑇cr= 374 °C and 𝑃cr = 22.06 MPa).  

There are other reactor designs that have much higher core outlet temperature, such as liquid 

metal-cooled reactors, molten salt-cooled reactors, and gas-cooled reactors. The latter can reach 

temperatures as high as 950 °C. The high temperature range of these reactors is a result of using 

other types of materials for neutron moderation such as graphite or Beryllium [37]. In this 

research, particularly in Chapter 7, LWR-type SMR design is selected for the proposed hybrid 

nuclear-solar power plant as it is the most operating reactor type as well as the possibility of 

achieving enhanced cycle efficiency (i.e., reaching temperature higher than 500 °C). 

2.1.2. Power flexibility (load following and manoeuvring capabilities of current 

nuclear power plants) 

Load following is varying the power output of a power plant to meet the fluctuating hourly and 

daily electricity demand. Load following is usually performed by fossil-fuel power plants because 

of their relativity high variable costs (i.e., fuel costs). In the case of NPPs, it is always preferred 

to operate them as baseload units at their full rated thermal power output. The main reason for 

that is purely economic since NPPs have the lowest variable costs (about 12% of the generation 

cost), especially when compared to the conventional fossil-fuel power plants (about 70-80% of 

the generation cost) [38]. Moreover, load following operations creates a loss in total revenues by 

selling lower amount of electricity, which prolongs the recovery of the NPPs capital investment 

[39]. However, there are some situations in which load following operations of NPPs becomes 

essential. These situations are when nuclear has a large share in the energy mix, (e.g., France), 

and when there is high penetration of renewables in the electricity grid (e.g., Germany and UK). 

Because of these reasons, modern NPPs, including SMRs, are designed with some degree of load 

following capabilities, but they are limited and not as flexible as those of fossil fuel power plants.  

The load following in NPPs is achieved by varying the amount of fuel being burnt [31]. Table 2.1 

summarises the control regimes of load following operations in modern LWRs, and the same 

control techniques are expected to be followed in LWRs type SMRs.  
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Fast control of reactor thermal power in PWRs and BWRs is achieved by using control rods, 

which are the most widely used mechanism to control the reactor. However, the approach of 

control rods is undesirable for large power variation since they deform the core axial power 

distribution. Moreover, it also affects the axial distribution of 135Xe, which is a very strong 

neutron absorber [40]. Slow control in PWRs is usually performed by injecting boric acid (strong 

neutron absorbent) since it takes longer times than control rods to absorb neutrons. Furthermore, 

the uniform dissolving of boric acid does not affect the axial power distribution [31]. 

Table 2.1. Power control regimes of LWRs [31]. 

Power control method  PWR BWR 

Thermal power 

control  

(reactor core) 

Fast  

control 

Rod control  

(above 50% of 𝑃NPP) 

Revolution speed control of reactor 

circulation pumps (70-100% 𝑃NPP) 

basically ∆𝑃NPP/𝑡 ≤ 10% 𝑃NPP/s 

Slow  

control 

Boric acid / de-ionised water 

injection (below 50% 𝑃NPP) 

Rod control (also, below 70% 𝑃N) 

∆𝑃NPP/𝑡 ≤ 10% 𝑃NPP/min 

Power control (turbines) 

Turbine valve control, 

Steam pressure control 

(𝑇coolant = constant) 

Turbine valve control 

(𝑃core = constant) 

 

There are three important physical effects that limit the feasibility of power variations in LWRs 

which are, counter reactions, fission product poisoning, and fuel burn up. Furthermore, high 

temperature and power variations lead to thermo-mechanical stress on the power plant 

components, which increases maintenance costs and might reduce the lifespan of the reactor [39]. 

Persson et al. [41] conducted a comprehensive review of the experience with load-following 

NPPs in France, Germany, Sweden and the USA, as well as of the technical aspects of output 

changes in NPPs, focusing on the capability of nuclear power plants to complement the 

fluctuating power supply from renewables in Sweden. A similar study was conducted for 

nuclear power plants in Germany by Ludwig et al. [42]. Both studies investigate the 

possibilities of using nuclear power plants, either in Sweden or Germany, for flexible load-

following power generation with minimum loads down to 50-65%, concluding that improved 

flexibility (ranges and rates) are possible with suitable changes such as optimised fuel 

management, optimised control of manoeuvring and predictive operating strategies [41,42].  

Unlike coal-fired plants that can be modulated to some extent according to the demand, nuclear 

power plants are more suitable for delivering “baseload” electrical power in what is not 
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conventionally considered flexible generation. Yet, even in this case, flexibility is highly desirable, 

and efforts have been underway to increase generation flexibility. Modern Generation III (and its 

evolution, Gen. III+) nuclear reactors are capable of a certain degree of flexibility and load-

following operations, with transmission system operators (TSOs) able to define the minimum 

requirements of such reactors [32,40,43]. The European utility standards require that nuclear power 

plants are capable of (at least) daily load-cycling operation between 50% and 100% of their nominal 

capacity, with a rate of change of generation output of 3-5% of nominal capacity per minute [40]. 

Although new reactor designs and SMRs are expected to have more load flexibility, it is still 

more economical to run them at full load to maximise their profitability. Thus, due to the 

challenging physical effects and limitations of reactor control during load following 

operations and due to the better economical return of always running the nuclear reactor at 

full rated power, it is more favourable to load follow using other techniques. These techniques 

include storing excess heat in thermal energy storage (TES) media as proposed by Alameri 

et al. [17] and Frick et al. [44], using excess power for cogeneration (i.e., algae-biofuel and 

desalination) as proposed by Locatelli et al. [39], or combine nuclear with solar power and 

TES system. The first and the last options are investigated in this research.  

2.2. Concentrated solar power 

Concentrated solar power is a technology that uses mirrors and lenses to reflect and concentrate a 

large area of solar irradiation onto a small area (i.e., solar receivers) in order to collect high-

temperature heat. The collected high-temperature heat is then transferred to a heat transfer fluid 

(HTF) (e.g., water, air, molten salt and oil) and then used directly or indirectly (through TES system) 

either to power a turbine and generate electricity or to deliver heat for thermochemical and industrial 

processes [45]. There are three main types of CSP technologies, illustrated in Figure 2.2, that are 

commercially available and already installed in several countries. These technologies are: 

(i) parabolic trough; (ii) solar tower; and (iii) linear Fresnel [46]. The technology behind each CSP 

type is discussed in Sections 2.2.1 to 2.2.3. Parabolic dish collectors, another CSP technology, are 

not used anymore due to their higher costs and lower energy storage capabilities [47]. 
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Figure 2.2. CSP solar field types: (a) parabolic trough, (b) solar tower and (c) linear Fresnel [46]. 

Figure 2.3 shows the breakdown of the global CSP plant capacity by technology type in 2023; 

Figure 2.3 (a) represents operational CSP plants, while Figure 2.3 (b) covers the CSP plants 

that are under construction. The presented data were collected from the US National Renewable 

Energy Laboratory (NREL) website [48]. The current fleet of CSP plants have a total nominal 

capacity of 6.37 GWel. 75% of this power capacity is generated using parabolic trough 

technology while the rest, 25%, is generated by either solar tower or linear Fresnel technology. 

The CSP plants that are under construction are expected to provide an extra capacity of 

1.17 GWel, mostly by parabolic trough technology. Therefore, by the end of 2024, the total 

electrical capacity of installed CSP can reach to 7.54 GWel. 

 

Figure 2.3. Global CSP plant generation capacity by type in 2023, (a) represents operational 

CSP plants and (b) represents CSP plants under construction. 
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The temperature and the electrical power output ranges of a number of installed CSP plant with 

different CSP technologies are shown in Figure 2.4. The temperature range spans from 180 °C 

to 575 °C, with the highest achieved in solar tower and linear Fresnel technologies due to the 

ability of attaining higher concentration ratios. The electrical power capacity can reach up to 

250 MWel, but most of CSP have power capacities of 150 MWel or less. The CSP size constraint 

is mainly due to the need of having massive land areas to reach higher capacities.  

 

Figure 2.4. CSP plants in terms of technology, electrical power output, and outlet temperature. 

2.2.1. Parabolic trough 

Parabolic trough CSP consists of a line of rotating reflectors (i.e., mirrors) that are parabolically 

shaped to reflect and focus sunrays onto an absorber tube that is installed in the focal line of the 

parabola. The HTF, which is circulating through the absorber tube, gets heated and then used 

directly or indirectly to generate electricity through power generation cycle system, like in most 

conventional power plants [47]. The direct method is when the HTF is also the working fluid of 

the power cycle. This is the case in direct steam generation (DSG) CSP, in which water/steam gets 

heated and is then used to drive a turbine. In contrast, the indirect method has two separate fluids, 

HTF and working fluid. The collected heat is transferred between the two fluids using an extra 

heat exchanger. The most common types of HTF in parabolic trough are synthetic oil, molten salt, 

and water, and the operating temperature is between 180-420 °C [49]. More details about the 

performance and the operating parameters of this technology are provided in Section 2.2.4. 
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2.2.2. Solar tower 

The solar tower technology operates by focusing sunlight rays using special sunlight tracking 

mirrors (i.e., heliostats) onto a receiver at the top of the solar tower. The concentrated solar heat is 

transferred to the HTF flowing inside the receivers, commonly molten salt or water/steam, which 

is then used directly or indirectly for power generation, as in parabolic trough CSPs [50]. Solar 

towers are a growing technology, as indicated in Figure 2.3, due to their ability to reach high 

temperature levels (up to 650 °C) [47–49]. Such high temperatures are desirable since it has a 

significant effect in increasing the cycle thermal efficiency. More details about the performance 

and the operating parameters of this technology are discussed and listed in Section 2.2.4. 

2.2.3. Linear Fresnel  

The working principle of linear Fresnel CSPs is a combination of parabolic trough and solar tower 

CSPs. Slightly curved or flat small mirrors, which are usually arranged in long parallel lines, reflect 

direct sunlight into along absorber tube topped with a second concentrator. Like in parabolic trough 

CSPs, the HTF gets heated and used for power generation. Linear Fresnel is still a new CSP 

technology and might compete with the other technologies due to its lower installation costs [47]. 

The most common types of HTF in linear Fresnel CSP are synthetic oil, molten salt, and water, 

and the operating temperature is between 250-550 °C [49]. More details about the performance 

and the operating parameters of this technology are provided in the following section.  

2.2.4. Current status of CSP technologies 

The main characteristics and the operation parameters of the discussed CSP technologies as well as 

compatible TES systems are summarised in Table 2.2. The power capacity of CSP plants range 

from 10 to 260 MWel, which is comparable to SMRs power range. Moreover, the operating 

temperature range of the current CSP plants is in the range of 250-575 °C. This temperature range 

makes it applicable to use CSP for different steam heating process (i.e., preheating, evaporating, 

superheating, and reheating) in the proposed hybrid nuclear-solar power plant. Moreover, there is 

some ongoing research on designing high temperature solar receivers that would potentially 

increase the current maximum HTF temperature (to above 1000 °C) [51] as well as using air and 

supercritical CO2 as working fluid in the power generation cycle systems (Brayton cycles). 
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Table 2.2. List of main characteristics and operating parameters of the current and the future 

CSP technologies as well as compatible TES systems [47–49,51–54]. 

CSP technology type Parabolic trough Solar tower Linear Fresnel 

Plant capacity (MWel) 10 - 255 10 - 260 10 - 200 

Collector concentration ratio 70 - 80 suns >1000 suns >60 suns 

Operating temperature (°C) 290 - 550 250 - 650 

(possible >1000) 

250 - 555 

Operating pressure (MPa) 10 10 - 16 5 - 7 

Power cycle - superheated steam 

Rankine 

- superheater steam 

Rankine 

- s-CO2 Brayton 

(demo) 

- saturated 

/superheated steam 

Rankine  

- organic Rankine  

Plant cycle efficiency (%) 35 - 38 38 - 42 28 - 35 

Heat transfer fluid  - synthetic oil  

- water/steam (DSG)  

- molten salt (demo) 

- air (demo) 

- water/steam  

- molten salt  

- S-CO2 (demo) 

- air (demo)  

- water-steam 

- molten salt 

- mineral oil 

  

TES system - direct 2-tank molten 

salt 

- indirect 2-tank 

molten salt  

- steam accumulator 

- direct 2-tank molten 

salt 

- indirect 2-tank 

molten salt  

- steam accumulator 

- direct 2-tank molten 

salt 

-indirect 2-tank molten 

salt 

- steam accumulator  

 

2.3. Thermal energy storage 

Thermal energy storage (TES) systems have been around for a long time, but the interest in 

storing energy has drastically increased recently because of the growing dependence of 

renewable sources. TES is designed to store energy in the form of heat that can be used later 

for power generation or domestic and industrial heating applications. The main objectives of 

using TES are to balance out the intermittency of renewable sources, to increase the annual 

capacity factor of power plants, and to improve the power plant’s performance and its thermal 

reliability [55]. Any energy storage system can be described in terms of the following 

properties, which are defined by the International Renewable Energy Agency (IRENA) [56]: 

• Capacity: the amount of energy stored in the medium and the size of the storage system 

• Power: an indication of how fast energy stored can be discharged or charged.  

• Efficiency: the ratio of energy provided to the energy stored. It accounts for all associated 

energy loss during storage and charging/discharging periods.  

• Storage period: the time of energy storage (hours, days, or months for seasonal storage) 
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• Charge and discharge time: time needed for charging and discharging. 

• Cost: capital and operation cost of energy storage system (currency/Whth). 

These properties are usually considered and evaluated before selecting the most suitable and 

efficient TES system for the desired application.  

There is a growing demand for TES, as reported in a recent study by the International 

Renewable Energy Agency (IRENA) [26] that predicts that the global market for TES could 

triple in size by 2030, with an increase from 234 GWhth of installed capacity in 2019 to over 

800 GWhth within a decade. Recent research of Cardenas et al. [57] estimated the required heat 

storage capacity as the penetration of renewables increases, and the timescales in which energy 

is most efficiently stored. The paper studied the effect that the renewable penetration, allowable 

curtailment, storage capacity and efficiency have on the total cost of electricity in the UK 

scenario, concluding that the most needed flexibility service at high solar photovoltaic (PV) and 

wind energy penetration is the medium duration one, with 4 to 200 h discharge duration. 

The role of TES in systems with high renewable penetration becomes even more prominent when 

considering renewable technologies such as concentrated solar power (CSP). This is evident in Gils 

et al. [27], who analyse different European scenarios with very high renewable penetrations and 

discuss the economic and technical issues. The advantages of the application of TES over batteries 

in combination with large-scale thermoelectric power plants were also highlighted by Ma et al. [28]. 

According to that analysis, the use of TES in combination with conventional power plants allows 

to economically support variable renewables at larger capacity and for longer discharging times 

than current battery storage technologies or hydropower storage. 

TES technologies can be classified in terms of storage mechanism (sensible, latent, and 

thermochemical as illustrated in Figure 2.5) as reported in Ref. [25]. These storage mechanisms 

are described in the following sections. 

 

Figure 2.5. Classification of TES systems based on mechanism. 
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2.3.1. Sensible heat  

Sensible heat is the simplest heat storage mechanism in which energy is stored by heating or 

cooling the storage medium without any phase change. It only utilises the temperature change 

(∆𝑇) and the medium’s specific heat capacity (𝑐p) during the process of charging or discharging 

heat. The amount of stored heat, 𝑄, can be expressed by: 

 𝑄 =  ∫ 𝑚
𝑇2

𝑇1

𝑐p d𝑇 = 𝑚 𝑐p ∆𝑇  (2.1) 

where 𝑚 is the storage media mass, 𝑇1 represent the initial temperature and 𝑇2 the final 

temperature of the storage material  

The storage media can be in the liquid state (e.g., water, oil, organic liquid, or molten salt), in 

the solid state (e.g., concrete, metal, rocks, fire bricks, etc) or in the gas state. The selection of 

the storage media highly depends on the operating temperature of the application and the average 

mass density and heat capacity of the storage media. For example, water is a good energy storage 

medium since it has a high specific heat capacity, and it is inexpensive. However, it not preferred 

to be used for high TES temperatures (T > 100 °C), as it would have to be pressurised in order 

to remain liquid, which incurs higher costs. Therefore, other TES media are usually considered 

for higher temperature applications such as oil, molten salts, and liquid metals [55]. Solid state 

media can operate at even higher temperatures (e.g., up to 1200 °C for magnesia fire bricks) and 

they usually have a higher average heat conductivity compared to liquids [25].  

2.3.2. Latent heat 

Latent heat TES, also known as phase change materials (PCMs), involves a phase change of the 

medium when heating or cooling. The phase change process is an isothermal process meaning 

that it takes place at the same temperature point. Such process is illustrated in Figure 2.6. For 

example, when a material reaches its melting temperature, it absorbs a specific amount of heat 

in order to physically change from solid to liquid. This amount of heat is called latent heat. The 

same concept works for vaporisation (liquid-to-vapor transition), and crystallisation (solid-to-

solid transformation). Latent heat storage processes are usually associated with sensible heat 

storage processes, as a temperature change occurs before and after reaching the material’s phase 
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change temperature [58]. The amount of latent heat and sensible heat stored in a material that 

undergoes a phase change process is expressed by: 

 𝑄 = 𝑚 (∫ 𝑐p d𝑇
𝑇PC

𝑇1

+ ∆ℎfus,vap + ∫ 𝑐p d𝑇
𝑇2

𝑇PC

) (2.2) 

where ∆ℎvap,fus is the specific enthalpy of fusion or vaporisation and 𝑇PC the phase change 

temperature (i.e., melting or evaporation temperature). 

 

Figure 2.6. Materials temperature profile and formation with respect of supplied or extracted heat. 

2.3.3. Thermochemical 

Thermochemical energy storage involves a chemical compound that is able to store and release 

heat by reversible endothermic/exothermic chemical reaction process [55]. Figure 2.7 simply 

illustrates the concept of storing and discharging heat of in a thermochemical store [59].  

 

Figure 2.7. Illustration of thermochemical energy storage concept [59]. 
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During a charging process, the energy consuming chemical reaction stores energy to form new 

chemical bonds. The stored energy is then released during a discharging process by undergoing a 

reversible chemical reaction where reactants go back to its initial state and bond structure.  

2.4. Power generation cycles  

The Rankine cycle is the dominant power cycle used in both CSP and nuclear power generation 

applications. The basic Rankine cycle consists of four main processes: compression (pumping) 

of the liquid working fluid to high pressure, isobaric heat addition (evaporation), expansion 

of the vapour to lower pressure through a turbine, and isobaric heat rejection and condensation 

back to the initial state. Basic Rankine cycles are usually upgraded to more complicated cycles 

for efficiency enhancements by following a Carnot engine efficiency concept. Some upgraded 

cycle configurations are superheated Rankine cycles, reheated Rankine cycles, and 

regenerative Rankine cycles. Most power plants adapt at least one of these efficiency 

enhancement methods to improve the overall thermal efficiency.  

Candidate working fluids for Rankine cycle are water/steam and organic fluids. Steam, in 

subcritical conditions, is the most common working fluid in NPPs and CSP plants. Despite 

the superheating process and the existence of energy recovery devices such as feedwater 

heaters, the maximum thermal efficiencies of CSP facilities are in the range of 28-42%. 

Achieving higher thermal efficiency is a challenge due to certain turbine material concerns 

and issues that appear when steam temperature exceeds 627 °C [60]. Organic Rankine cycles 

(ORCs) are commonly used in medium-temperature and waste heat recovery applications. 

ORCs have thermal efficiencies in the range of 10-20% and can be combined as bottoming 

cycle with high temperature steam cycles for better heat recovery [60].  

2.5. Direct steam generation concentrated solar power with TES 

Direct steam generation (DSG) CSP is an option that uses water as HTF in the solar receivers and 

as working fluid in the thermodynamic power generation cycle [61]. The use of a single fluid 

offers a number of benefits such as: (i) no need of heat exchangers to transfer heat between the 

HTF and the working fluid, which is the case in most conventional CSP plants [62–64]; 

(ii) enhanced cycle thermal efficiency by achieving higher steam temperatures [62–64]; (iii) no 
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environmental risk of fire and leakage [64]; and (iv) lower investment and operation & 

maintenance costs due to the elimination of heat exchangers [64]. 

Most solar power plants are coupled with TES systems that store excess solar heat during daytime 

and discharge during night or during cloudy periods [55]. In DSG CSP plants, the typical TES 

options include: (i) direct steam accumulation; (ii) indirect sensible TES; and (iii) indirect latent 

TES [62]. Option (i) is considered as a direct method because the thermal energy is stored directly 

in the HTF. However, options (ii) and (iii) are indirect since thermal energy is stored in another 

storage medium such as a solid-state storage medium, a liquid-state storage medium, or PCMs [62]. 

Steam accumulation is the simplest TES technology for DSG as steam is directly stored in a storage 

pressure vessel, i.e., steam accumulator (SA), in form of pressurised saturated water [65]. 

Discharging from SAs usually takes place from the top part of the vessel as it is filled with saturated 

steam at the saturation pressure. Steam accumulation is commercially available and was 

implemented in several operating DSG power plants, such as the PS10 plant in Spain, and the Khi 

Solar One plant in South Africa [49]. A major disadvantage of steam accumulation is the relatively 

low temperature of the outlet saturated steam (i.e., a maximum temperature of 374 °C) when 

compared to the operating temperatures of DSG plants, which can reach up to 550 °C [66]. 

Reaching the maximum temperature of 374 °C is not a cost-effective option either as reaching this 

temperature in saturated conditions also means reaching the water critical pressure (22.1 MPa) and 

designing a pressure vessel that could withstand this high pressure requires expensive materials 

and/or larger and thicker, in terms of wall size, pressure vessels [66]. The low steam temperature 

decreases the cycle thermal efficiency and increases the risk of damaging steam turbines at part-

load operating conditions [67]. Therefore, steam-accumulation TES systems are usually coupled 

with a superheater to increase the temperature of the discharged saturated steam (i.e., above the 

saturation temperature) before entering the steam turbine. The superheating process can be 

performed using: (i) another group of higher temperature and pressure SAs and a superheating 

heat exchanger; or (ii) higher temperature sensible or latent TES [65]. 

Prieto et al. [68] compared the thermodynamic and economic performances of the two 

aforementioned superheating options. Two tanks of molten salt are employed for the 

superheating process in the extended configuration. It was concluded that the conventional 

option is more feasible and more cost-effective than using the combination of SAs and molten-
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salt tanks for energy storage, especially for storage durations of less than 6 h. It is mainly due 

to the added complexity, the high melting point, and high costs of molten-salt storage systems. 

Furthermore, Bai et al. [69] analysed the thermal characteristics of combining SAs with 

concrete as superheating storage media, proving the feasibility of this combination. However, 

the performance of this arrangement was not evaluated at the whole power plant level, and the 

thermodynamic and economic potential of this combination is not clear yet. 

Moreover, several studies proposed and tested different sensible heat and latent TES options for 

DSG [49,63,70–74], but SAs were not an option in those TES configurations. For example, the 

use of PCM-based TES systems is suggested by Birnbaum et al. [63] as well as by Guédez 

et al. [74]. Both studies showed a potential increase of profitability and capacity factors of the 

studied DSG plants. Furthermore, a study performed by Li et al. [75] suggested the implementation 

of secondary organic and steam Rankine bottoming cycles to maximise the overall power output 

from heat stored in SAs. The study also suggested the use of extra low-pressure SA, in addition to 

the existing high-pressure SA. This extra SA increases the total storage capacity by 360% 

compared to having a high-pressure SA only. It was concluded that adding a secondary power 

generation system and a low-pressure SA improves the overall cost-effectiveness of the DSG plant. 

There are many options for solid-state sensible TES to be considered in the steam 

accumulator-sensible TES system. These include concrete, cast iron, cast steel and silica fire 

bricks [76]. However, concrete has proven its capability of high-temperature heat storage (up 

to 550 °C), its ability to withstand large number of charging/discharging cycles, and its 

relatively low cost through testing [77–80]. The use of concrete for TES is already 

commercially available. It is used in the thermal battery technology developed by EnergyNest 

[81], proving the validity and applicability to utilise concrete for TES applications. 

Nevertheless, none of the aforementioned previous research compared the thermodynamic 

performance and the economic returns of operating the two steam-accumulation options in a 

DSG CSP power plant. Moreover, these research studies did not evaluate the possibility of 

achieving enhanced cycle efficiency with the steam accumulator-solid heat TES option during 

the discharging phase, and did not compare the cost and the economic return of both options 
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2.6. Nuclear power generation with TES for increased flexibility 

Combining nuclear reactors with TES systems for enhanced flexibility and increased revenues 

has been previously investigated in the literature [14–18,82–92]. For example, Carlson et al. 

[82] investigated the impact of integrating a PWR, Westinghouse AP1000, with TES tanks. 

The TES tanks are charged by diverting excess steam from the steam generator during low 

demand times. The tanks are discharged to the main nuclear-powered Rankine cycle system 

that includes turbines that can be operated at about 10% higher power output than the design 

point. Several TES materials such as concrete, silica and PCM were considered. It was 

concluded that such integration could potentially increase the capacity factor by up to 10% 

compared to operating the same power plant with a steam bypass option. Park et al. [83] 

performed a technoeconomic study on integrating a nuclear power plant with liquid air energy 

storage system (LAES). In that study, charging is performed by diverting steam from the 

nuclear-powered cycle to drive an external steam turbine driven compressor utilised for air 

compression in the LAES, while discharging is performed similar to conventional LAES 

systems. This nuclear-LAES integrated system resulted in increasing the capacity factor of 

the nuclear power plant by 3% and decreasing the LCOE of the LAES from 220 $/MWhel 

(i.e., for standalone LAES) to 183 $/MWhel. Furthermore, Amuda et al. [15] explored the 

option of combining a currently operating a LWR based power plant (APR1400) with a 

packed-bed (i.e., crushed rocks) TES system. In the proposed configuration, which was 

selected based on an optimisation and exergy study performed by Kluba et al. [16], the TES 

is utilised to provide extra feedwater heating in the primary power generation cycle, which 

results in 135 MWel of additional electrical power when the reactor is operated at full rated 

thermal capacity. This additional power can be supplied to the electricity grid during high 

demand to increase revenues. Other TES systems including molten-salt tanks [17], firebrick 

resistance-heated energy system [18], geothermal heat storage [84], cryogenic air energy 

storage [85] and hot rock storage [86] were also considered and discussed. 

There are also several studies that considered the option of coupling nuclear reactors not only 

with TES systems but also with secondary power generators for extra peak power generation. 

Carlson et al. [87] conducted a thermodynamic analysis of coupling the AP1000 reactor with a 

TES system and secondary power generation cycle (steam Rankine cycle). Four different 

configurations based on the location of the TES system (i.e., where steam is diverted for charging 
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stream) and whether stored thermal energy is discharged using the primary or the secondary 

power generation cycle. It was found that the option where TES tanks are charged by heat from 

steam diverted after the moisture separator/reheater and then discharged using the optimised 

secondary power generation cycle gives the greatest thermodynamic performance compared to 

the other considered options. This charge/discharge option resulted in increasing the capacity 

factor of AP1000 by 15% compared to the bypass option that is generally used for baseload 

flexibility. Carlson et al. [88] also performed a parametric study investigating the 

thermodynamics and the cost performance of coupling the same reactor with a TES system and 

a secondary Rankine cycle system. Three configurations based on the TES charge/discharge 

mechanisms and duration were investigated, and two of these configurations could provide more 

than 1.5 times the nominal power output of 1050 MWel due to the use of secondary power 

generators. Moreover, the integration of nuclear power plant with a cryogenic-based energy 

storage technology and secondary power generation unit was assessed by Li et al. [89]. 

The studied configuration showed the ability of generating a total net output power of 690 MWel 

during peak times, which is 2.7 times the baseload power output of 250 MWel.  

In terms of economics, Forsberg [90] investigated the potential economic benefits of integrating 

LWRs with heat storage and an auxiliary fuel combustion heater. The combustion heater was 

added to assure a continuous peak electricity production, even when the stored heat in the TES 

system is fully depleted. It was concluded that the economics of this combination is dependent 

on three conditions: (i) the cost of heat storage need to be lower than the cost of electricity storage 

technologies, (ii) the cost of the nuclear reactor and the steam generators need to be higher than 

the costs of power generation cycle components, and (iii) low-cost boilers should provide 

assured peak-load capacity at lower costs than competing technologies such as combined cycle 

gas turbines (CCGTs). Furthermore, Carlson et al. [93] evaluated the profitability of operating 

such combination (with and without secondary generators) in deregulated US electricity grid. 

The study concluded that adding TES systems and secondary generators to nuclear reactors 

increases the total revenues by 3-8% and the internal rate of return (IRR) by 25-35%. 

Another study performed by Borowiec et al. [94] focused on the potential economic benefits of 

running a 3.5 GWth nuclear reactor coupled with a TES system in five different electricity markets 

in the USA. The study considered various market scenarios based on the shares of renewables 

(i.e., wind and solar) and several capacity prices. It was concluded that profitability can be 
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attained but it is highly dependent on: (i) the type of electricity markets; (ii) the share of 

renewables in the system; (iii) the size of installed capacity of nuclear and renewables; and (iv) the 

installation costs and the storage materials of the attached TES system. Moreover, Duan et al. [95] 

performed a stylised least-cost analysis of flexible nuclear power in decarbonised electricity 

systems while considering wind and solar resources worldwide. The study investigated the role 

of conventional and flexible nuclear power in 42 country-level electricity systems with carbon 

emission reduction constraints ranging from 50% to 100%. This study looked at different 

investment cost levels for nuclear plants and different wind power capacity factors. It was found 

that wind and solar generation provide the bulk of electricity in most of the studied regions with 

moderate carbon emission reduction targets (i.e., less than 80%) as this still allows some room 

for fossil-fuel generation sources in the electricity mix. However, the need for flexible nuclear, 

enabled through integration with TES, becomes critical with more stringent carbon emission 

constraints, as wind and solar cannot cost-effectively provide reliable power due to their 

intermittency and high cost of electricity storage. 

All aforementioned research demonstrated the potential of flexible and profitable nuclear operation 

with the integration of TES, while keeping the reactor output at full rated power. However, 

integrating the current and future fleet of UK’s reactors with TES systems and analysing their 

profitability were not considered. Moreover, the gained benefits, from the electricity system 

perspective, of replacing conventional NPPs with enhanced flexibility ones (integrated with TES 

systems and secondary generators) has not been thoroughly studied and quantified yet. 

2.7. Hybrid power plants  

A hybrid energy system, as defined by Ruth et al. [21], is a single facility which takes two or more 

energy resources as inputs and produces two or more outputs, with at least one being an energy 

commodity such as electricity or transportation fuel. The two or more energy resources are 

physically coupled to generate output by dynamically integrating energy and mass flows among 

their shared components. According to Peterseim et al. [96], hybrid systems can be classified, in 

terms of the number of shared components and equipment into three categories, light, medium, and 

strong hybrid synergies. Light hybrids share minimal plant infrastructure and the combined energy 

resources can operate separately. In medium hybrids, the two energy resources are physically 

connected and share major plant components such as turbines and condenser. However, the host 
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plant, which has all the major components, can operate separately without the need of the other 

energy resource. An example of a medium hybrid is combining CSP with a coal or a natural gas 

power plant, as in the Kuraymat power plant in Egypt [97]. In this hybrid power plant, CSP heat is 

used for preheating or superheating the working fluid to increase the amount of generated power. 

However, the CSP heat share is lower than 10% and the base natural gas power plant can operate 

without the CSP components. In strong hybrid power plants, the two or more energy resources are 

physically connected and share most of the major equipment, and the energy contribution of each 

is at least 30%. An example of strong hybrid is integrating solar with combined cycle gas turbines. 

This strong hybrid systems are already implemented in few North African countries [98–100]. In 

these solar-combined cycle gas turbine power plants, the solar component provides a significant 

amount of heat for the bottoming steam cycles, which increases the total power output and enhances 

the thermal-power conversion efficiency by several percentages.  

2.7.1. Hybrid nuclear-renewable power plants 

Numerous types of hybrid nuclear-renewable power designs were proposed and analysed. In 

most cases, renewable energy sources such as: wind, solar, hydroelectric, biomass, 

geothermal are combined with nuclear units. These hybrid system designs are implemented 

to utilise the total generated thermal energy in several application such as power generation, 

district heating, chemical processing, etc. 

The overall aim of the hybridisation is to increase power variation flexibility, reduce greenhouse 

gas emissions, and get faster return of capital investment. Ruth et.al. [21] proposed combining 

nuclear plants, as SMRs, with various types of renewables such as wind, biomass, and CSP. 

The hybrid system was designed to offer flexible power operation while running the SMR at 

full load and using the excess heat to produce a second energy-intensive chemical product. Such 

combinations can potentially secure and deliver sustainable energy if installed in large numbers. 

Garcia et al. [19,20] dynamically analysed a hybrid nuclear-wind energy system in terms of 

operation flexibility and cost. The analysed hybrid system utilises heat produced from the 

nuclear reactor to balance fluctuating wind-generated electricity. The excess nuclear energy is 

used in a chemical plant complex. It was concluded that the hybrid system provides better grid 

flexibility and greater profitability. Suman [101] also reviewed the hybrid nuclear-renewables 

concept, analysing several combinations. The study highlighted that the integrated systems 
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would potentially overcome the drawbacks of both energy sources when coupled through 

informatics linkages and would also improve public perceptions of nuclear power [101]. 

Another energy hybridisation concept was developed by Papaioannou et al. [102], in which 

nuclear and wind are coupled for electricity generation, biomass processing, and hydrogen 

production. In this concept, nuclear unit operates at full load either to generate electricity or to 

supply heat for a biomass processing plant. The analysis concluded that the hybrid system 

would have better energy utilisation at lower costs compared to individual energy sources [102]. 

The abovementioned research covers the dynamic performance analysis, the overall optimal 

operations, and the costs of proposed hybrid energy systems. However, the thermodynamic 

aspects of the hybrid power plants were not intensely studied and analysed. 

2.7.2. Hybrid nuclear-solar power plants 

The concept of hybrid nuclear-solar power plant has been introduced and investigated in the literature 

[11,12,23,24,103–107]. A strong nuclear and solar hybridisation concept, named NuRenew energy 

park, was proposed by Petrovic [103]. NuRenew is a molten salt-based hybrid power plant, which 

consists of molten-salt cooled nuclear reactor, molten salt based CSP, and a molten salt TES system. 

The basic idea of NuRenew is collecting and storing heat in the TES unit using both nuclear and 

solar as heat resources. The stored heat is then used for different applications like power generation, 

high temperature industrial process, desalinations, etc. Such a highly integrated power plant would 

potentially increase the energy supply reliability and decrease the levelised cost of electricity 

(LCOE), compared to standalone NPP or CSP. The nuclear-solar hybridisation concept was 

introduced by Petrovic [103], but it was not thermodynamically analysed or investigated in detail. 

A detailed thermodynamic study of a hybrid nuclear-solar power plant was performed by 

Popov et al. [11]. The study also compared the performance of a hybrid power plant to a 

standalone NPP and a standalone CSP. The analysed hybrid power plant consists of a CSP 

(solar tower type) and an SMR integrated with two molten-salt storage tanks. In this 

configuration, during the sunlight, the solar tower central receiver collects solar heat and 

transfer it to the heat transfer fluid (molten salt). The heated molten salt is then stored in large 

tanks at 565 °C. The total heat input in this configuration is 245 MWth (in particular, 85 MWth 

from solar and 160 MWth from nuclear). The analysis was performed using the nominal 

operating conditions such as the amount of heat generated, steam mass flowrate, pressure and 
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temperature of the SMR unit. The high-temperature molten salt is utilised to superheat the 

saturated steam outflowing from the nuclear-powered steam generator from a temperature of 

255 °C to 555 °C. The molten salt is also used to reheat the exhaust steam outflowing from 

the high-pressure turbine from a temperature of 327 °C to 555 °C. The analysis results show 

that the thermal cycle efficiency could be enhanced by 36%, from 27.5% to 37.5% and the 

amount of generated electricity could be increased by 109%, from 43.9 MWel to 91.8 MWel.  

Popov et al. [11] also performed an annual power simulation of the hybrid system to evaluate its 

capacity factor during low or no solar heat inputs. During those times, the capacity factor drops 

to about 32.0% while it can reach values as high as 97.6% during summer times (i.e., abundant 

sunlight). The low-capacity factor is caused by the decreased total solar heat input and by the 

reduced nuclear heat input (about 40% of nominal heat). In terms of cost, the study showed that 

there is a high potential of capital cost saving due to the shared operation of most power cycle 

components (i.e., steam turbine, feedwater heater, condenser) by both heat inputs. Moreover, the 

hybrid system generates more power which could result in a faster return of capital investment. 

A similar hybrid system was also investigated by Popov et al. [12], in which a parabolic trough 

type CSP integrated with molten salt TES system was combined with NuScale SMR. The same 

potential cycle efficiency enhancements and LCOE reductions were observed.  

Son et al. [24] investigated the feasibility of combining micro modular reactor (MMR) with 

a solar tower CSP and molten salt TES system to run a supercritical CO2 Brayton cycle-based 

power generation block. The overall aim of proposing this hybridisation concept was to reduce 

the CSP solar field area (i.e., more compact for small islands) and to increase the capacity factor 

and the electricity fulfilment ratio of the CSP plant. The study shows promising thermodynamic 

results which highlights that CSP can benefit from such integration in terms of smaller field size 

and higher capacity rations. Son et. al [23] extended their study previous study, Ref. [24], by 

redesigning the hybrid system based on optimising the solar to nuclear ratio and tracing the 

change in LCOE. The extended study also included sensitivity analyses with respect to five 

variables which are: nuclear to solar heat, ratio, DNI profiles, nuclear island cost, discount rate 

and electricity demand ratio. The authors have concluded that the hybrid system is cost 

competitive when compared to a standalone CSP plant and their study also showed that hybrid 

nuclear solar can be an option for isolated islands. However, both studies considered a micro scale 

reactor and CSP system (less than 25 MWel), and the operation of such plant were not presented.  



Chapter 2: Background and literature review  

 

29 

 

Zhao et al. [104] proposed a conceptual design of a hybrid nuclear-solar power system integrated 

with molten-salt packed-ped thermal energy TES system. The proposed configuration consists 

of a molten-salt SMR with a nominal thermal capacity of 125 MWth and a solar tower CSP, in 

which both supply heat to in integrated TES tank. The other end of the TES tank is connected to 

a power generation block to provide on-demand power supply. The performed performance 

analysis concluded that such hybridisation concept can be considered as a reliable source of 

energy with high flexibility capabilities. Their study did not cover the cost and the economics of 

the hybrid system, nor the design and the operation of the power generation block.  

The concept of hybrid nuclear-solar power is also investigated by Naserbegi et al. [105]. In his 

study, this concept was used for cogeneration of electricity and fresh water (i.e., desalination). 

The proposed configuration consists of an SMR (NuScale) that is utilised, as heat input, 

to evaporate the working fluid and a solar tower CSP field, which is utilised to superheat the 

working fluid and also to supply heat to the coupled desalination plant. The study concluded 

that adding the solar powered superheater can increase the gross electrical output by 48% (from 

47 MWel to 70 MWel) and the cycle efficiency by 12% (from 27% to 30.2%) when compared 

to a standalone nuclear reactor. The study performed by Naserbegi et al. [105] supports the 

possibility of achieving enhanced thermodynamic performance with the hybridisation concept 

but it did not include comprehensive cost and economic analysis. 

All the aforementioned studies highlight the potential thermo-economic benefits of the 

nuclear solar hybridisation concept that could deliver flexible power, to some degree, while 

operating the nuclear reactor at full rated thermal power to maximise revenues. However, the 

studies did not include any design of the most-effective power generation block size and did 

not optimise the operation of the hybrid power plant during part-load operations.  

2.8. Summary of research gaps and research questions 

Decarbonising the energy sector is a challenging task, especially with other challenges related 

to energy security and affordability. In this context, large-scale thermal power plants such as 

nuclear and solar energy can play a major role in reducing the current carbon emissions while 

providing reliable and flexible electricity. Based on the conducted literature review on nuclear 

power plants, CSP plants and TES technologies, there are four major research gaps that can be 
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highlighted and each one of them is used to develop a research question that should be 

answered, to some extent, in this thesis. The identified research gaps are the following: 

• Research Gap 1: In DSG CSP plants, water/steam is usually utilised as a heat transfer fluid, 

a storage media and a working fluid for the power generation cycle system. However, storing 

steam in steam accumulators is limited and might not be the most economical and efficient TES 

system for DSG CSP plants. In this context, the combination of steam accumulators and sensible 

(hazard free) heat storage system might offer more efficient and cost-effective solution when 

compared to a standalone steam-accumulation TES system. However, such combination has not 

been comprehensively evaluated, both thermodynamically and economically, in previous 

studies. Also, this combination has never been compared to a standalone steam-accumulation 

TES system. Therefore, investigating such combination of TES systems is crucial to identify the 

potential benefits that could result from deploying such system in DSG CSP plants. 

• Research Gap 2: Flexible nuclear power is becoming more relevant, especially in electrical 

power grids that have high penetration of fuel-free and variable renewable energy sources as 

they have the advantage in meeting the baseload demand. However, operating nuclear reactors 

in load following modes is not very economical due to their high capital costs. Thus, there is 

a need to investigate the options of enhancing the thermodynamics and the economic returns of 

operating nuclear reactors at load following modes. In this context, investigating the available 

options of upgrading the flexibility of the current UK’s nuclear power plants fleet (mostly 

AGRs) is important, especially with the increasing share of renewables in the UK’s grid. This 

analysis has not been discussed in the literature. 

• Research Gap 3: As the UK is still considering government-supported models for investing 

in nuclear power projects as part of the overall effort to achieve the objective of net-zero 

greenhouse emissions by 2050 under the Climate Change Act [2,3]. It is crucial to know the 

limits and the available options of upgrading the flexibility of the future fleet of nuclear 

reactors, not only from a technology perspective, but also from a whole-energy system 

perspective. Therefore, identifying and quantifying the potential whole-energy system 

benefits of enhancing the flexibility of future nuclear reactors helps the decision makers, 

to some extent, to know how nuclear would compete and perform with other energy sources. 

All this content has not been captured in the literature and it would be beneficial to know the 

position of nuclear in future low-carbon electricity systems. 
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• Research Gap 4: The feasibility of hybridising nuclear with solar power and integrating them 

with a TES system has been investigated in the literature. The performed research shows that 

such hybridisation concept could enhance the flexibility and the efficiency of LWRs as well as 

increase the reliability and capacity factor of CSP plants. There is a need to comprehensively 

investigate the thermodynamics and economics of this concept, and to find the optimum size of 

the integrated TES system that is suitable for a specific location. Moreover, it is also useful 

to evaluate the deployment of such hybrid system in the Gulf countries as these countries have 

abundance of sun rays and they are considering to heavily investing in green hydrogen 

production in order to diversify their energy mix, as well as to boost their national income. 

The four research questions developed from the identified research gaps are: 

• Research Question 1: Should DSG CSP plants be integrated with a TES system that consists 

of steam accumulators only or the one that combines steam accumulators and solid heat 

storage units? What are the thermodynamic and economic benefits of both systems?  

• Research Question 2: What are the available options of upgrading the flexibility of the current 

fleet of UK’s reactors? Would it be economically attractive to proceed with such upgrade? 

• Research Question 3: What are the available options of enhancing the flexibility of potential 

future fleet of UK’s reactors? What are the whole-electricity system economic benefits that 

could be gained from proceeding with such flexibility upgrade?  

• Research Question 4: To what extent is the hybrid nuclear-solar power plant is flexible? What 

are the thermodynamic and economic benefits that could be gained from such integration? 

To answer these research questions, several modelling tools have been developed and many data 

sets were extracted from the literature, which are discussed in detail in Chapter 3. The listed research 

questions are considered in Chapters 4 to 7. In particular, Research Question 1 is exclusively 

considered in Chapter 4, where two steam-accumulation TES options are thermodynamically and 

economically compared taking a currently operational DSG CSP plant as a case study. The design 

and the thermodynamic analysis of the available option of enhancing the flexibility of the current 

and future fleets of UK’s reactors, which answers Research Questions 2 and 3, are discussed in 

Chapter 5 and Chapter 6. The whole system benefits of added flexibility that is part of Research 

Question 3 is considered in Chapter 6. Finally, the design and the technoeconomic evaluation of 

deploying a hybrid nuclear-solar power plant, which answers Research Question 4, is investigated 

in Chapter 7 where a city in the Sultanate of Oman is selected as a case study.
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Chapter 3   

Methodology 

The methodology used throughout this thesis is presented and discussed in this chapter. First, 

the collected data of the considered nuclear reactors and the modelling of the nuclear reactors 

as heat sources are presented in Section 3.1. The modelling procedure for the considered CSP 

technology (solar tower) alongside with the main assumptions and input data are presented and 

listed in Section 3.2. The solar tower model was used to estimate the hourly solar thermal power 

that is absorbed in the solar receiver for a given direct normal irradiance (DNI) profile.  

The design procedures and the model descriptions of the considered TES systems are covered 

in Section 3.3. The modelled TES technologies include steam accumulators, solid heat 

storage and two-tank molten salt. The first two technologies are implemented in the case study 

discussed in Chapter 4, whereas the two-tank molten salt TES system model is implemented 

in the study covered in Chapter 7. The design procedure of the phase change material (PCM) 

thermal tanks that are used in Chapter 5 is presented in Appendix A. 

The generic modelling procedure and the main assumptions of the different power generation 

cycle systems in this thesis are described in Section 3.4. The formulated power generation 

cycle system models are quasi-steady, and they were formulated based on the energy and 

mass balance equations. Moreover, the formulated cycle models take into consideration the 

off-design performance of the power generation cycle components during part-load 

operations, which is covered in Section 3.4.2. It should be noted that main power generation 

cycle model inputs and other specific assumptions of each designed power generation cycle 

system are listed and discussed in the first sections of the relevant chapter.  

The costing methods used to estimate the capital costs and other costs of the designed power 

plants and TES systems in Chapter 4 and Chapter 7 are presented and discussed in Section 3.5. 

The key thermo-economic indicators used to compare the performance of the designed power 

plants are defined in Section 3.6. Lastly, the description and the formulation of the whole-

electricity system investment model (WeSIM) used in Chapter 6 is covered in Section 3.7. 
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Unless specified, all thermodynamic and economic modelling tasks and simulations in this 

research were performed using MATLAB [108], and all water/steam and organic fluids 

thermodynamic properties were obtained from the National Institute of Standards and 

Technology (NIST) database using the REFPROP interface (more information in Ref. [109]).  

3.1. Nuclear reactor data 

All nuclear reactors in this thesis are modelled as continuous heat sources that supply the power 

generation cycles with heat to generate electricity. There are three main reactors that are 

investigated in this thesis, which are advanced gas-cooled reactor (AGR), European pressurised 

reactor (EPR), and NuScale. The first two reactors are large and conventional nuclear reactors. 

The AGR is already operated in the UK (i.e., 14 AGRs are currently under operation [110]), 

while the EPR will be soon operated in the UK (i.e., currently under construction at Hinkley 

Point C, and is also the choice for the potential future construction of Sizewell C [111]). The 

flexibility analyses of both reactors are presented in Chapter 5 and Chapter 6. The third reactor, 

which is NuScale, is involved in the design and analysis of the hybrid nuclear-solar power plant 

that is discussed in Chapter 7. The NuScale reactor was selected since its design is already 

approved and certified by the United States Nuclear Regulatory Commission (NRC) – first 

SMR approved by the NRC – and it is ready to get commercialised in the next few years [112]. 

The key thermodynamic parameters of the three reactors are listed in Table 3.1. 

Table 3.1. Key operation parameters of investigated nuclear reactors and steam generators. 

* Listed parameters are for a single NuScale module. 

 

All of the abovementioned reactors are attached to steam generators, which is a heat exchanger 

that transfer the heat between the primary reactor fluid that flows into the reactor vessel and the 

working fluid of the power generation cycles. The listed parameters in Table 3.1 were used as 

inputs to calculate the cycle working fluid mass flowrate based on the following expression: 

Parameter AGR [113] EPR [114–116] NuScale* [11,117–119] 

Reactor thermal power (MWth) 1570 4520 250 

Steam generator inlet temperature (°C) 156 230 149 

Steam generator outlet temperature (°C) 538 293 306 

Steam generator inlet pressure (MPa) 21.8 8.3 3.8 

Steam generator outlet pressure (MPa) 15.9 7.5 3.5 
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 �̇�SG = �̇�wf (ℎwf,out − ℎwf,in) (3.1) 

where �̇�SG is the rate of added heat in the steam generator, �̇�wf the mass flowrate of the cycle 

working fluid and ℎwf,in and ℎwf,out the specific enthalpies of the working fluid at the steam 

generator inlet and outlet. 

3.2. Concentrated solar power (solar tower model) 

The design of solar tower receiver in Chapter 7 and its thermal power requirements are 

determined by calculating the required rate of heat addition by the power generation block, 

�̇�PGB,SF, at full rated power. The calculations consider the heat losses during the charging and 

discharging processes of the TES system (i.e., expressed as 𝜂TES,Ch and 𝜂TES,Dch). Moreover, 

the receiver, which is assumed to be external (i.e., tubular) type, should be designed in a way 

to continuously supply sufficient thermal power to operate the power generation cycle at full 

rated power, at least during the daytime and not only during the maximum irradiance during 

the day. This requirement is satisfied by considering a solar multiple factor, 𝐹SM, during the 

design of the receiver. Considering the intermediate heat losses and the solar multiple factor, 

the required rate heat addition in the receiver was calculated from [120]: 

 �̇�rec = 𝐹SM  
�̇�PGB,SF

𝜂TES,Ch 𝜂TES,Dch
 (3.2) 

It should be noted that there are heat losses in the receiver due to radiation, �̇�rec,rad,loss, and 

convection, �̇�rec,conv,loss, which were estimated using [120]: 

 �̇�rec,rad,loss = 𝜖 𝜎 𝐹view 𝐴rec 𝑇rec
4   (3.3) 

 �̇�rec,conv,loss = 𝐹conv 𝛼rec 𝐴rec (𝑇rec − 𝑇a) (3.4) 

 �̇�rec,loss = �̇�rec,rad,loss + �̇�rec,conv,loss (3.5) 

where 𝜖 the receiver emissivity, 𝜎 the Stefan-Boltzmann constant, 𝐹view the radiative view 

factor from the receiver to the surrounding, 𝐹conv the convective heat loss multiplier, 𝐴rec the 

receiver surface area, 𝑇rec the receiver temperature, 𝑇a the ambient temperature and 𝛼rec the 

convective heat transfer coefficient between the receiver and the surroundings. 

The receiver thermal power and the total heat losses can be linked to the heliostat field thermal 

power that is concentrated into the receiver, �̇�hel, using the receiver absorptivity, 𝜉, as [120]: 
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 �̇�rec = 𝜉 �̇�hel − �̇�rec,loss (3.6) 

 �̇�hel = 𝑞irr 𝐴hel 𝜂hel (3.7) 

where 𝑞irr is the DNI, 𝐴hel the total heliostat felid area and 𝜂hel the heliostat efficiency. 

The key design parameters of the solar receiver and the heliostat felid are listed in Table 3.2. 

These parameters were mostly extracted from System Advisor Model (SAM) software, which 

was developed by the National Renewable Energy Laboratory (NREL) [121]. Selecting constant 

values is usually associated with some degree of uncertainty as some of these parameters are 

dependent on weather factors (e.g., shading, soiling, and wind speed) [121]. For example, the 

heliostat felid efficiency, 𝜂hel, is usually obtained after considering multiple optical loss factors 

such as cosine losses, reflectivity losses, shading losses, spillage losses and atmospheric 

attenuation losses [120]. With considering all these factors, the average heliostat efficiency 

usually falls in the range of 60-70%. In this thesis, the lowest heliostat efficiency (60%) was 

assumed in the solar tower model in order to be more conservative [120]. The disadvantages of 

selecting constant (averaged) parameters includes lack of accuracy when obtaining instantaneous 

(i.e., hourly) results, especially if the actual values are significantly higher or lower than the 

averaged one. However, such inaccuracy can be neglected since most of the assumed parameters 

in Table 3.2 were utilised to estimate heat losses in the solar receiver, and the magnitude of these 

losses are very minor (i.e., ~3-4% of the total heat absorbed by the solar receiver). 

Table 3.2. Key design parameters of the solar tower receiver [120–123]. 

Parameter Value 

Receiver emissivity, 𝜖 (-) 0.95 

Stefan-Boltzmann constant, 𝜎 (W/m2 K4) 5.67×10-8 

Radiative view factor, 𝐹view (-) 0.2 

Convective heat loss multiplier, 𝐹conv (-) 1 

Receiver convective heat transfer coefficient, 𝛼rec (W/m2 K) 15 

Ambient temperature, 𝑇amb (°C) 25 

Receiver absorptivity, 𝜉 (-) 0.94 

Design direct normal irradiance, 𝑞irr (W/m2) 600 

Heliostat efficiency, 𝜂hel (%) 60 

 

The determination of the design receiver dimensions (height and diameter), the heliostat area, 

and the tower height in Chapter 7 were obtained using the optimisation-based optical simulation 
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in SAM software. Once all solar field design parameters were generated from SAM, the 

transient receiver thermal power output for the fluctuating DNI data during the day is then 

obtained using Equations (3.2)-(3.7). Moreover, the solar field design parameters (i.e., receiver 

area, heliostat area, and tower height) were also used to estimate the capital cost of the solar 

felid as discussed in Section 3.5.4. The design DNI in Chapter 7 was assumed to be 600 W/m2, 

which is based on the average peak day point of the entire year for the selected location (Duqm, 

Sultanate of Oman - Latitude:19.65°, Longitude 57.62°).  

3.3. Thermal energy storage models 

This section covers the modelling procedure and the design aspect of the various TES 

technologies that are analysed in the thesis. The modelling of the steam accumulators and the 

solid heat storage units that are used in Chapter 4 are presented in Sections 3.3.1 and 3.3.2, 

respectively, while the two-tank molten salt TES system model (i.e., Chapter 7) is discussed in 

Section 3.3.3. The design of the PCM tanks presented in Chapter 5 is discussed in Appendix A. 

3.3.1. Steam accumulator model 

The prediction of the mass, pressure, and energy of the steam/water in the steam accumulators 

(SA) were performed using mass and the energy balance equations of the thermal equilibrium 

model developed by Stevanovic et al. [124]. The rate of water (liquid) and steam (vapour) mass 

change in the SA was calculated using: 

 
d𝑚

d𝑡
= ∆�̇�V + ∆�̇�L (3.8) 

 ∆�̇�V = �̇�V,in − �̇�V,out (3.9) 

 ∆�̇�L = �̇�L,in − �̇�L,out (3.10) 

The SA enthalpy variations were predicted using: 

 
d𝐻

d𝑡
= ∆(�̇�ℎ)V + ∆(�̇�ℎ)L + 𝑉 

d𝑃

d𝑡
 (3.11) 

 ∆(�̇�ℎ)V = (�̇�ℎ)V,in − (�̇�ℎ)V,out (3.12) 

 ∆(�̇�ℎ)L = (�̇�ℎ)L,in − (�̇�ℎ)L,out (3.13) 

To calculate the transient pressure and mass of steam in the SAs during charging and 

discharging modes, the following steps and equations were used: 
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1. The total enthalpy of the SA is represented by: 

  𝐻 = 𝑚 ℎ (3.14) 

2. Differentiating with respect of time:  

 
d𝐻

d𝑡
= ℎ

d𝑚

d𝑡
+ 𝑚

dℎ

d𝑡
 (3.15) 

3. The specific enthalpy can be calculated by: 

 ℎ = ℎ′ + 𝑥 ∆ℎvap (3.16) 

where superscript ‘′’ stands for saturated liquid conditions. 

4. Taking the derivative of the specific enthalpy: 

 
dℎ

d𝑡
=
dℎ′

d𝑡
+ ∆ℎvap  

d𝑥

d𝑡
+ 𝑥 

d∆ℎvap

d𝑡
 (3.17) 

5. Rearranging and introducing rate of change of pressure d𝑃/d𝑡: 

 
dℎ

d𝑡
= (

dℎ′

d𝑃
+ 𝑥 

d∆ℎvap

d𝑃
) 
d𝑃

d𝑡
+ ∆ℎvap  

d𝑥

d𝑡
 (3.18) 

6. The steam quality, 𝑥, can be predicted by: 

 𝑥 =
𝜈 − 𝜈′

𝜈′′ − 𝜈′
 (3.19) 

 𝜈 =
𝑉

𝑚
 (3.20) 

7. Taking the derivative of steam quality, 𝑥, and specific volume, 𝜈, with respect of time or 

pressure, and knowing that SA volume, 𝑉, is constant: 

 
d𝑥

d𝑡
= −

1

𝑚
 
𝜈

𝜈′′ − 𝜈
 
d𝑚

d𝑡
− (

1

𝜈′′ − 𝜈′
 
d𝜈′

d𝑃
+

𝜈 − 𝜈′

(𝜈′′ − 𝜈′)2
 
d(𝜈′′ − 𝜈′)

d𝑃
) 
d𝑃

d𝑡
 (3.21) 

8. Finally, the rate of change of SA pressure can be calculated by substituting Equations (3.14)-

(3.21) into Equation (3.11) and rearranging: 

 
d𝑃

d𝑡
=

∆(�̇�ℎ)V + ∆(�̇�ℎ)L + (
∆ℎvap

𝑉
𝑚

𝜈′′ − 𝜈′ − ℎ) (∆�̇�V + ∆�̇�L)

𝑚(
dℎ′

d𝑃
+

𝑉
𝑚 − 𝜈

′

𝜈′′ − 𝜈′  
d∆ℎvap
d𝑃

−
∆ℎvap
𝜈′′ − 𝜈′ −

d𝜈′

d𝑃
− ∆ℎvap

𝑉
𝑚 − 𝜈

′

(𝜈′′ − 𝜈′)2
 
d(𝜈′′ − 𝜈′)

d𝑃 )− 𝑉

 (3.22) 
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Equations (3.8) and (3.22) were solved numerically using the Runge-Kutta method for specified 

initial values of SA water/steam mass and pressure. Moreover, the steam thermodynamic properties 

presented in Equation (3.22) are only a function of pressure. Therefore, their rates of change were 

calculated using the slope of the property between slightly higher and lower pressure points. 

3.3.1.1. Validation of the steam accumulator model 

The validation of the formulated SA model was conducted using a set of data for three different 

SA charging and discharging tests (i.e., Tests A, B and C) reported in Ref. [124]. Same initial 

conditions and same charging/discharging steam parameters, as listed in Table 3.3 and can be 

found in detail in Refs. [124,125], were used to validate the formulated model. The initial 

conditions included water filling ratios (WFR), which is defined as:  

 𝑊𝐹𝑅 =
𝑉L

𝑉V + 𝑉L
=
𝑉L
𝑉SA

 (3.23) 

where 𝑉L is the liquid volume, 𝑉V the vapour volume and 𝑉SA the volume of the SA.  

Figure 3.1 shows the time varying: (a) steam inlet or outlet pressure; (b) steam inlet or outlet mass 

flowrate; and (c) steam inlet/outlet temperature of the three tests. The conditions of each test are: 

• Test A: SA is charged with a varying pressure, mass flowrate, and temperature steam for 

11 min and 40 s.  

• Test B: SA is charged with steam at a constant mass flowrate of 10 kg/s, a constant pressure 

of 2.5 MPa, and a constant temperature of 225 °C for 4 min and 35 s. 

• Test C: SA is discharged with a constant steam mass flowrate of 10 kg/s but at different 

discharging steam pressure and temperature that depends on the SA pressure for 4 min and 10 s.  

Table 3.3. Initial conditions and main SA parameters for SA model validation. 

Parameter Test A Test B Test C 

SA volume (m3) 64 64 64 

SA initial pressure (MPa) 3.4 2.5 5.0 

SA initial WFR (-) 0.5 0.5 0.5 

Charging/discharging mode charging charging discharging 
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Figure 3.1. (a) SA inlet steam pressure for Test A and Test B alongside with outlet steam 

pressure for Test C, (b) SA inlet steam mass flowrate for Test A and Test B alongside with 

outlet steam mass flowrate for Test C, and (c) SA steam inlet temperature for Test A and Test B 

besides outlet steam temperature for Test C. All steam inlet conditions were digitally extracted 

from graphs and data provided in Ref. [124] and Ref. [125]. 

 

Figure 3.2. Comparison of the behaviour of the SA pressure between the model and 

Ref. [124] results for all tests. Tests A and B indicate the increase of SA pressure during steam 

charging while Test C shows the decrease of SA pressure during the discharge. 

The calculated and the reference SA pressures for all tests are compared in Figure 3.2. The 

comparison shows that the formulated model is sufficiently accurate as the maximum RMSE is 

0.05 and the maximum average relative error (𝜖avg) is 1.4%. The small source of error could be 

a result of adopting a different way of calculating the rate of change of steam properties at 

different pressure points. Stevanovic et al. [124] state that the equilibrium model could have a 
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6% of estimation error when compared to non-equilibrium model, but both have same initial 

and final pressure points. However, the non-equilibrium model requires inner physical 

parameters and dimensions of the SA which is not available in the literature. Therefore, the 

equilibrium model was used in this thesis, specifically in Chapter 4.  

3.3.2. Solid storage model 

This section discusses the modelling aspect of the solid (concrete) heat storage of the case study 

presented in Chapter 4. Concrete was selected as the storage material because it has proven its 

compatibility of storing heat at high temperatures (up to 550 °C) and its comparatively cheaper 

price [77]. The schematic diagram of the proposed concrete blocks and the tube bundling is 

illustrated in Figure 3.3. In the study discussed in Chapter 4, each concrete block was assumed to 

be 10-m long and to have a square cross-section for easier installation and operation near the SAs, 

and each was assumed to comprise a number of tubes that are surrounded by concrete. The inner 

and outer diameters of each tube-solid element, 𝐷i and 𝐷o as shown in Figure 3.3, are equal to 

2 cm and 8 cm [126,127]. The total size of the concrete blocks (i.e., width, height, length) was 

determined after performing a thermo-economic parametric study for different concrete block 

sizes (i.e., in terms of number of tubes and number of concrete blocks) in Section 4.6.1 

 

Figure 3.3. Simplified schematic diagram of a concrete storage block with in-line tube bundle 

arrangement. The right sketch shows the radial cross section of one HTF-solid (steam-concrete) 

element. The number of tubes does not reflect the actual number of tubes in the proposed design. 
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In this thesis, a transient energy and mass balance model for the solid storage was formulated 

based on the following assumptions: 

• Conductive axial heat transfer within the fluid and between each solid element is very small 

compared to the radial heat transfer (i.e., �̇�axial ≪ �̇�radial). The ratio of the maximum axial 

to the minimum radial heat transfer rates (�̇�axial,max �̇�radial,min⁄ ) is less than 0.5%. Thus, 

conductive axial heat transfer is neglected. 

• The external surface of the concrete block is perfectly insulated (no heat loss to the environment). 

• The transient radial heat conduction in the solid element is treated using a modified lumped 

capacitance method with an effective heat transfer coefficient (i.e., valid for large Biot numbers, 

up to 100) that accounts for the internal thermal gradient in the solid material [128,129].  

• The tube between the solid and the fluid is very thin and made of a material that has a 

relatively high thermal conductivity (34-54 W/m K for carbon steel [130,131]), which is at 

least 15 times greater than the thermal conductivity of concrete (2.2 W/m K at 200 °C [132]). 

Based on the dimensions of the solid element and the tubes (thickness of 1 mm [129]), the 

calculated thermal resistance of the tube was observed to be less than 1% of that of the solid 

element. Therefore, the thermal resistance of the tube is neglected.  

• Steam condensation is expected to occur during charging mode. Therefore, the two phases 

(vapour and liquid) are assumed to be in thermal, mechanical, and chemical equilibrium. 

• Fluid flow is one dimensional (z-axis) and the velocity vector of each phase of the fluid 

(liquid and vapour) has one component only. 

• Pressure drop of fluid in the tube is neglected when calculating fluid properties. However, a 

total pressure loss of 0.5 MPa throughout the concrete blocks is assumed. 

• Temperature distribution in the solid is symmetrical about the axis.  

Applying the listed assumptions and using the general energy and mass balance equations for 

unsteady-flow processes in Ref. [133], the final energy and mass balance equations for the fluid 

element can be written as: 

 
d(𝑚f𝑢f)

d𝑡
= �̇�f,in ℎf,in − �̇�f,out ℎf,out + 𝛼e 𝐴w (𝑇s − 𝑇f) (3.24) 

 
d𝑚f
d𝑡

= �̇�f,in − �̇�f,out (3.25) 

 𝐴w = 𝜋 𝐷i Δ𝑧 (3.26) 
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 𝑚f = 𝜌f 𝑉f (3.27) 

 𝑉f =
𝜋

4
 𝐷i
2 Δ𝑧 (3.28) 

where 𝑚f and 𝑢f are the mass and the specific internal energy of the fluid, respectively, �̇�f the 

fluid mass flowrate, ℎf the fluid specific enthalpy, 𝛼e the effective heat transfer coefficient, 𝐴w 

the tube surface area, 𝐷i the tuber inner diameter, 𝑇𝑠 the solid temperature, 𝑇f the fluid 

temperature and 𝑉f the volume of the fluid cell. It should be noted that the fluid mass in each cell 

is not constant as the fluid density in each cell varies, especially during condensation of fluid.  

It should be noted that the fluid mass in each cell is not constant (d𝑚f d𝑡⁄ ≠ 0) as the fluid density 

in each cell varies, especially during condensation. The temporal change of fluid mass contained 

within the tube array of the concrete blocks is driven by steam condensation. The density difference 

between vapour steam and condensed liquid dictates that the mass must increase as liquid is 

accumulating in a fixed volume, which is captured by the mass balance in Equation (3.25). 

The energy balance equation for the solid in each cell is: 

 𝑚s 𝑐s  
d𝑇s
d𝑡
= 𝛼e 𝐴w (𝑇f −  𝑇s) (3.29) 

 𝑚s = 𝜌s 𝑉s (3.30) 

 𝑉s =
𝜋

4
 (𝐷o

2 −𝐷i
2) Δ𝑧 (3.31) 

where 𝑚s is the solid mass, 𝑐s the solid specific heat capacity, 𝜌s the solid density and 𝑉s the 

volume of the solid element. The solid mass in each cell was assumed to be constant as the solid 

density is almost constant for the considered temperature range. 

The effective heat transfer coefficient in Equations (3.24) and (3.29) was calculated using 

Equation (3.32) that is proposed by Xu et al. [128] and Jian et al. [129]. This coefficient was 

derived by applying the lumped capacitance method and is valid for large (up to 100) Biot 

numbers, and for transient models. Based on a brief numerical analysis that is covered in detail in 

Section 3.3.2.1, the Biot number in the model is expected to fall between 0.80 and 88 depending on 

the HTF mass flowrate and the inner and outer diameters of the HTF-solid element. 

 
1

𝛼e
=
1

𝛼f
+
1

𝑘s
 ( 
4 𝑅i 𝑅o

4  ln (
𝑅o
𝑅i
) − 3 𝑅i 𝑅o

4 + 4 𝑅i
3 𝑅o

2 − 𝑅i
5

4 (𝑅o2 − 𝑅i
2)2

 ) (3.32) 



Chapter 3: Methodology  

 

43 

 

In Equation (3.32), 𝛼f is the convective heat transfer coefficient of the fluid and calculated using 

Gnielinski’s correlation for single-phase flows [134]: 

 𝛼SP =
𝑘f
𝐷h
 

(
𝑓
8
) (𝑅𝑒 − 1000) 𝑃𝑟

1 + 12.7 (
𝑓
8
)
0.5

(𝑃𝑟0.67 − 1)

 (3.33) 

 𝑅𝑒 =
𝜌 𝑣 𝐷h
𝜇

 (3.34) 

 𝑃𝑟 =
𝑐 𝜇

𝑘
 (3.35) 

where 𝑘f is the fluid thermal conductivity, 𝑅𝑒 the Reynolds number, 𝑃𝑟 the Prandtl number and 

𝑓 the friction factor that was calculated using the following Colebrook-White correlation with 

an absolute tube roughness, 𝑒, equal to 0.04 mm for new carbon-steel tubes [135]: 

 
1

√𝑓
= −2 log (

𝑒

3.7 𝐷in
+
2.51

𝑅𝑒 √𝑓
) (3.36) 

For steam condensation, the fluid heat transfer coefficient was obtained using Shah’s 

correlation for two-phase flows [136,137]: 

 𝛼TP = {

𝛼Sh                                  𝐽V ≥ 𝛽
𝛼Sh + 𝛼Nu             𝛾 ≤ 𝐽V < 𝛽
𝛼Nu                                𝐽V <  𝛾

 (3.37) 

 𝛼sh =
𝑘L
𝐷h
 0.023 𝑅𝑒Lo

0.8 𝑃𝑟L
0.4  (

𝜇L
14𝜇V

)
(0.0058+0.557𝑃R)

 (1 +
3.8

𝑍0.95
) (3.38) 

 𝛼Nu =
𝑘L
𝐷h
 1.32 𝑅𝑒L

−1 3⁄  (
𝜌L (𝜌L − 𝜌V) 𝑔 𝑘L

3

𝜇L
2 )

1 3⁄

 (3.39) 

 𝐽V =
𝑥 𝐺

(𝑔 𝐷h 𝜌V (𝜌L − 𝜌V))
0.5 (3.40) 

 𝑍 = (
1

𝑥
− 1)

0.8

 𝑃R
0.4 (3.41) 

 𝑃R =
𝑃sat
𝑃crit

 (3.42) 

 𝛽 = 0.98 (𝑍 + 0.263)−0.62 (3.43) 

 𝛾 = 0.95 (1.254 + 2.27𝑍1.249)−1 (3.44) 
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The transient energy and mass balance equations of the fluid and the solid elements were solved 

numerically using the finite difference method by discretising the total tube length, 𝐿, into small 

spatial segments, ∆𝑧, and the total time, 𝜏, into small time steps, ∆𝑡. The spatial discretisation and 

the location of the nodes are illustrated in Figure 3.4. This set of equations were solved using the 

backward Euler method, as following: 

 

(𝑚f𝑢f)𝑗
𝑛+1 − (𝑚f𝑢f)𝑗

𝑛

∆𝑡
= (�̇�f)𝑗−1

𝑛+1 (ℎf)𝑗−1
𝑛+1 − (�̇�f)𝑗

𝑛+1 (ℎf)𝑗
𝑛+1 

+ (𝛼e)𝑗
𝑛+1 𝐴w ((𝑇s)𝑗

𝑛+1 − (𝑇f)𝑗
𝑛+1) 

(3.45) 

 
(𝑚f)𝑗

𝑛+1 − (𝑚f)𝑗
𝑛

∆𝑡
= (�̇�f)𝑗−1

𝑛+1 − (�̇�f)𝑗
𝑛+1 (3.46) 

 𝑚s 𝑐s  
(𝑇s)𝑗

𝑛+1 − (𝑇s)𝑗
𝑛

∆𝑡
= (𝛼e)𝑗

𝑛+1 𝐴w ((𝑇f)𝑗
𝑛+1 − (𝑇s)𝑗

𝑛+1) (3.47) 

where 𝑛 is the time step index and 𝑗 the spatial node.  

The equations were solved using an iterative method and following the illustrated algorithm in 

Figure 3.5, with ∆𝑡 = 1 s and ∆𝑧 = 0.1 m (i.e., the selection of these time step and spatial node sizes 

is discussed later in this section). Moreover, the model assumed a homogenous starting point where 

the temperature of fluid in each spatial node was the same as the temperature of the solid and the 

initial conditions of each calculation step were determined based on previous time step [77]. 

 

Figure 3.4. Schematic diagram of the cell energy and mass balance analysis as well as the heat 

flow directions during charging and discharging modes. 
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Figure 3.5. Flow diagram of the calculation steps of solving the energy and mass balance 

resolution algorithm for the concrete model. The steps are repeated for each spatial node (𝑗 = 2 

to 𝑗 = 𝑁) and for each time step ∆𝑡. 

The time step size was determined by comparing the RMSEs of the solid and fluid temperature 

profiles for a range of time step sizes, with an example shown in Figure 3.6(a). The RMSEs 

were calculated relative to the data obtained using the highest number of time steps (i.e., based 

on a step size of 0.1 s and 36000 time steps). Based on data presented in Figure 3.6(a), a time 

step size of 1 s (i.e., number of time steps in 1 h is 3600) was selected as the calculated RMSE 

falls below 0.5%. The computation time of running the model with a 1-s time step was 15 min, 

whereas it was 2.5 h when running the model at a time step of 0.1 s.  

Furthermore, the spatial node size was also selected after comparing the RMSEs for different 

numbers of spatial nodes (i.e., 𝑁sn= 800, 400, 200, 80, 40, 20 and 8) for an 8-m long block size, 

with a time step of 1 s, as shown in Figure 3.6(b). The RMSEs were calculated relative to the 

data obtained using the highest number of spatial nodes (i.e., 800 spatial nodes which 

corresponds to ∆𝑧 = 0.01 m). It can be seen in Figure 3.6(b) that the RMSE decreases when 

increasing the number of spatial nodes, but such increase also leads to increasing the 

computational time, which can reach to 4 h when 𝑁sn= 800 . Based on the presented data in 

Figure 3.6(b), the selected number of spatial nodes is 80 (i.e., ∆𝑧 = 0.1 m) since it gives an 

acceptable amount of uncertainty (RMSE <1) and reasonable computational time (15 min).  
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Figure 3.6. Comparison of the calculated RMSEs of the solid and the fluid temperatures for: 

(a) a range of time step sizes, and (b) different number of spatial nodes for the solid TES model. 

In (a), the total time is 3600 s, and the maximum number of time steps is 36000, which 

corresponds to a time step size of 0.1 s. The RMSEs were calculated relative to the temperature 

profiles obtained using the maximum number of time steps and with ∆𝑧 = 0.1 m. In (b), the total 

block length is 8 m, and the maximum number of spatial nodes is 800, which corresponds to 

∆𝑧 = 0.01 m. The RMSEs were calculated relative to the temperature profiles obtained using the 

maximum number of spatial nodes, with data compared every ∆𝑧 = 1 m, and using ∆𝑡 = 1 s.  

3.3.2.1. Validity of using an effective heat transfer coefficient 

The assumption of using the effective (corrected) heat transfer coefficient was made to be able 

to use the lumped capacitance method in the solid-state TES model. The lumped capacitance 

method is usually applied when the Biot number is smaller than 0.1 as larger Biot numbers 

indicate significant temperature gradients in the solid domain. However, Xu et al. [128] and 

Jian et al. [129] derived a corrected version of the heat transfer coefficient valid for large Biot 

numbers and for transient heat transfer models as well. The results of their analysis showed that 

the modified lumped capacitance method can be applied to accurately describe and calculate 

the thermal behaviour of solid-state TES, up to Biot number of 100.  

To assess the validity of applying the lumped capacitance model in the concrete TES system 

covered in Chapter 4, a brief numerical analysis of the expected Biot numbers in the concrete 

TES model was performed. The Biot number in the formulated model is defined as: 
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 𝐵𝑖 =  
𝛼

𝑘s
 
𝑉s
𝐴
  (3.48) 

where 𝛼 is the convective heat transfer coefficient between the HTF and the solid, 𝑘𝑠 the 

thermal conductivity of the solid, 𝑉𝑠 the solid volume and 𝐴 the heat transfer surface area. 

The value of 𝑘s (= 1.4 W/m K) was calculated using a temperature-dependent correlation (i.e., 

see Table 3.4) at 500 °C, and the temperature and pressure of the HTF (steam) used for the 

calculation of 𝛼 were assumed to be 550 °C and 11.5 MPa. Figure 3.7 shows expected Biot 

numbers for a range of HTF mass flowrates, and for different tube and concrete diameter ratios, 

𝜃 =  𝐷o 𝐷i⁄ . The range of mass flowrates was selected to cover all expected flowrates in the 

model (i.e., based on maximum and minimum total mass flowrate flowing from the solar 

superheater or from the SAs and for different numbers of tubes, check Chapter 4 for more details). 

 

Figure 3.7. Expected Biot numbers (𝐵𝑖 = 𝛼𝑉s 𝑘s𝐴⁄ ) in the concrete TES model for a range of 

HTF mass flowrates and different diameter ratios, 𝜃. The diameter ratio is defined as 𝐷o 𝐷i⁄  with 

an inner diameter, 𝐷i, of 2 cm, and 𝑘s is 1.4 W/m K. The temperature and the pressure of the HTF 

(steam) for the calculation of the convective heat transfer coefficient, 𝛼, is 550 °C and 11.5 MPa. 

The expected Biot numbers are between 0.80 and 88. The Biot number increases with the increase 

of the diameter ratio because of the increase of the solid volume. Moreover, the Biot number also 

increases with higher HTF mass flowrates due to higher heat transfer coefficients. The results 

support the validity of using of lumped capacitance method with a corrected heat transfer 

coefficient for evaluating the thermodynamic performance of the solid TES system in Chapter 4.  
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3.3.2.2. Solid concrete thermophysical properties 

The selected concrete material in Chapter 4 is HEATCRETE vp1 that was developed by 

EnergyNest and HeidelbergCement. HEATCRETE vp1 is specially made for TES purposes and 

could withstand heat of up to 550 °C [81,132]. The thermophysical properties of this material 

are summarised in Table 3.4. The properties are temperature dependent, hence, correlations 

based on temperature are extracted from the data in Ref. [132]. The density is also temperature 

dependent but the change in density is less than 1% between 200 °C and 550 °C. Thus, an 

average density of 2260 kg/m3 is assumed in the whole temperature range. 

Table 3.4. Thermophysical properties of the selected concrete material (HEATCRETE vp1). 

The unit of temperature in the correlations is °C [132]. 

Thermophysical property Value/correlation 

Density (kg/m3) 2260 

Thermal conductivity (W/m K) 𝑘s = -0.0027 𝑇 + 2.754 

Specific heat capacity (J/kg K) 𝑐s = 1.3192 𝑇 + 775 

 

3.3.2.3. Validation of the solid thermal energy storage model 

The formulated concrete storage computational model was validated using experimental data 

from Ref. [129]. The same concrete and tube dimensions, concrete thermophysical properties, 

initial conditions and boundary conditions, which are reported in Ref. [129], were applied in the 

model. Two experimental data set that are different in terms of HTF volumetric flowrate and 

concrete initial temperature profile were examined. Figure 3.8 compares the numerical results 

with the experimental data reported in Ref. [129]. The HTF and the solid temperatures for a HTF 

volumetric flowrate of 3 m3/h are shown in Figure 3.8(a) and Figure 3.8(b), respectively, while 

for a HTF volumetric flowrate of 4.5 m3/h are shown in Figure 3.8(c) Figure 3.8(d), respectively. 

All experimental data are plotted in dots while the numerical results are plotted in lines. The HTF 

inlet temperature and the initial solid temperature profile (i.e., illustrated in blue in Figure 3.8) for 

the numerical model are assumed to be the same as the experimental data. The differences of the 

results were compared using the root mean square error (RMSE), 휀𝑅𝑀𝑆: 

 
휀RMS =

√∑ (𝑇num − 𝑇exp)
2𝑁

𝑖=1

𝑁
 

(3.49) 
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where 𝑇num is the temperature from the numerical models, 𝑇exp the temperature from the 

experiments and 𝑁 the number of data points.  

 

Figure 3.8. Comparison of results obtained from the formulated concrete model and the 

experimental data published in Ref. [129]. Showing HTF and solid temperatures, respectively, 

for: (a, b), a HTF volumetric rate of 3 m3/h, and (c, d) a HTF volumetric rate of 4.5 m3/h. The 

HTF temperatures are measured at the inlet and the outlet of the storage unit and the solid 

temperatures are measured at different axial positions and different charging times. 

The RMSEs of all compared data are 1 or less and the behaviour of the numerically calculated 

HTF and solid temperatures are almost the same as the experimental temperatures. The small 

difference is acceptable and could be a result of using slightly different thermophysical 

properties as well as the accuracy of the heat transfer coefficients. It should be noted that the 

experimental data reported in Ref. [129] and presented in Figure 3.8 covers temperatures in 

the range of 50-80 °C (i.e., subcooled water at atmospheric pressure), indicating that the 

formulated model is only validated when the HTF (steam) is fully condensed, and no 

condensation/boiling process (two-phase flow) is occurring inside the tubes. To the latest 
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knowledge of the Author, there is no availability of experimental data with steam conditions 

(i.e., steam with a temperature in the range of 300-550 °C with a condensation process inside 

the tubes) in the literature that could be used to validate the formulated model during the 

steam condensation process. Still, the formulated model is partially validated and could be 

considered as sufficiently accurate in predicting the performance of the solid TES during 

charging and discharging in the study presented in Chapter 4. 

3.3.3. Two-tank molten salt thermal energy storage 

The two-tank molten salt TES system that is used in the hybrid nuclear-solar power plant in 

Chapter 7 was modelled using the general energy and mass balance equations. 

In a two-tank molten salt TES system, the HTF (molten salt) is extracted from the cold tank 

and directed to the solar receiver to absorb heat and then flows to the hot tank. The energy and 

mass balance equations of the hot tank can be written as [138–140]: 

 𝑚MS,HT
dℎHT
d𝑡

= �̇�SF→HT − �̇�HT,loss − �̇�HT→PGB (3.50) 

 �̇�SF→HT = �̇�MS,SF ℎMS,SF,out  (3.51) 

 �̇�HT,loss = 𝐴HT 𝛼HT,loss (𝑇HT − 𝑇a) (3.52) 

 �̇�HT→PGB = �̇�MS,PGB (ℎHT,out − ℎCT,in) (3.53) 

 
d𝑚HT
d𝑡

= �̇�MS,SF − �̇�MS,PGB (3.54) 

where 𝑚MS,HT is the mass of molten salt in the hot tank, �̇�SF→HT the rate of absorbed heat in 

the solar receiver, �̇�HT,loss the rate of heat loss from the hot tank to the environment, �̇�HT→PGB 

the rate of heat transferred to the power generation block, �̇�MS,SF the mass flowrate of the 

molten salt that flows into the solar receiver, �̇�MS,PGB the mass flowrate of molten salt directed 

to the power generation block, ℎMS,SF,out the specific enthalpy of molten salt flowing out of the 

solar receiver, 𝐴HT the hot tank surface area, 𝛼HT,loss the heat transfer coefficient between the 

hot tank and the environment, 𝑇HT the temperature of the hot tank, 𝑇a the ambient temperature 

and ℎHT,out and ℎCT,in are the specific enthalpy of the hot tank and the cold tank, respectively.  
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The stored heat in the hot tank is then directed to the power generation cycle to heat up the 

working fluid for power generation, which is then flows back to the cold tank. The energy 

balance and the mass balance equations of the cold tank are expressed as [138–140]: 

 𝑚MS,CT
dℎCT
d𝑡

= �̇�PGB→CT − �̇�CT,loss − �̇�CT→SF (3.55) 

 �̇�PGB→CT = �̇�MS,PGB ℎCT,in (3.56) 

 �̇�CT,loss = 𝐴CT 𝛼CT,loss (𝑇CT − 𝑇a) (3.57) 

 �̇�CT→SF = �̇�MS,SF ℎCT,out (3.58) 

 
d𝑚MS,CT
d𝑡

= �̇�MS,PGB − �̇�MS,SF (3.59) 

where 𝑚MS,CT is the mass of molten salt in the cold tank, �̇�PGB→CT the rate of added heat to the 

cold tank from the power generation block, �̇�CT,loss the rate of heat loss from the cold tank to 

the environment, �̇�CT→SF the energy flow from the hot tank to the solar receiver, 𝐴CT the cold 

tank surface area, 𝛼CT,loss the heat transfer coefficient between the cold tank and the 

environment and 𝑇CT the temperature of the cold tank.  

For the designed two-tank molten salt TES system in Chapter 7, the heat loss from the hot and 

the cold tank to the environment, �̇�HT,loss and �̇�CT,loss, were assumed to be negligible (fully 

insulated tanks). However, it was conservatively assumed that there is 5 °C of temperature drop 

between the solar field and the TES system (hot and cold tanks) and also between the TES 

system and the power generation block. This temperature drop was assumed to cover any heat 

loss in the pipes as well as in the tanks. With such temperature drop, the calculated TES 

charging efficiency, 𝜂TES,Ch, and discharging efficiency, 𝜂TES,Dch, were both 96%.  

The thermophysical properties of the selected molten salt, solar salt (60% NaNO2 

+ 40% KNO3), which is used as HTF and storage material in the study presented in Chapter 7, 

are listed in Table 3.5. The change of the specific enthalpy of the molten salt was obtained using 

the specific heat capacity correlation in Table 3.5 and the following equation: 

 ∆ℎMS = ∫  𝑐p d𝑇
𝑇HT

𝑇CT

 (3.60) 

where ∆ℎMS is the change of the molten salt specific enthalpy from 𝑇CT to 𝑇HT. 
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Table 3.5. Thermophysical properties of solar salt (60% NaNO2 + 40% KNO3) that are used in 

Chapter 7 [141–145]. T is the bulk temperature in °C. 

Thermophysical property Value/correlation 

Density (kg/m3) 𝜌 = 1916.3 − 0.636 𝑇  

Specific heat capacity (J/kg K) 𝑐p = 1490 + 0.172 𝑇  

Thermal conductivity (W/m K) 𝑘 = 0.4949 + (2 × 10−4) 𝑇  

Dynamic viscosity (Pa s) 𝜇 =
22.7 − 0.12 𝑇 + (2.28 × 10−4) 𝑇2 − (1.47 × 10−7) 𝑇3

1000
 

Melting temperature (°C) 223 

 

3.4. Power generation system model 

The generic design and the modelling basis of the considered power generation cycle (steam 

Rankine cycles and organic Rankine cycles) systems in this thesis are discussed in this section. 

The modelling procedure and the main equations for full-load (design point) operation are 

covered in Section 3.4.1, while the off-design (part-load) operation of the designed power 

generation cycle systems is covered in Section 3.4.2. 

3.4.1. Design and modelling of power generation cycles 

Most of the designed power generation cycles, either steam Rankine cycle or organic Rankine 

cycles, in this thesis contains the following key components: 

• Heat addition devices (heat exchangers), which could be one or a combination of the following 

components: nuclear steam generators; solar evaporator; solar superheater; and/or solar reheater. 

• One or more of multiple-stages turbines. The turbines were assumed to have side extraction 

points where the extracted hot stream from the side extraction points is utilised to preheat 

the working fluid before flowing into the main heat addition device. 

• Condensers for heat rejection and brining the working fluid to liquid phase (either subcooled 

or saturated liquid). 

• A series of closed feedwater heaters (CFWH) in steam Rankine cycle systems or 

regenerators in ORC systems. The CFWHs are treated as heat exchangers. 

• Deaerators or open feedwater heater and they are modelled as fluid mixers. 

• Pumps to compress the working fluids. 

• Electric generators that are driven by the turbines. 
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The energy and mass balance equations written for each of the above cycle components, and 

which were solved to predict the thermodynamic performance of the power generation block 

(i.e., steam Rankine cycle or ORC), are discussed below.  

For heat addition devices (heat exchangers), the calculation of the required rate of added heat, 

the mass flowrates of the working fluid and HTF, the inlet and the outlet enthalpy of both fluids, 

were determined using the following general energy and mass balance equations: 

 �̇�HTF = �̇�HTF (ℎHTF,out − ℎHTF,in) (3.61) 

 �̇�wf = �̇�wf (ℎwf,out − ℎwf,in) (3.62) 

 �̇�HTF,in = �̇�HTF,out  (3.63) 

 �̇�wf,in = �̇�wf,out (3.64) 

where �̇�HTF is the rate of heat transferred from the HTF, �̇�wf the rate of heat been transferred 

to the working fluid, �̇�HTF the mass flowrate of the HTF, �̇�wf the mass flowrate of the working 

fluid, ℎHTF the specific enthalpy of the HTF, ℎwf the specific enthalpy of the working fluid, and 

subscripts ‘in’ and ‘out’ stand for inlet and outlet condition, respectively.  

In most cases, the rate of heat that is transferred from the HTF, �̇�HTF, is equal to the rate of 

added heat in the working fluid, �̇�wf. However, in some cases, the use of heat-to-heat efficiency 

was applied to account for any heat losses taking place in the heat exchanger. The relationship 

between the two heat rates, �̇�HTF and �̇�wf , in such cases were expressed as: 

 �̇�HTF =
�̇�wf
𝜂HX

 (3.65) 

where the 𝜂HX is the heat-to-heat efficiency of the heat addition device. 

In this thesis, the turbines were assumed to consist of several turbine parts (segments). Each part 

is defined as a group of turbine stages (i.e., each stage consists of a stator and a rotor) that are 

between the main turbine inlet and the first side extraction point, between two consecutive side 

extractions, or between the last side extraction point and the main turbine outlet. For example, if 

a turbine has 3 side extractions, it is divided into 4 parts, Part 1 includes the stages between the 

turbine inlet and first side extraction, Part 2 represents the stages between the first and second 

side extractions, Part 3 includes the stages between the second and third side extractions, and Part 
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4 represents the stages between the third side extraction and main outlet. Therefore, the total 

amount of generated power by the multi-stage turbines, �̇�T, was calculated using: 

 �̇�T =∑�̇�TP,𝑖

𝑛

𝑖=1

 (3.66) 

 �̇�TP,𝑖 = �̇�TP,𝑖 (ℎTP,in,𝑖 − ℎTP,out,𝑖) (3.67) 

 𝜂TP =
ℎTP,in − ℎTP,out
ℎTP,in − ℎTP,out,is

 (3.68) 

where �̇�TP,𝑖 is the amount of generated power by each turbine part, �̇�TP,𝑖 the working fluid 

mass flowrate that flows inside each part, 𝜂TP the isentropic efficiency of each part, ℎTP,out and 

ℎTP,in the inlet and outlet specific enthalpies of the working fluid at each part, 𝑛 the number of 

turbine part, and subscript ‘is’ indicates properties evaluated at equivalent isentropic conditions. 

In terms of the working fluid mass flowrate flowing through each turbine part, it was calculated 

based on the mass balance equation. The mass flowrate of the first turbine part is expressed in 

Equation (3.69) and while for the other parts are expressed in Equation (3.70): 

 �̇�TP,1 = �̇�TP,in,1 = �̇�TP,out,1 (3.69) 

 �̇�TP,𝑖 = �̇�TP,out,𝑖−1 − �̇�SE,𝑗  = �̇�TP,out,𝑖 (3.70) 

where �̇�TP,1is the mass flowrate of the first part, �̇�TP,𝑖 the mass flowrate for Part 𝑖 = 2 until 

𝑖 = 𝑛, and �̇�SE,𝑗 the mass flowrate of side extraction points that ranges from 𝑗=1 to 𝑗 = 𝑛 − 1.  

The amount of needed power by each pump to compress the working fluid was calculated by: 

 �̇�P = �̇�P (ℎP,out − ℎP,in) (3.71) 

 𝜂P =
(ℎP,out,is − ℎP,in)

(ℎP,out − ℎP,in)
 (3.72) 

 �̇�P = �̇�P,in = �̇�P,out (3.73) 

where �̇�P is the pump power, 𝜂P the pump isentropic efficiency and �̇�P the mass flowrate of 

the compressed working fluid. 

The rate of rejected heat in the condenser were calculated using: 

 �̇�cond = �̇�cond (ℎcond,out − ℎcond,in) (3.74) 

 �̇�cond = �̇�cond,in = �̇�cond,out (3.75) 
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where ℎcond,out is the working fluid specific enthalpy at saturated liquid conditions (𝑥 = 0) and 

at the condensing pressure. 

The amount of available thermal power added from the hot-leg stream that is directed from the 

turbine side extraction and the amount of thermal power added to the working fluid (cold-leg 

stream) in all CFWHs (i.e., regenerators in ORC systems) were calculated by:  

 �̇�CFWH,HL = �̇�CFWH,HL (ℎCFWH,HL,out − ℎCFWH,HL,in) (3.76) 

 �̇�CFWH,CL = �̇�CFWH,CL (ℎCFWH,CL,out − ℎCFWH,CL,in) (3.77) 

 �̇�CFWH,HL,in = �̇�CFWH,HL,out (3.78) 

 �̇�CFWH,CL,in = �̇�CFWH,CL,out (3.79) 

 �̇�CFWH,HL =
�̇�CFWH,CL
𝜂CFWH

 (3.80) 

where 𝜂CFWH is the heat-to-heat efficiency of the CFWH, less than 1 if any heat loss is assumed, 

and subscripts ‘HL’ ‘and CL’ represents the hot-leg and the cold-leg streams respectively. 

The energy and mass balance equations for the deaerator (open feedwater heater) that were 

implemented in the power generation cycle model were expressed as:  

 ℎDE,out =
∑(�̇�ℎ)DE,in
∑ �̇�DE,in

 (3.81) 

 �̇�DE,out =∑�̇�DE,in (3.82) 

where ℎDE,out is the specific enthalpy of the working fluid outflowing from deaerator, ∑(�̇�ℎ)DE,in 

the sum of all inlet flow energy and ∑�̇�DE,in the sum of inlet mass flowrates into the deaerator. 

The amount of net electrical power from the power generation cycle, �̇�net, and the power 

generation cycle efficiency, 𝜂Cyc, were calculated from: 

 �̇�net = (𝜂gen∑�̇�T) −∑�̇�P (3.83) 

 𝜂Cyc =
�̇�net

∑ �̇�Cyc
 (3.84) 

where 𝜂gen is the electric generator efficiency and ∑ �̇�Cyc is the sum of ‘the rate’ of added heat 

into the power generation cycle.  
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The main generic assumptions used in the quasi-steady power generation cycle models in this 

thesis include: 

• all pump suction pressures are adjusted and controlled to avoid pump cavitation [146]; 

• no mass loss across all power generation cycle components; and, 

• all feedwater heaters are equipped with steam traps so that saturated liquid is collected 

through throttling before flowing into the deaerator/condenser units [133,147]. 

All other assumptions and parameters including component efficiencies, pressure losses, etc., that 

are implemented for each power generation cycle model are listed in their respective chapters. 

3.4.2. Off-design performance 

The power generation cycle model takes into consideration the off-design performance of the power 

cycle components during part-load operations. For steam turbines, the off-design isentropic 

efficiency was predicted using a correlation developed by Ray [148], expressed in Equation (3.85). 

The correlation estimates the stage efficiency by the ratio of blade tip velocity to theoretical steam 

velocity. The function assumes the blade tip velocity to be proportional to the turbine shaft speed, 

and the steam velocity to the square root isentropic enthalpy drop across the stage: 

 𝜂TP
OD = 𝜂TP

D − λ 

(

 
𝜔OD √∆ℎis

D

𝜔D √∆ℎis
OD

− 1

)

 

2

 (3.85) 

where 𝜂TP is the turbine part isentropic efficiency, 𝜆 a positive constant, 𝜔 the shaft rotational 

speed, ∆ℎis the equivalent isentropic enthalpy change across the turbine and superscripts ‘D’ 

and ‘OD’ indicate design and off-design conditions. It is assumed that the shaft speed is constant 

for all loads as being connected to a fixed-frequency power grid, typically 50Hz or 60 Hz 

depending on the country (e.g., the frequency is fixed at 50 Hz in the UK [149]). 

The part-load power generation cycle model also considered the change of steam pressure at 

the inlet and the outlet of each turbine part due to steam mass flowrate and temperature 

variations inside the turbine during part-load operation. To calculate the turbine inlet, outlet, 

and side extractions pressure, the following Stodola’s ellipse law was applied [150,151]: 
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�̇�in
OD√𝑇in

OD

𝑃in
OD  

�̇�in
D√𝑇in

D

𝑃in
D

=

√1 − (
𝑃out
OD

𝑃in
OD)

2

√1 − (
𝑃out
D

𝑃in
D )

2
 (3.86) 

where 𝑃in is the inlet steam pressure, 𝑃out the outlet steam pressure, 𝑇in the inlet steam 

temperature, and �̇�in the inlet steam mass flowrate of each turbine part. 

The heat exchanger (e.g., superheater, reheater, CFWH, condenser, etc.) models included in this 

thesis are simple and does not include determination of detail design parameters such as tube and 

shell dimensions, etc. The adapted heat exchanger models include determination of heat 

exchanging areas using an averaged heat transfer coefficient, the logarithmic-mean temperature 

difference in the heat exchanger and the amount of transferred heat as the following:  

 �̇�tran = 𝛼 𝐴 Δ𝑇LM (3.87) 

where �̇�tran is the rate of transferred heat in the heat exchanger, 𝛼 the overall heat transfer 

coefficient, 𝐴 the heat exchanging area and ∆𝑇LM the logarithmic-mean temperature difference. 

The off-design performance of the power generation cycle heat exchangers was also considered 

during part-load operations. The off-design pressure drop across the heat exchanger and the off-

design heat transfer coefficient for a designed heat exchanger can be estimated using [152,153]:  

 ∆𝑃OD = ∆𝑃D  (
�̇�HL,CL
OD

�̇�HL,CL
OD

)

1.75

 (3.88) 

 𝛼OD = 𝛼D  (
�̇�CL
OD �̇�HL

OD

�̇�CL
D  �̇�HL

D
)

0.8

(
�̇�CL
D 0.8

+ �̇�CL
D 0.8

�̇�CL
OD0.8 + �̇�CL

OD0.8
) (3.89) 

where ∆𝑃 is the pressure drop across the heat exchanger, 𝛼 the overall heat transfer coefficient, 

and superscripts/subscripts ‘OD’, ‘D’, ‘HL’ and ‘CL’ stand for off-design, design, hot-leg and 

cold-leg flow streams, respectively.  

3.5. Cost estimation 

The thesis includes comprehensive economic analyses for the considered power plant 

configurations. Thus, the estimation of the total capital and other associated costs for the 



Chapter 3: Methodology  

 

58 

 

considered power plant is vital to obtain valid and reasonable results. This section covers the 

cost estimation correlations and functions used to estimate the total costs during the lifetime of 

the power plants in Chapter 4 and Chapter 7.  

3.5.1. Overall approach 

The costing of power plants, especially power generation block components, is challenging and can 

involve uncertainties making it difficult to obtain accurate costs. However, in this thesis, all cost 

estimation methods were slightly conservative to account for any associated uncertainties related to 

currency exchange rate, inflation, industry type, and other economic conditions. This was achieved 

by adjusting the obtained costs using cost indexes from data collection time (i.e., base time) to the 

time of the analysis as in the following expression, proposed by Seider et al. [154]: 

 𝐶A = 𝐶B  (
𝐼A
𝐼B
) (3.90) 

where 𝐶B is the costs at data collection time, 𝐶A the cost at analysis time, 𝐼B the cost index at 

base time and 𝐼A the index in the present year.  

The cost indices were based on the chemical engineering plant cost index (CEPCI). The list of 

cost indices for the analysis years and for the applied cost estimation methods (discussed in 

Section 3.5.2) are listed in Table 3.6. Please note that all costs were calculated in USD ($). 

Table 3.6. List of cost indices used for capital cost estimation [155]. 

Method Year CEPC index  

Analysis year 2022 817 

Analysis year 2021 708 

Seider et al. [154] 2013 567 

Towler et al. [156] 2010 533 

Morandin et al. [157] 2009 522 

Couper et al. [158] 2008 575 

Ulrich et al. [159] 2004 400 

Turton et al. [160] 2001 397 

 

3.5.2. Costing of power block components 

The capital cost of each component in the power generation block was estimated using the average 

costs obtained from cost correlations reported in Seider et al. [154], Towler et al. [156], Morandin 
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et al. [157], Couper et al. [158], Ulrich et al. [159] and Turton et al. [160]. Once each component 

cost was determined, the total cost of the power generation block, 𝐶PGB, was then calculated by: 

 𝐶PGB = ∑𝐶T + ∑𝐶cond + ∑𝐶DE + ∑𝐶CFWH +∑𝐶P + ∑𝐶gen + ∑𝐶CT  (3.91) 

where 𝐶T is the turbine cost, 𝐶cond the cost of each condenser, 𝐶DE the cost of each deaerator, 

𝐶CFWH the cost of each CFWH, 𝐶P the cost of each pump, 𝐶gen the cost of each electric 

generator and 𝐶CT the cost of the cooling tower if installed. 

The following sub-sections summarised the main methods and cost functions that were used 

for estimating the capital cost of the power generation block.  

3.5.2.1. Turbines 

The methods used in estimating the capital cost of steam turbines are listed in Table 3.7. The 

purchase cost of the steam turbine is expressed as 𝐶p,T and the final bare module cost, which 

takes into consideration the type of material, labour, engineering, fabrication, etc. is expressed 

as 𝐶BM,T. The average of the obtained bare module costs from the listed five methods was used 

to estimate the capital cost of the steam turbines, which is then used as input in Equation (3.91). 

Table 3.7. Main correlations and constants used for steam turbine capital cost estimation. 

Method Cost functions Limits and units 

Seider  

et al. [154]  𝐶p,T = {
10660 �̇�T

0.41       non-condensing

28350 �̇�T
0.405              condensing

  

𝐹BM,T = 3.3  

𝐶BM,T = 𝐹BM,S 𝐹M,T 𝐶p,T  

250-10000 Hp 

[167] is in Hp 

Couper  

et al. [158] 𝐶p,T = {
378 �̇�T

0.81                 back pressure

1100 �̇�T
0.81         vacuum pressure

  

𝐹BM,T = 1.5  

𝐶BM,T = 𝐹BM,T 𝐶p,T  

20-5000 Hp 

200-8000 Hp 

�̇�T is in Hp 

Turton  

et al. [160] 
log 𝐶P,T = 2.6259 + 1.4398(log �̇�T) − 0.1776 (log �̇�T)

2  

𝐹BM,T = 3.5  

𝐶BM,T = 𝐹BM,T 𝐶p,T  

70-7500 kW 

�̇�T is in kW 

Towler  

et al. [156] 
𝐶p,T = −14000 + 1900 �̇�T

0.75  

𝐹BM,T = 3.3  

𝐶BM,T = 𝐹BM,T 𝐹M,T 𝐶p,T  

100-20000 kW 

�̇�T is in kW 

Morandin  

et al. [157] 
𝐶p,T = 40000 + 900 �̇�T

0.69  

𝐹BM,T = 1.5  

𝐶BM,T = 𝐹BM,T 𝐶p,T  

�̇�T is in kW 
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The material factor, 𝐹M,T, in the cost function of the Seider et al. [100] method can be found in 

the first raw of Table 3.8 for different turbine materials. 

Table 3.8. Material factors used in capital cost estimation of power generation block components. 

Material factor (method) 
Carbon 

steel 

Stainless 

steel 304 

Stainless 

steel 304 
Nickel Monel Titanium 

𝐹M,T (Seider et al. [154]) 1 2 2.3 2.5 2.7 6 

𝐹M,PV (Seider et al. [154]) 1 1.7 2.1 5.4 3.6 7.7 

𝐹M,Pu (Seider et al. [154] and 

Couper et al. [158])  
1 2 2 3.5 3.3 9.7 

𝐹M,Pu (Turton et al. [160]) 1.6 2.25 NA 4.4 NA NA 

𝐹M,PV (Turton et al. [160]) 1 3.1 3.1 7.1 NA 9.4 

𝐹M (Towler et al. [156]) 1 1.3 1.3 1.7 1.65 NA 

 

3.5.2.2. Heat exchangers 

The cost of the heat exchanging devices (superheater, reheater, CFWHs, condenser, etc.) in 

the power generation block was estimated using the average of the bare module cost,  𝐶BM,HX, 

of the four listed methods in Table 3.9. The costing parameters include the heat exchanging 

area (𝐴HX), the design pressure (𝑃HX) that is used to calculate the pressure factor (𝐹P,HX), the 

length factor (𝐹L,HX) and the material factor (𝐹M,HX), which can be obtained using the listed 

constants in Table 3.10 for different type of materials.  

Table 3.9. Main methods and cost functions used for capital cost estimation of shell-and-tube 

heat exchangers. 

Method Cost functions Limits and units 

Seider  

et al. [154] 

𝐶p,HX = 𝐹P,HX 𝐹M,HX 𝐹L,HX 𝐶HX  

𝐶HX = {

exp(12.03 − 0.87 (ln𝐴HX) + 0.090 (ln𝐴HX)
2) floating head

exp(11.42 − 0.92 (ln𝐴HX) + 0.099 (ln𝐴HX)
2)       fixed head

exp(11.55 − 0.92 (ln𝐴HX) + 0.098 (ln𝐴HX)
2)             U-tube

  

𝐹P,HX = 0.9803 + 0.018(
𝑃HX

100
) + 0.0017(

𝑃HX

100
)
2
   

𝐹L,HX = 1.25  

𝐹M,HX = 𝑎 + (
𝐴HX

100
)
𝑏
  

𝐹BM,HX = 3.17  

𝐶BM,HX = 𝐹BM,HX 𝐶p,HX  

150-12000 ft2 

𝐹L,HX is in ft 

𝐴HX is in ft2 

𝑃HX is in psig 
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Table 3.10. List of constants used to calculate the material factors in the heat exchanger cost 

functions listed in Table 3.9. 

Material  

(shell/tube) 

𝑭𝐌,𝐇𝐗 constants 

(Seider et al. [154]) 

𝑭𝐌,𝐇𝐗 constants 

(Couper et al. [158]) 

𝑭𝐌,𝐇𝐗 

(Turton 

et al. [160]) 𝒂 𝒃 𝒂 𝒃 

Carbon steel 0 0 0 0 1 

Carbon steel/stainless steel 1.75 0.13 NA NA 1.8 

Stainless steel 304 2.7 0.07 0.8193 0.15984 2.75 

Stainless steel 316 2.7 0.07 0.8603 0.23296 2.75 

Stainless steel 347 2.7 0.07 0.6116 0.22186 2.75 

 

3.5.2.3. Pumps 

The cost estimation of the pumps (centrifugal) were performed using the five different costing 

methods listed in Table 3.11, and the material factors listed in Table 3.8. The pump size factor, 

𝑆P, in Seider et al. [154] and Couper et al. [158] cost functions was calculated using: 

 𝑆P = �̇�P(𝐻P)
0.5 (3.92) 

where �̇�P is the volumetric flowrate in gallons per min and 𝐻P the pump head in ft. 

Couper  

et al. [158] 

𝐶p,HX = 1.218 𝐹P,HX 𝐹M,HX 𝐹D,HX 𝐶HX   

𝐶HX = exp(8.821 − 0.30863 (ln𝐴HX) + 0.0681 (ln𝐴HX)
2)  

𝐹P,HX = {

exp(0.7771 − 0.04981 (ln𝐴HX))      100 − 300 psig

exp(1.0305 − 0.07140 (ln𝐴HX))      300 − 600 psig

exp(1.1400 − 0.12088 (ln𝐴HX))      600 − 900 psig

  

𝐹D,HX = {

1                                                             floating head

exp(−1.1156 + 0.0906 (ln𝐴HX))    fixed head

exp(−0.9816 + 0.0830 (ln𝐴HX))          U-tube

  

𝐹M,HX = 𝑎 + 𝑏 (ln𝐴HX)  
𝐹BM,HX = 2.2  

𝐶BM,HX = 𝐹BM,HX 𝐶p,HX  

150-12000 ft2 

𝐹L,HX is in ft 

𝐴HX is in ft2 

𝑃HX is in psig 

 

Turton  

et al. [160] log𝐶p,HX = {

4.83 − 0.85(log𝐴HX) + 0.32 (log𝐴HX)
2  floating head

4.32 − 0.30(log𝐴HX) + 0.16 (log𝐴HX)
2       fixed head

4.19 − 0.25(log𝐴HX) + 0.20 (log𝐴HX)
2             U-tube

  

𝐹P,HX = 0.03881 − 0.11272(log𝑃HX) + 0.08183 (log𝑃HX)
2  

𝐹BM,HX = 1.63 + 1.66 𝐹M,HX 𝐹P,HX  

𝐶BM,HX = 𝐹BM,HX 𝐶p,HX  

10-10000 m2 

5-14 bar gauge 

𝐴HX is in m2 

𝑃HX is in bar 

gauge 

Towler  

et al. [156] 
𝐶P,HX = {

32000 + 70 𝐴HX
1.2        floating head

28000 + 54 𝐴HX
1.2                   U-tube

  

𝐹BM,HX = 3.5  

𝐶BM,HX = 𝐹BM,HX 𝐹M,HX 𝐶p,HX  

10-10000 m2 

𝐴HX is in m2 
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Table 3.11. List of methods used to estimate the costs of centrifugal pumps. 

Method Cost functions Limits and units 

Seider  

et al. [154] 
𝐶p,P = 𝐹T,P 𝐹M,P 𝐶P  

𝐶P = exp(12.166 − 1.145 (ln 𝑆P) + 0.086 (ln 𝑆P)
2)  

𝐹T,P = 2.7   
𝐹BM,P = 3.3  

𝐶BM,P = 𝐹BM,P 𝐶p,P  

300-100000 gal ft0.5/min  

𝑆P = �̇�P(𝐻P)
0.5  

�̇�P is volumetric flowrate in 

gallons per min 

𝐻P is the pump head in ft 

𝑆P is the size factor 

Couper  

et al. [158] 
𝐶p,P = 𝐹T,P 𝐹M,P 𝐶P  

𝐶P = 3 exp(8.84 − 0.602 (ln 𝑆P) + 0.052 (ln 𝑆P)
2)  

𝐹T,P = exp(13.73 − 2.83 (ln 𝑆P) + 0.154 (ln 𝑆P)
2)  

𝐹BM,P = {
2.8            carbon steel

2.0        stainless steel
  

𝐶BM,P = 𝐹BM,P 𝐶p,P  

300-100000 gal ft0.5/min  

𝑆P = �̇�P(𝐻P)
0.5  

�̇�P is the volumetric flowrate 

in gallons per min. 

𝐻P is the pump head in ft. 

𝑆P is size factor. 

Turton  

et al. [160] 
log 𝐶p,P = 3.39 + 0.054(log �̇�P) + 0.154 (log �̇�P)

2  

𝐹P,P = −0.39 + 0.396(log∆𝑃P) − 0.0023 (log∆𝑃P)
2  

𝐹BM,P = 1.89 + 1.35 𝐹M,P 𝐹P,P  

𝐶BM,P = 𝐹BM,P 𝐶p,P  

0-300 kW 

10-100 bar gauge 

�̇�P is in kW 

 

Towler  

et al. [156] 
𝐶p,P = 8000 + 240 �̇�P

0.9   

𝐹BM,P = 4  

𝐶BM,P = 𝐹BM,P 𝐹M,P 𝐶p,P  

0.2-126 L/s 

�̇� is in L/s 

Morandin  

et al. [157] 
𝐶p,P = 30900 + 44160 �̇�P

0.9   

𝐹BM,P = 3.5  

𝐶BM,P = 𝐹BM,P 𝐶p,P  

�̇� is in m3/s 

 

3.5.2.4. Pressure vessels  

The capital cost of the pressure vessels (e.g., deaerators and steam accumulators) were 

estimated using the average cost obtained from the cost functions listed in Table 3.12. These 

methods are for horizontally oriented vessels. The material factors are listed in Table 3.8. 

Table 3.12. List of costing methods used to estimate the cost of pressure vessels (e.g., 

deaerators and steam accumulators). 

Method Cost functions Limits and units 

Seider  

et al. [154] 
𝐶p,PV = 𝐹M,PV 𝐶PV + 𝐶PL  

𝐶PV = exp(5.6336 + 0.4599 (ln𝑚PV) + 0.00582 (ln𝑚PV)
2)  

𝐶PL = 2275 𝐷PV,i
0.2094   

𝐹BM,PV = 3.05  

𝐶BM,PV = 𝐹BM,PV 𝐶p,PV  

1000-920000 Ib 

𝑚PV is in Ib 

𝐷PV,i is in ft 
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Couper  

et al. [158] 
𝐶p,PV = 𝐹M,PV 𝐶PV + 𝐶PL  

𝐶PV = 1.67 exp(8.571 − 0.2330 (ln𝑚PV) + 0.04333 (ln𝑚PV)
2)  

𝐶PL = 2291 𝐷PV,i
0.2029   

𝐹BM,PV = {
1.7            carbon steel

2.8         stainless steel
  

𝐶BM,PV = 𝐹BM,PV 𝐶p,PV  

800-914000 Ib 

𝑚PV is in Ib 

𝐷PV,i is in ft 

Turton  

et al. [160] 
log 𝐶p,PV = 3.5565 + 0.3776(log𝑉PV) + 0.0905 (log𝑉PV)

2  

𝐹P,PV =
1

0.0063
 (

(𝑃PV+1) 𝐷PV,i

2 (850−0.6 (𝑃PV+1))
+ 0.00315)  

𝐹BM,PV = 1.49 + 1.52 𝐹M,PV 𝐹P,PV  

𝐶BM,PV = 𝐹BM,PV 𝐶p,PV  

0.1-628 m3 

𝑉PV is in m3 

𝑃PV is in bar gauge 

𝐷PV,i is in m 

Towler  

et al. [156] 𝐶P,PV = {
10200 + 31 𝑚PV

0.85      carbon steel

12800 + 73 𝑚PV
0.85    stainless steel

  

𝐹BM,PV = 4  

𝐶BM,PV = 𝐹BM,PV 𝐶p,PV  

160-50000 kg 

120-50000 

𝑚PV is in kg 

Morandin  

et al. [157] 
𝐶p,PV = 10000 + 4500 𝑉PV

0.6  

𝐹BM,PV = {
1.7            carbon steel

2.8         stainless steel
  

𝐶BM,PV = 𝐹BM,PV 𝐶p,PV  

𝑉PV is in m3 

 

3.5.2.5. Cooling tower 

The cost of cooling tower was only estimated using the average cost obtained from Couper 

et al. [158] and Towler et al. [156] cost functions, listed in Table 3.13. 

Table 3.13. List of cooling tower costing function. 

Method Cost functions Limits and units 

Couper et al. [158] 𝐶p,CT = 164000 �̇�CT
0.61  

𝐹BM,CT = 1.2  

𝐶BM,CT = 𝐹BM,PV 𝐶p,CT  

1-60 kgal/min 

�̇�CT is in kgal/min 

Towler et al. [156] 𝐶p,CT = 170000 + 1500 �̇�CT
0.9  

𝐹BM,CT = 2.5  

𝐶BM,CT = 𝐹BM,CT 𝐶p,CT  

100-10000 L/s 

�̇�CT is in L/s 

 

3.5.2.6. Gear box and generators 

The costs of the gear box and the generator attached to the turbine were estimated using [161]: 

 𝐶gb = 212640 �̇�out
0.2434 (3.93) 

 𝐶gen = 130680 �̇�out
0.5463 (3.94) 

where �̇�out is the turbine shaft power in MWel. 
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3.5.3. Nuclear island components 

The estimation of nuclear island capital costs is challenging as it varies depending on the type 

of reactor, the design, the country, the size, etc. For instance, the actual specific capital costs of 

nuclear reactors ranged from 2157 $/kWel in South Korea to 6920 $/kWel in Slovakia as reported 

by the International Energy Agency (IEA) [162]. This substantial gap is a result of different 

reactor design and different safety and security requirements. In this thesis, the cost of nuclear 

island, in Chapter 7, was estimated using: 

 𝐶NI = 1128 �̇�NR (3.95) 

where 𝐶NI is the total capital costs of the nuclear island and �̇�NR the reactor thermal power output.  

The specific capital cost per kWth in Equation (3.95) was obtained using the average of three 

different estimates that are listed in Table 3.14. As the specific cost in the literature were 

reported per kWel, the costs were converted to be per kWth assuming a cycle efficiency of 33%. 

These values were obtained excluding: i) power generation block components (turbine, 

feedwater heater, etc.) costs; ii) land cost; ii) taxes; and iv) contingency fees which is usually 

around 10% of the total capital costs [163]. Some of eliminated costs were considered in the 

total capital cost estimation of the entire power plant.  

Table 3.14. Nuclear island capital cost estimation. 

Cost Cost 1 [162] Cost 3 [163] Cost 2 [164] Average  

Direct capital ($/kWth) 708 1035 716 820 

Indirect capital ($/kWth) 304 355 265 308 

Total capital ($/kWth) 1012 1390  981 1128 

 

3.5.4. Solar field components  

The costing of the solar tower field components (external receiver, solar tower and heliostat 

field) was performed using SAM cost correlations that are listed in Table 3.15 [121]. These cost 

correlations accounts for the direct and indirect cost, and they are updated based on the year of 

2022. The cost correlation of the heliostats in Table 3.15 includes site improvement costs 

(16 $/m2) and actual costs of the heliostats (127 $/m2). Using the provided correlations, the total 

solar tower field capital cost, 𝐶SF, was obtained using:  
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 𝐶SF = 𝐶hel + 𝐶tow + 𝐶rec (3.96) 

where 𝐶hel is the heliostat field cost, 𝐶tow the tower cost and 𝐶rec the solar receiver cost. 

Table 3.15. Cost correlation used to estimate solar tower field capital costs [121]. 

Component Costing parameter Correlation 

Heliostat field  Reflective area (m2) 𝐶hel = 143 𝐴hel  

Tower  
Tower, receiver, and 

heliostat heights (m) 
𝐶tow = 3000 exp(0.0113(𝐻tow − (

𝐻rec

2
) + (

𝐻hel

2
)))   

Receiver Receiver area (m2) 𝐶hel = 103000 (
𝐻rec

1571
)
0.7

  

 

3.5.5. Thermal energy storage system components 

The costing methods of the considered TES systems in Chapter 4 and Chapter 7 are discussed 

in Sections 3.5.5.1 and 3.5.5.2, respectively. The cost of the thermal tanks (PCM tanks) used in 

Chapter 5 and Chapter 6 was calculated based on specific investment costs of PCM tanks that 

were reported in the literature. 

3.5.5.1. Solid storage blocks 

There are no costing methods for concrete blocks proposed in the literature. Hence, the capital cost 

of the concrete blocks in Chapter 4 was estimated using the costs of its constituent materials (concrete 

mixture, insulation, steel, etc.). The purchase cost of all concrete blocks was calculated using:  

 𝐶p,CB,total = 𝑁CB (𝐶CB,1 + 𝐶CB,2) (3.97) 

 𝐶CB,1 = 𝑉C 𝑈C + 𝑉tubes 𝑈tubes + 𝐴s,CB (𝑈Ins + 𝑈P&S) + 𝐴b,CB 𝑈F (3.98) 

 𝐴s,CB = 2 𝐿CB 𝑊CB + 2 𝐿CB 𝐻CB + 2 𝐻CB 𝑊CB (3.99) 

 𝐴b,CB = 2 𝐿CB 𝑊CB (3.100) 

 𝑉C = 𝑁tubes 𝐷o
2 𝐿CB (3.101) 

 𝑉tubes = 𝑁tubes 𝐿CB  
𝜋

4
 ((𝐷i + 𝑑tubes)

2 − 𝐷i
2) (3.102) 

 𝐶CB,2 = 𝐶CB,1 (𝐹P&V + 𝐹E + 𝐹I&C) (3.103) 

where 𝑁CB is the number of blocks, 𝑉C the concrete volume, 𝑉tubes the tube material volume, 𝐴s,CB 

the concrete block surface area, 𝐴b,CB the concrete block base area, 𝐿CB, 𝐻CB and 𝑊CB the length, 

height, and width, respectively, of each concrete block and other symbols are defined in Table 3.16.  
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Table 3.16 lists the costs of the main components of the concrete blocks and the assumed 

percentages accounting for indirect costs. The concrete mixture price available in the literature 

ranges from 124 $/m3 to 510 $/m3 depending on the mixture and additives [165]. Thus, the average 

value of the concrete prices was assumed. The costs of other materials (i.e., insulation, foundation, 

platform and steel, etc.) were also taken as the average value from the referenced studies. 

Similarly, to account for all indirect capital costs of concrete blocks (i.e., labour, engineering, 

and contingency), the purchase costs was multiplied by a bare module factor, 𝐹BM,CB, of 1.5 as 

indicated in Table 3.16. Hence, the total capital cost of the concrete blocks was calculated by: 

 𝐶BM,CB = 𝐹BM,CB 𝐶p,CB,total (3.104) 

The total capital cost of concrete blocks was also corrected for the year of analysis (2021) using 

Equation (3.104) since most unit costs listed in Table 3.16 were reported in 2010. The 𝐼B for 

the year of 2010 is 551 [155].  

Table 3.16. Costing parameters for concrete blocks. 

Components  Symbol Cost Reference 

Direct costs ($) 𝐶p,CB,total - - 

Concrete mixture ($/m3)  𝑈C 230 [165] 

Tube material – carbon steel ($k/m3)  𝑈tubes 17 [127] 

Insulation ($/m2)  𝑈Ins 290 [166–168] 

Foundation ($/m2)  𝑈F 2200 [166–168] 

Platform and steel ($/m2)  𝑈P&S 490 [166,168] 

Interconnecting piping and valves (-) 𝐹P&V 0.1 Assumed 

Electrical (-) 𝐹E 0.1 Assumed 

Instrumentation and control (-) 𝐹I&C 0.1 Assumed 

Indirect costs (-) 𝐹BM,CB 1.5 [50] 

 

3.5.5.2. Two-tank molten salt TES system 

The costing method for the two-tank molten salt TES system that was employed in Chapter 7 is 

similar to the costing method used for concrete blocks. The capital cost was estimated using the 

costs of its constituent materials and components (molten salt, steel, tanks, insulation, etc.). The 

purchase cost of all TES components, 𝐶p,MS,total, was calculated using the following equations: 

 𝐶p,MS,total = 𝐶MS,1 + 𝐶MS,2 (3.105) 
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 𝐶MS,1 = 𝑚MS 𝑈MS + 2 (𝑉tm 𝑈tm + 𝐴s,tank (𝑈Ins + 𝑈P&S) + 𝐴b,tank 𝑈F) (3.106) 

 𝐻tank = 
𝐷i,tank
2

 (3.107) 

 𝑉tank = 1.1 𝑉MS = 𝜋 (
𝐷i,tank
2

)
3

 (3.108) 

 𝐷o,tank = 𝐷i,tank + 2 𝑑tank (3.109) 

 𝑉tm =  𝜋 (
𝐷o,tank
2

)
3

− 𝜋 (
𝐷i,tank
2

)
3

 (3.110) 

 𝐴s,tank = 𝜋 𝐷o,tank 𝐻tank +
𝜋

2
 𝐷o,tank
2   (3.111) 

 𝐴b,tank =
𝜋

4
 𝐷o,tank
2  (3.112) 

 𝐶MS,2 = 𝐶MS,1 (𝐹P&V + 𝐹E + 𝐹I&C) (3.113) 

where 𝑚MS is the mass of molten salt, 𝑉tm the column of the tank material, 𝐴s,tank the surface 

area of each tank, 𝐴b,tank the base area of each tank, 𝐻tank the tank height, 𝐷i,tank the inner 

diameter of each tank, 𝑑tank the tank wall thickness, 𝐷o,tank the tank outer diameter, 𝑉tank the 

volume of a single tank and other parameters are defined in Table 3.16 and Table 3.17. 

The mass of the required molten salt, 𝑚MS, in Equation (3.106) and the volume of each tank, 

𝑉tank, in Equation (3.108) were calculated based on: 

 𝑚MS = 3600 �̇�MS 𝑡Dch (3.114) 

 𝑉MS =
𝑚MS
𝜌MS

 (3.115) 

 𝑉tank = 1.1 𝑉MS (3.116) 

where 𝑡Dch full-load storage capacity in h, �̇�MS the molten salt mass flowrate at full load, 𝑉MS 

the molten salt volume, and 𝜌MS the density of the molten salt.  

Table 3.17. Costing parameters for two-tank molten salt TES system. 

Components  Symbol Cost Reference 

Direct costs ($) 𝐶P,CB,total - - 

Molten salt – solar salt ($/kg)  𝑈MS 0.86 [49,169,170] 

Tank material – stainless steel 316 (k$/m3)  𝑈tm 36.7 [171–173] 

Indirect costs (-) 𝐹BM,MS 1.8 Assumed 
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It should be noted that the density of molten salt in Equation (3.115) was calculated based on 

the minimum density of both temperatures (i.e., hot and cold). Moreover, the volumetric unit 

price of tank material, 𝑈tm, was calculated based mass unit price of 4.68 $/kg and a stainless 

steel 316 (i.e., tank material) density of 7840 kg/m3 [174]. Furthermore, the assumed tank 

thickness in Equation (3.109) is 44.5 mm [175]. All other unit prices defined in Equations 

(3.106) and (3.113) are the same as the ones listed in Table 3.16. Similar to the costing of 

concrete blocks, the estimation of the total capital cost of the two-tank molten salt TES system 

includes consideration of indirect costs (i.e., labour, engineering, and contingency) which was 

estimated by considering a bare module factor, 𝐹BM,MS. Thus, the total capital cost of the two-

tank molten salt TES system was calculated by: 

 𝐶BM,MS = 𝐹BM,MS 𝐶p,MS,total (3.117) 

The bare module factor, 𝐹BM,MS, was assumed to be 1.8 which is higher than the one assumed 

for concrete blocks. It is a result of assuming higher engineering and labour cost (i.e., dealing 

with molten salt needs extra care due to toxicity) and higher contingency factor (i.e., possible 

need to install immersion heaters to avoid freezing of molten salt). 

 

Figure 3.9. The specific cost of the two-tank molten salt TES for a range of TES capacities. 

The assumed temperature of the hot tank and the cold tank are 570 °C and 320 °C, respectively. 

The calculated specific cost of the two-tank molten salt TES system for a range of storage 

capacity are shown in Figure 3.9. The specific cost decreases (non-linearly) with the increase 

of storage capacity until reaching specific costs of 20-25 $/kWhth for storage capacities above 
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1000 MWhth. These costs are very comparable to the ones reported in literature [121,176,177]. 

The decrease in specific cost is nonlinear because, for example, when the tank volume is 

doubled, the increase of the base and surface areas is less than double. Thus, the associated cost 

of material (e.g., insulation) is not doubled when the tank size is doubled.  

3.5.6. Other costs 

The nuclear fuel cost was obtained using an estimated cost of 14 $/MWhel [178,179]. This cost 

covers the cost of the entire fuel cycle which are: uranium extraction and conversion; 

enrichment; fuel fabrication; fuel storage; and waste management. 

The operation and maintenance (O&M) cost for the nuclear side were estimated using two 

separate costs, which are fixed and variable costs. The fixed O&M costs are mandatory and 

must be paid no matter how much electricity is generated (i.e., usually expressed in 

$/kWel/year), while the variable O&M costs depend on the amount of generated electricity (i.e., 

$/MWhel). In this thesis, particularly in Chapter 7, these costs were assumed to be 

99.5 $/kWel/year and 3.14 $/MWhel respectively, based on the U.S. Energy Information 

Administration (EIA) cost predictions of future SMRs [180]. 

The O&M cost of the solar tower CSP plants ranges between 12 $/MWhel and 27 $/MWhel 

depending on the location as they have different labour costs and wages [181]. For example, 

the O&M is 12 $/MWhel in South Africa, 11 $/MWhel in Saudi Arabia, and 20 $/MWhel in 

United Arab Emirates [181]. Based on these costs, the O&M cost for the case study discussed 

in Chapter 4 was taken as 12 $/MWhel since the study was based on South Africa. For Oman, 

which is taken as a location of the case study presented in Chapter 7, the O&M costs was 

assumed as 15.5 $/MWhel (i.e., the average value of the Arabian Gulf countries). 

3.6. Performance indicators 

In this thesis, the modelled power plants and TES technologies were compared using a set of 

commonly used thermo-economic performance indicators, which are discussed in this section. 

The considered definitions of the performance indicators in this section are generic and the 

specific input parameters and assumptions for each technology are listed in the first sections of 

Chapters 4,5,6 and 7 as they are different depending on the analysed case study. 
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3.6.1. Specific investment cost 

The specific investment cost (SIC) of power plants gives an indication of the total capital cost per unit 

of electric power. It is defined as the ratio of the total investment (capital) cost of the entire power 

plant and the net (maximum) electrical power output from the power plant. This can be expressed as: 

 𝑆𝐼𝐶PP =
𝐶c,PP

�̇�net
 (3.118) 

where 𝐶c,PP is the total capital cost of the power plant and �̇�net the net (maximum) electrical 

power output from the power plant. 

Similarly, the specific investment cost of the power generation block only, 𝑆𝐼𝐶PGB, can be 

calculated by considering the total capital cost of the power generation block as following: 

 𝑆𝐼𝐶PGB =
𝐶c,PGB

�̇�net
 (3.119) 

where 𝐶c,PGB is the total capital cost of the power generation block components only. 

3.6.2. Levelised cost of electricity 

Most power generation technologies are compared in terms of levelised cost of electricity 

(LCOE), which is a measure of the net present cost of electricity generation for a power plant 

over its lifetime. The LCOE is defined as the ratio between the total discounted costs of the 

power plant for its entire lifetime and the total amount of discounted generated electricity for 

the same period. The LCOE of the considered power plants in this thesis was calculated using 

the following generic expression: 

 𝐿𝐶𝑂𝐸 =
∑

𝐶c𝑡 + 𝐶O&M,F𝑡 + 𝐶O&M,V𝑡 + 𝐶fuel𝑡
(1 + 𝑟)𝑡

𝑛
𝑡=1

∑
𝐷𝐸𝑡

(1 + 𝑟)𝑡
𝑛
𝑡=1

 (3.120) 

 𝐷𝐸𝑡 = 𝐹ava∑ 𝐷𝐸day
365

1
 (3.121) 

where 𝐶c is the total capital cost per year, 𝐶O&M,F and 𝐶O&M,V represent the fixed and variable 

O&M costs per year, 𝐶fuel the fuel cost per year, 𝐷𝐸 the total amount of generated electricity 

from the power plant per year, 𝐹ava the availability factor of the power plant, 𝑛 the lifetime of 

the plant and 𝑟 the discount rate. 
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3.6.3. Levelised cost of storage 

The levelised cost of storage (LCOS) has a similar definition as the LCOE but it only considers 

the costs and the amount of discharged electricity using the stored heat in the TES systems. It 

is a useful indicator to compare the performance of different TES technologies. Using a similar 

definition of the LCOE but considering the TES system only, the LCOS was calculated by:  

 𝐿𝐶𝑂𝑆 =
∑

𝐶c,TES𝑡 + 𝐶O&M,TES𝑡
(1 + 𝑟)𝑡

𝑛
𝑡=1

∑
𝐷𝐸TES𝑡
(1 + 𝑟)𝑡

𝑛
𝑡=1

 (3.122) 

 𝐷𝐸TES𝑡 = 𝐹ava∑ 𝐷𝐸TES,day
365

1
 (3.123) 

where 𝐶c,TES is the total capital cost of the TES system per year, 𝐶O&M,TES the O&M costs of 

the TES system per year and 𝐷𝐸TES the total amount of electricity generated utilising the stored 

heat in the TES system only. 

3.6.4. Net present value 

The investment decisions are usually made by evaluating the expected economic performance 

and the profitability of the power plant for its entire lifetime. One of the economic indicators 

that gives an indication of the profitability is net present value (NPV), which is defined as the 

sum of the discounted cashflows for the entire lifetime of the project. NPV gives an indication 

of the current value of the power plant and helps making decision whether to proceed with the 

investment or not, especially if the decision is purely made from economic point of view. The 

NPV can be calculated by: 

 𝑁𝑃𝑉 =∑
𝐼𝑡

(1 + 𝑟)𝑡

𝑛

𝑡=1
−∑

𝐶c𝑡 + 𝐶O&M,F𝑡 + 𝐶O&M,V𝑡 + 𝐶fuel𝑡
(1 + 𝑟)𝑡

𝑛

𝑡=1
 (3.124) 

where 𝐼𝑡 is the total amount of income per year, usually from selling electricity. 

Positive NPVs mean that the project is profitable and can make some profits, while negative 

NPVs mean that the project will make losses and might not be a good investment, but it all 

depends on the economic assumptions applied to estimate the projected NPV. 
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3.6.5. Internal rate of return 

Another performance indicator which is used to evaluate the profitability of any investment 

opportunity is the internal rate of return (IRR). The IRR is defined as the discount rate the 

makes the NPV equal to zero, and can be calculated by the following expression: 

 0 = 𝑁𝑃𝑉 =∑
𝐼𝑡

(1 + 𝐼𝑅𝑅)𝑡

𝑛

𝑡=1
−∑

𝐶c𝑡 + 𝐶O&M,F𝑡 + 𝐶O&M,V𝑡 + 𝐶fuel𝑡
(1 + 𝐼𝑅𝑅)𝑡

𝑛

𝑡=1
 (3.125) 

The IRR is usually compared with the discount rate, if the anticipated IRR is higher than the 

assumed discount rate that is used to calculate the projected NPV, it means that the NPV will 

be positive, and the power plant will make some profits. However, if the IRR is less than the 

applied discount rate in the calculation of the NPV, the NPV will be negative, and the project 

will make losses. Therefore, the IRR can be considered as a cut-off point to whether to proceed 

with a project or not, especially if the decision is purely made based on economic perspective. 

3.6.6. Payback time 

Payback time is another economic indicator to consider when it comes to making decision 

whether to proceed with a project or not. The payback time is defined as the time it takes to fully 

recover your initial investment (capital) costs. In this thesis, the payback time was estimated by 

determining the time point where the accumulated and discounted cashflow is equal to zero.  

3.7. Whole-electricity system modelling 

To adequately quantify the role of flexible solutions in future electricity systems, it is critical 

to model these systems with sufficient spatial-temporal resolution using a holistic system 

approach. The approach to system valuation of flexible nuclear configurations used Chapter 6 

is based on an extension of the whole-system modelling approach presented in Ref. [182]. This 

whole-system valuation approach has previously been used to assess battery storage [183], 

pumped-hydro storage [184] and liquid-air and pumped-heat energy storage [185]. 

System assessment of flexible nuclear plants in Chapter 6 was carried out by adopting an 

extended version of the whole-electricity system investment model (WeSIM), presented in 

Ref. [182], to include specific features of flexible nuclear generation. Capturing the interactions 

across various time-scales and across various asset types at sufficient temporal and spatial 
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granularity is critical when analysing future low-carbon electricity systems. WeSIM is a whole-

system analysis model that is able to simultaneously optimise long-term investments into 

generation, network and storage assets, and short-term operation decisions in order to satisfy 

the demand at least cost while ensuring adequate security of supply, sufficient volumes of 

ancillary services and meeting system-wide carbon emission targets [182]. WeSIM can quantify 

trade-offs between using various sources of flexibility, such as demand-side response (DSR) 

and energy storage, for real-time balancing and for management of network constraints. 

A detailed formulation of the model has been previously provided in Ref. [182]; therefore, only 

the new and additional elements of the model formulation (i.e., new variables, constraints and 

parameters) that are relevant for flexible nuclear power plant modelling in Chapter 6 are 

presented here. Extensions to the WeSIM model presented here have been implemented in 

FICO Xpress Optimisation framework [186]. WeSIM was formulated as a large-scale linear 

programming problem that was solved using the Newton-barrier optimisation algorithm, which 

identifies the globally optimal solution over the feasible solution space. Please note that WeSIM 

model formulation and execution was conducted by Dr. Marko Aunedi from the Department of 

Electrical and Electronic Engineering at Imperial College London.  

3.7.1. Mathematical formulation of the whole-system model 

The formulation of the system model presented here assumes a single-node system without 

considering any distribution, transmission or interconnection assets. A shortened form of the 

objective function for the mixed-integer linear problem is given in Equation (3.126). The model 

minimises the total system cost, which is the sum of annualised investment cost associated with 

power generation (𝐺), flexible nuclear (𝑁), electrolyser (𝐸), hydrogen storage (𝐻) and battery 

storage (𝑆) assets, and the annual operating cost across all time intervals considered in the study 

(in this case all 8760 h of a year). Component investment costs are expressed as products of 

per-unit cost parameters (𝜋) and decision variables for total capacity (𝜇). The operating cost 

term (𝐶) is the function of generation output decision variables (𝑝) and reflects the variable 

operating costs, no-load costs and start-up costs of thermal generators. 
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(3.126) 

A number of further constraints were formulated in the model (detailed mathematical formulation 

of the main WeSIM model can be found in Ref. [182] and is omitted here for brevity): 

• power supply-balance constraints; 

• operating reserve constraints for fast and slow reserves; 

• generator operating constraints, including minimum and maximum output, ramping 

constraints and minimum up and down time constraints; 

• annual load factor constraints to account for planned maintenance; 

• available energy profiles for variable renewables; 

• demand-side response constraints that allow demand shifting; 

• emission constraints to limit total annual carbon emissions from the electricity system; 

• security of supply constraints. 

All variables and constraints presented in the remainder of this subsection represent an 

extension of the WeSIM model, which in its original formulation does not explicitly consider 

flexible nuclear plant configurations discussed in Chapter 6. 

The number of flexible nuclear units in the system is denoted by 𝑛FN, which can be either specified 

as fixed input or optimised by the model. Unit commitment variables, 𝑢, are formulated for each 

time interval, 𝑡, and separately for the primary steam Rankine cycle (PSRC) and secondary steam 

Rankine cycle (SSRC) systems’ components of the flexible nuclear units: 

 𝑢PSRC,𝑡, 𝑢SSRC,𝑡 ≤ 𝑛FN (3.127) 

In all case studies, the PSRC was assumed to operate as a must-run generator, i.e., that all PSRC 

units were always in synchronised operation (although not necessarily at full output). 

The aggregate heat output of flexible nuclear plant steam generators, �̇�SG,𝑡, was bounded from 

below and above by the product of 𝑛FN and the lower and upper bound per one unit: 

 𝑛FN �̇�SG
min ≤ �̇�SG,𝑡 ≤ 𝑛FN �̇�SG

max (3.128) 
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Aggregate power output of PSRC and SSRC components was bounded by the relevant 

minimum and maximum output levels when these generators are operating: 

 𝑢PSRC,𝑡 �̇�PSRC
min ≤ �̇�PSRC,𝑡 ≤ 𝑢PSRC,𝑡 �̇�PSRC

max  (3.129) 

 𝑢SSRC,𝑡 �̇�SSRC
min ≤ �̇�SSRC,𝑡 ≤ 𝑢SSRC,𝑡 �̇�SSRC

max  (3.130) 

Note that the multiple modules of TES-SSRC units discussed in Chapter 6 (i.e., Section 6.3.2) 

were treated aggregately in this formulation. The rates of charging and discharging heat 

into/from the integrated TES systems are given by: 

 �̇�TES,Ch,𝑡 ≤ 𝑛FN �̇�TES,Ch
max  (3.131) 

 �̇�TES,Dch,𝑡 ≤ 𝑛FN �̇�TES,Dch
max  (3.132) 

The energy content of TES was limited by the aggregate storage size, while the TES balance 

equation accounts for charging and discharging heat subject to losses: 

 𝑄TES,𝑡 ≤ 𝑛FN 𝑄TES
max (3.133) 

 𝑄TES,𝑡 = 𝑄TES,𝑡−1 + (𝜂TES,Ch �̇�TES,Ch,𝑡 −
1

𝜂TES,Dch
�̇�TES,Dch,𝑡)𝛿 (3.134) 

Heat balance constraints were formulated to ensure that the heat produced by steam generator 

is used either directly in the PSRC unit or partially stored in TES, while any heat released from 

TES is used to power the SSRC units: 

 �̇�SG,𝑡 − �̇�TES,Ch,𝑡 = �̇�PSRC,𝑡 = 𝛽PSRC 𝑢PSRC,𝑡 + 𝛾PSRC �̇�PSRC,𝑡 (3.135) 

 �̇�TES,Dch,𝑡 = �̇�SSRC,𝑡 = 𝛽SSRC 𝑢SSRC,𝑡 + 𝛾SSRC �̇�SSRC,𝑡 (3.136) 

The link between the input heat and output electricity for PSRC and SSRC units in 

Equations (3.135) and (3.136) was formulated by assuming a no-load heat rate, 𝛽, that is incurred 

whenever the unit is operating regardless of the output level, and incremental heat rate, 𝛾, that 

multiplies the generator output level. These heat rate parameters were estimated from the results of 

thermodynamic modelling presented in Chapter 6. Other operating constraints such as ramping and 

minimum up/down times were also implemented in the model but were omitted here for brevity. 

Finally, the annual availability constraint for the steam generator output was formulated based 

on the product of the annual availability factor, 𝐹ava,FN, and the duration of the year in h, 𝜏,: 
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 ∑�̇�SG,𝑡

𝜏

𝑡=1

≤ 𝑛FN �̇�SG
max 𝜏 𝐹ava,FN (3.137) 

The total operation cost of flexible nuclear units contributing to total system cost in 

Equation (3.126) is simply equal to the product of total SG output and the cost of nuclear fuel. 

3.8. Summary 

In this chapter, the formulation and validation of several thermodynamic and economic 

computational models were presented and discussed. These models alongside with other specific 

model inputs and assumption (i.e., discussed at the first sections of Chapters 4 to 7) were utilised to 

obtain the main results of the case studies investigated in this research. Moreover, several thermo-

economic optimisation functions, which are covered in the next chapters, were formulated on the 

basis of the developed modelling tools. Furthermore, the power generation cycle system models 

involved the consideration of off-design performance of the cycle components during part-load 

operations, which is essential to obtain valid results to assess the flexibility of nuclear power plants. 

The formulated thermo-economic models will enable to identify the optimum design and operation 

of several flexible nuclear power plant configurations and also to evaluate the option of extending 

the conventional steam accumulation TES system in DSG CSP plants. Moreover, this chapter 

included the formulation of whole-system electricity, which will enable to quantify the system 

economic benefits that could result from replacing conventional nuclear power plants with extended 

flexibility ones in future decarbonised electricity grids that have high shares of renewables. 
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Chapter 4   

Thermo-economic analysis of steam 

accumulation in direct steam generation 

concentrated solar power plants 

4.1. Introduction 

Direct steam generation (DSG) concentrated solar power (CSP) is an option that uses water as a 

heat transfer fluid (HTF) in the solar receivers as well as a working fluid in the thermodynamic 

power generation cycle [61]. The use of a single fluid offers a number of benefits that are 

discussed in Section 2.5. Based on the comprehensive literature review that is covered in Chapter 

2, Research Gap 1 was identified (i.e., see Section 2.8 for more information), which states that 

previous research did not compare the thermodynamic performance and the economic returns of 

operating the two steam-accumulation options (i.e., steam accumulators only and steam 

accumulator-solid heat storage) in a DSG CSP plant. Therefore, the work presented in this 

chapter covers Research Gap 1 with the aim of performing a comprehensive thermo-economic 

analysis and comparison of two steam-accumulation options (i.e., with and without the concrete 

storage) for an existing DSG CSP plant (Khi Solar One in South Africa) during charging and 

discharging. The main novel contributions of the work presented in this chapter include:  

• Modelling and validation of the power generation cycle of the reference DSG CSP plant in 

baseload and part-load operating modes, including the analysis of off-design turbine efficiencies. 

• Modelling and validation of the charging/discharging modes of SAs, including the 

performance of parametric thermo-economic analysis for a range of initial water filling ratios. 

• Transient modelling and validation of heat transfer between the steam and the concrete, 

including the consideration of steam condensation process during charging process. 

• Parametric analysis of the thermo-economic performance for different sizes of concrete blocks. 

• Cost estimation of all TES system components using dedicated costing methods. 
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• Profitability assessment of the two steam accumulation options for the reference DSG CSP 

plant at different electricity prices.  

The study firstly describes, in Section 4.2, the layout of the selected DSG CSP plant and the 

compared TES systems. The model inputs and the main assumptions are presented in 

Section 4.3. The thermodynamic and the economic evaluations of the compared TES system 

configurations are presented in Sections 4.4 to 4.7. Finally, the key findings and conclusions 

are summarised in Section 4.8. It should be noted that the presented study in this chapter has 

been already published as a journal article, which can be found in Ref. [187] 

4.2. Description of the reference solar power plant (Khi Solar One) 

Khi Solar One, which is a 50-MWel DSG solar tower CSP plant in South Africa, is selected as 

the reference power plant. The main components of Khi Solar One are: (i) a heliostat field; 

(ii) a solar tower; (iii) a power generation block; and (iv) a TES system. The solar tower has 

two solar receivers, an evaporator, and a superheater. The evaporator is designed to collect solar 

heat and evaporate the feedwater coming from the power generation block to a temperature of 

327 °C at 12.3 MPa (i.e., saturated vapour). The evaporated steam is then superheated to 530 °C 

at 12 MPa in the solar superheater. The main parameters of the two solar receivers and the 

heliostat field are summarised in Table 4.1. All Khi Solar One design and thermodynamic 

parameters were provided by the operators of Khi Solar One. 

Table 4.1. Khi Solar One solar tower and heliostat field parameters. 

Parameter Symbol Value 

Evaporator efficiency (%) 𝜂evp 92 

Evaporator outlet pressure (MPa) 𝑃16 12.3 

Evaporator outlet temperature (°C) 𝑇16 330 

Superheater efficiency (%) 𝜂spr 85 

Superheater outlet pressure (MPa) 𝑃1 12.0 

Superheater outlet temperature (°C) 𝑇1 530 

Total heliostat reflective area (km2) 𝐴total 0.57 

Heliostat efficiency (%) 𝜂hel 97 

 

The rate of absorbed heat in the evaporator and in the superheater were calculated using direct 

normal irradiance (DNI) data as the following: 
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 �̇�evp = 𝑞irr 𝐴evp 𝜂hel 𝜂evp (4.1) 

 �̇�spr = 𝑞irr 𝐴spr 𝜂hel 𝜂spr (4.2) 

 𝐴total = 𝐴evp + 𝐴spr (4.3) 

where �̇� is the rate of absorbed heat, 𝑞irr the DNI, 𝐴 the reflective area, 𝜂 the efficiency and 

subscripts ‘evp’, ‘spr’, and ‘hel’ stand for the evaporator, superheater, and heliostat. 

As indicated in Equations (4.1) and (4.2), the amount of heat depends on the reflective area of 

the heliostat that is allocated for each receiver. The total heliostat reflective area for both 

receivers, 𝐴total, was assumed to be fixed. However, the fraction of the total area allocated for 

each receiver (i.e., 𝐴evp and 𝐴spr) can be varied. This means that if more solar power is required 

in the evaporator, more reflective area goes to the evaporator, which in turn reduces the 

reflective area allocated for the superheater as the total reflective area is constant. 

The evaporator and the superheater are designed to absorb extra solar thermal power, when 

available, beside the required amount to generate the 50 MWel of electrical power. The excess 

heat, which can be absorbed during high solar rays (mid-days), is to be stored in the TES system. 

The stored heat is then utilised for electricity generation during low or no sun times (i.e., night-

time). In this chapter, two TES system configurations are compared. The two configurations 

are described in detail in Sections 4.2.1 and 4.2.2.  

4.2.1. Existing TES configuration with steam accumulators 

The schematic diagram of Khi Solar One power plant with its existing TES system is shown in 

Figure 4.1. The existing TES system configuration consists of two groups of SAs, base SAs 

and superheating SAs, as well as a storage superheater. During normal operation of the power 

plant with no TES system operations, feedwater flows into the evaporator (Stream 15) and 

absorbs solar heat until becoming saturated steam at 12.3 MPa. The saturated steam (Stream 16) 

is then superheated in the solar superheater to 530 °C at 12 MPa and then flows (Stream 1) to 

the power generation block for electricity generation.  

The charging mode takes place when there is excess solar thermal power in the evaporator. 

In this case, extra feedwater is fed from the condensate storage tank (Stream 21) to the solar 

evaporator and then directed to the SAs (Streams 23 and 24). The charging process starts first 
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with filling the parallelly connected superheating SAs until reaching the maximum allowable 

pressure and volume levels and then filling the parallelly connected base SAs, which also stops 

when reaching the maximum pressure and volume levels set for the base SAs. The size and the 

thermodynamic limits and constraints for all SAs are discussed in Section 4.3.3.  

There is the option of charging the superheating SAs with superheated steam from the solar 

superheater at 530 °C and 12 MPa. However, the temperature of the stored water/steam in the 

SAs can only reach 324 °C (i.e., saturation temperature at 12 MPa). Reaching this temperature 

and pressure is expected to have a minor enhancement, relative to the concrete blocks option, 

on the turbine inlet temperature and the cycle efficiency during discharging mode. 

Additionally, the intention of this study is to use the same SA limits provided by Khi Solar 

One operators. Thus, the option of increasing the maximum pressure of the superheating SAs 

to 12 MPa is not considered in this case study. 

 

Figure 4.1. Schematic diagram of Khi Solar One with the existing TES system configuration 

(two groups of steam accumulators). 

During main discharging process, the base SAs release saturated steam at the storing pressure. 

The discharged steam flows into the storage superheater (Stream 25), gets superheated by the 

higher temperature saturated steam (i.e., higher pressure) from the superheating SAs 
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(Stream 26), and then flows into the steam turbine for electricity generation (Stream 28). The 

superheating process of the saturated steam is essential to avoid creation of water droplets in 

the steam turbine and to increase the cycle thermal efficiency as well. Discharging mode of the 

base SAs can also be performed for feedwater heating purposes (Streams 17 and 18) during 

normal operations of the power plant. The direction of the SA feedwater heating stream is 

indicated by the green dotted lines in Figure 4.1. 

4.2.2. Extended TES configuration with solid storage 

A schematic diagram of the extended TES system configuration is shown in Figure 4.2. The 

extended TES system consists of concrete blocks and only one group of SAs. All the other power 

plant components are the same as in the existing TES system configuration descried in Section 4.2.1. 

 

Figure 4.2. Schematic diagram of Khi Solar One with the (proposed) extended TES system 

configuration (concrete blocks and steam accumulators). 

The operation of the power plant with the extended TES system during normal mode is similar 

to that with the existing TES system. However, the charging process of the extended configuration 

is different. Excess solar heat in the solar tower is not only utilised to evaporate extra amount of 

water for storage, but also to superheat the steam to 530 °C, the same temperature of the main 
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steam flowing into the steam turbine. The superheated steam (i.e., allocated for storage) flows 

into the concrete blocks (Stream 23), connected in series, first to deposit its high-temperature heat 

and then fills the parallelly connected SAs (Stream 24). There is also a direct link between the 

solar evaporator and the SAs (Stream 27), allowing a direct charging of SAs from the evaporator 

(i.e., as in the existing configuration) in situations when the temperature of steam exiting the last 

concrete block is higher than the design temperature of the SAs. 

The main discharging mode in the extended TES system is performed by releasing the stored 

saturated steam in the SAs (Stream 25) to the concrete blocks. The saturated steam gets 

superheated in the higher-temperature concrete blocks and then flows into the steam turbine 

(Stream 26) for electricity generation. Unlike the existing configuration, there is no need for 

two groups of SAs and for a storage superheater as steam is superheated while flowing inside 

the concrete blocks. Similar to the existing TES system, steam can also be released from the 

SAs for feedwater heating purposes (Streams 17 and 18).  

4.3. Model inputs and assumptions 

The main power generation cycle, TES system and economic parameters and assumption that 

are inserted to the generic models discussed in Chapter 3 are listed and presented in this section.  

4.3.1. Power cycle model and assumptions 

The power generation block of Khi Solar One, illustrated in Figure 4.1 and Figure 4.2, consists 

of the following:  

• a 50-MWel steam turbine driving an electric generator, fitted with three side steam 

extractions for feedwater heating; 

• low-pressure (LP) and high-pressure (HP) closed feedwater heaters, which are supplied by 

steam from the turbine side extraction points or from the SAs;  

• a deaerator that works as an open feedwater heater and maintains the oxygen and other 

dissolved gases levels below the maximum limits;  

• a feedwater pump that is operated by a separate turbo-pump and two condensate pumps; 

• a condensate storage tank that stores water at ambient temperature and pressure; and, 

• a natural draft condenser to maintain the vacuum at the steam turbine outlet and to 

condensate the exhaust steam leaving the turbine.  
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The energy and mass balance equations written for each component (i.e., specifically for Khi 

Solar One), and which were solved to predict the performance of the power generation block 

(i.e., steam Rankine cycle), are summarised in Table 4.2.  

Table 4.2. Main energy and mass balance equations used in the power generation cycle model. 

Component Part Energy balance equations Mass balance equations 

Solar evaporator   �̇�evp = �̇�15 (ℎ16 − ℎ15)  �̇�15 = �̇�16 + �̇�23 + �̇�24  

Solar superheater   �̇�spr = �̇�16 (ℎ1 − ℎ16)  �̇�16 = �̇�1  

Steam turbine  Part 1 �̇�T,P1 = �̇�T,P1 (ℎ3 − ℎ4)  

𝜂T,P1 =
ℎ3−ℎ4

ℎ3−ℎis,4
  

�̇�T,P1 = �̇�3 = �̇�1 − �̇�2  

 

Part 2 �̇�T,P2 = �̇�T,P2 (ℎ4 − ℎ5)  

𝜂T,P2 =
ℎ4−ℎ5

ℎ4−ℎis,5
  

�̇�T,P2 = �̇�T,P1 − �̇�4  

Part 3 �̇�T,P3 = �̇�T,P3 (ℎ5 − ℎ6)  

𝜂T,P3 =
ℎ5−ℎ6

ℎ5−ℎis,6
  

�̇�T,P3 = �̇�T,P2 − �̇�5  

 

Part 4 �̇�T,P4 = �̇�T,P4 (ℎ6 − ℎ7)  

𝜂T,P4 =
ℎ6−ℎ7

ℎ6−ℎis,7
  

�̇�T,P4 = �̇�T,P3 − �̇�6 = �̇�7  

whole  �̇�T = �̇�T,P1 + �̇�T,P2 + �̇�T,P3 +

�̇�T,P4  

 

Condenser   𝑥9 = 0  �̇�8 = �̇�6ʹ + �̇�7 + �̇�19  
�̇�9 = �̇�8  

Turbo-pump   �̇�TP = �̇�2 (ℎ2 − ℎ19)  

𝜂TP,is =
ℎ2−ℎ19

ℎ2−ℎis,19
  

�̇�2 = �̇�19  

LP feedwater heater  cold side  �̇�LFWH = �̇�11 (ℎ12 − ℎ11)  �̇�12 = �̇�11  

hot side �̇�LFWH = �̇�6 (ℎ6 − ℎ6ʹ) or 

�̇�LFWH = �̇�18 (ℎ18 − ℎ18ʹ)  

�̇�6ʹ = �̇�6 or 

�̇�18ʹ = �̇�18 

HP feedwater heater cold side  �̇�HFWH = �̇�14 (ℎ15 − ℎ14)  �̇�15 = �̇�14  

hot side  �̇�HFWH = �̇�4 (ℎ4 − ℎ4ʹ) or 

�̇�HFWH = �̇�17 (ℎ17 − ℎ17ʹ) 

�̇�4ʹ = �̇�4 or 

�̇�17ʹ = �̇�17  

Condensate pump  

 

 �̇�CP = �̇�9 (ℎ10 − ℎ9) 

𝜂CP =
ℎis,10−ℎ9

ℎ10−ℎ9
  

�̇�9 = �̇�10  

Feedwater pump  �̇�FP = �̇�13 (ℎ14 − ℎ13)  

𝜂FP =
ℎis,14−ℎ13

ℎ14−ℎ13
  

�̇�14 = �̇�13  

Deaerator   �̇�13 ℎ13 = �̇�4ʹ ℎ4ʹ + �̇�5 ℎ5 +
�̇�12 ℎ12 + �̇�22 ℎ22  

�̇�13 = �̇�4ʹ + �̇�5 + �̇�12
+ �̇�22 
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Table 4.3. Main cycle parameters and assumptions used in the power generation cycle model at the 

full rated electrical power of 50 MWel. The data were provided by the operators of Khi Solar One. 

Parameter  Symbol Stream Value 

Turbine inlet temperature (°C) 𝑇1 1 520 

Turbine inlet pressure (MPa) 𝑃1 1 11.5 

Turbine first side extraction pressure (MPa) 𝑃4 4 2.86 

Turbine second side extraction pressure (MPa) 𝑃5 5 1.27 

Turbine third side extraction pressure (MPa) 𝑃6 6 0.27 

Condensing pressure (MPa) 𝑃7 7 0.018 

Condensate pump outlet pressure (MPa) 𝑃10,11 10,11 1.34 

Feedwater pump outlet pressure (MPa) 𝑃14 14 15.4 

LP and HP feedwater heaters pressure loss (MPa) ∆𝑃LFWH
loss , ∆𝑃HFWH

loss  - 0.70 

Deaerator pressure loss (MPa) ∆𝑃DE
loss - 0.57 

Solar evaporator pressure loss (MPa) ∆𝑃evp
loss - 3.1 

Solar superheater pressure loss (MPa) ∆𝑃spr
loss - 0.3 

Turbo-pump isentropic efficiency (%) 𝜂TP,is - 75 

Turbo-pump mechanical efficiency (%) 𝜂TP - 85 

Feedwater pump isentropic efficiency (%) 𝜂FP - 81 

Condensate pump isentropic efficiency (%) 𝜂CP - 78 

Generator mechanical efficiency (%) 𝜂gen - 94 

LP and HP feedwater heaters heat-to-heat efficiency (%) 𝜂LFWH, 𝜂HFWH - 95 

Ambient pressure (MPa) 𝑃a - 0.1 

Ambient temperature (°C) 𝑇a - 28 

 

The net generated power and net thermal efficiency during nominal operation mode (𝜂Cyc,nom), 

charging mode (𝜂Cyc,Ch) and discharging mode (𝜂Cyc,Dch) of the plant were calculated from: 

 �̇�net = 𝜂gen∑�̇�T −∑�̇�P (4.4) 

 �̇�ST→Cyc = �̇�Cyc (ℎ1 − ℎ15) (4.5) 

 �̇�ST→TES = �̇�TES (ℎ23 − ℎ15) (4.6) 

 �̇�ST = �̇�eva + �̇�spr (4.7) 

 �̇�ST = �̇�ST→Cyc + �̇�ST→TES (4.8) 

 ∆�̇�TES = �̇�TES→Cyc − �̇�Cyc→TES (4.9) 

 𝜂Cyc,nom =
�̇�net

�̇�ST→Cyc
 (4.10) 
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 𝜂Cyc,Ch =
�̇�net

�̇�ST→Cyc + ∆�̇�TES
 (4.11) 

 𝜂Cyc,Dch =
�̇�net

�̇�TES→Cyc
 (4.12) 

where �̇�T is the turbine power output, �̇�p the power needed by each pump, �̇�ST→Cyc the rate of 

heat from the solar tower to the cycle, �̇�ST→TES the rate of heat from the solar tower to the TES 

system, �̇�TES→Cyc the rate of heat from the TES system to the cycle, �̇�Cyc→TES the rate of heat from 

the cycle to the TES system, �̇�ST the rate of absorbed heat in the solar tower, ∆�̇�TES the net rate 

of heat added to or extracted from the TES system, 𝜂 the efficiency and subscripts ‘nom’, ‘gen’, 

‘Cyc’, ‘Ch’, and ‘Dch’ stand for nominal, generator, cycle, charging and discharging, respectively. 

Beside the generic quasi-steady power generation cycle assumptions that are listed in 

Section 3.4.1 of Chapter 3, the following assumptions were also included in the cycle model: 

• 10 °C ≤ Δ𝑇LM in both the LP and HP feedwater heaters; 

• 10 °C ≤ Δ𝑇pp of the inlet and the outlet of both HP and LP feedwater heaters; 

All other parameters including component efficiencies, pressure losses, etc., are listed in Table 4.3.  

4.3.2. Analysis of off-design turbine isentropic efficiency 

The assumed turbine isentropic efficiency for each turbine part during nominal (design) and part-

load (off-design) operation conditions are listed in Table 4.4.  

Table 4.4. Isentropic efficiencies of turbine parts at design and off-design operating conditions. 

Turbine part number  Design-point efficiency (%) Off-design efficiency (%) 

1 84 82 

2 86 85 

3 90 87 

4 78 76 

 

The off-design efficiencies in this chapter were assumed after conducting a thorough analysis 

by comparing the off-design efficiency data (provided by Khi Solar One operators) with 

correlations for the estimation of off-design turbine efficiencies from Refs. [148,188]. The 

turbine is divided into 4 parts. Each part is defined as a group of turbine stages and each stage 
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consists of a stator and a rotor. Turbine Part 1 includes the stages between the turbine inlet 

and first side extraction, Part 2 represents the stages between the first and second side 

extractions, Part 3 includes the stages between the second and third side extractions, and 

Part 4 represents the stages between the third side extraction and main outlet.  

The study takes into consideration the effect of the varying steam flow conditions (i.e., pressure, 

temperature, mass flowrate, etc.) on the turbine isentropic efficiency during part-load operations. 

The provided data include steam conditions and their corresponding isentropic efficiency during 

part-load operation. The analysis started by comparing off-design efficiencies at given steam flow 

conditions (i.e., pressure ratio, mass flowrate, and flow coefficient) to obtain a valid turbine off-

design correlation. Figure 4.3 shows the normalised turbine efficiency in off-design conditions 

versus the corresponding: (a) normalised mass flowrate; (b) pressure ratio across the turbine; and 

(c) flow coefficient for the four turbine parts. The normalised values were calculated with reference 

to the design-point efficiencies. The pressure ratio, 𝑃𝑅, and the flow coefficient, 𝜑, are defined as: 

 𝑃𝑅 =
𝑃in
𝑃out

  (4.13) 

 𝜑 =
�̇�in

√𝑃in 𝜌in
 (4.14) 

The results in Figure 4.3 indicate that there is no observable correlation between all thermodynamic 

indicators and the normalised off-design efficiencies, except for turbine Part 4 that has a trendline 

that could be correlated with respect to pressure ratio. Therefore, none of the three off-design turbine 

efficiency vs. steam condition correlations can be applied to predict the off-design efficiencies. 

 

Figure 4.3. Normalised off-design turbine efficiency against (a) normalised mass flowrate; (b) 

the normalised turbine pressure ratio; and (c) normalised flow coefficient for the four turbine 

parts. All values are normalised with respect to nominal (design-point) conditions. 
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The operator provided turbine data were also compared with two main off-design turbine 

isentropic efficiency correlations from literature. The first was proposed by Van Putten 

et al. [188] and the second was developed by Ray [148]. The first predicts the off-design turbine 

stage efficiency based on the 1-D theory of turbomachinery which accounts for blade velocity, 

steam flow approach angle, etc., as presented in Equations (4.15) to (4.17). All other correlation 

assumptions and approximations can be found in Ref. [188]. 

 𝜂TS
OD = 4 𝐾e0  

𝑣b
𝑣f
 (cos 𝜃 −

𝑣b
𝑣f
)  (4.15) 

 𝑣f = √2(ℎin − ℎout (4.16) 

 
𝑣b = 𝑣f  

𝐾v0 𝜔

√(ℎin − ℎis,out)

 
(4.17) 

where 𝑣f is fluid velocity, 𝑣b the blade velocity, 𝐾e0 the efficiency parameter for an impulse 

turbine, 𝐾v0 the velocity parameter, 𝜔 the turbine rotational speed and 𝜃 the approach angle in rad. 

It is not simple to use this correlation as not all parameters are known. Thus, it was assumed that 

the approach angle is 0.3 rad and the turbine rotational speed fixed at 60 Hz [188]. However, 𝐾v0 

and 𝐾e0 are different for each individual turbine as well as for each turbine stage, which cannot be 

assumed and needs to be found either experimentally or by knowing the exact turbine geometry. 

As geometry information is lacking, both 𝐾v0 and 𝐾e0 of each part were obtained by finding the 

minimum RMSE, indicated in Equation (4.18), using the four operator-provided off-design data: 

 
휀RMS =

√∑ ( 𝜂c − 𝜂p)
2𝑁

𝑖=1

𝑁
  

(4.18) 

where 𝜂c is calculated efficiency, 𝜂p the provided efficiency and 𝑁 the number of conditions. 

Figure 4.4 compares, on the left y-axes, the off-design turbine efficiencies and best fit 

efficiencies for turbine: (a) Part 1; (b) Part 2; (c) Part 3; and (d) Part 4. The right y-axes of 

Figure 4.4 shows the relative errors between the operator provided and the best fit efficiency 

values using the obtained 𝐾v0 and 𝐾e0 that gives the least RMSE, shown on the top-left corner, 

of each turbine part. In Figure 4.4(a), the calculated 𝐾v0 and 𝐾e0 are 4.3 and 0.9, respectively. 

Although the RMSE is the minimum for all values, the relative efficiency error varies for each 

condition but most of them are lower than 5% for turbine Part 1. 
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Figure 4.4. Operator provided turbine isentropic efficiencies and best fit efficiencies (i.e., from Van 

Putten et al. [148] equation), which are determined by finding the 𝐾v0 and 𝐾e0 parameters that 

gives the minimum RMSE of the four given off-design conditions for turbine: (a) Part 1; (b) Part 2; 

(c) Part 3; and (d) Part 4. The right y-axes illustrate the relative error between the two efficiencies. 

For turbine Part 2, the obtained correlation efficiencies are similar to the operator provided ones 

and have relative errors less than 2% as illustrated in Figure 4.4(b). The small error is because of 

the small variation of turbine efficiency during off-design operation in Part 1 and Part 2. However, 

it is not the case for Part 3 and Part 4 as the RMSEs and relative errors exceed 15%. This is due 

to the arbitrary behaviour of turbine efficiency at off-design conditions, which might be higher or 

lower than the design point efficiency. The large variation in Parts 3 and 4 could be a result of the 

presence of water droplets in the last stages of the turbine, which largely affects the performance 

of the turbine. Moreover, the best fit data do not have the same trend as the operator provided 

data, as it might be higher in some off-design condition and lower in others. Therefore, the 

obtained best fit data are usually the same for all conditions, which suggests using the average of 

the off-design efficiency of all provided conditions, especially for Parts 1, 2, and 3. 

The operator provided data were also analysed using the second isentropic prediction function 

developed by Ray [148], that is expressed in Equation (3.85) in Chapter 3. This correlation 
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estimates the stage efficiency by the ratio of blade tip velocity to theoretical steam velocity. 

The function assumes the blade tip velocity to be proportional to the turbine shaft speed, and 

the steam velocity to the square root isentropic enthalpy drop across the stage. 

 

Figure 4.5. Operator provided turbine isentropic efficiencies and the best fit efficiencies (i.e., 

from Ray’s [148] equation), which are determined by finding the positive constant 𝜆 that gives 

the minimum RMSE of the four given off-design conditions for turbine: (a) Part 1; (b) Part 2; 

(c) Part 3; and (d) Part 4. The right y-axes show the relative error between the two efficiencies. 

As all variables were known except (𝜆), which varies depending on the turbine design and 

geometry, a similar best fit with minimum RMSE approach was performed to determine 𝜆 of 

each turbine part. Figure 4.5 illustrates the difference between the operator provided efficiencies 

and the obtained best fit efficiencies, on the left y-axes, and the corresponding relative error for 

each off-design condition, on the right y-axes, for turbine: (a) Part 1; (b) Part 2; (c) Part 3; and 

(d) Part 4. The calculated positive constant, 𝜆, is 0.2 for Part 1, 0.45 for Part 2, 0.54 for Part 3 

and less than 0.01 for Part 4. The results also suggest that the least error is achieved when the 

best fit efficiencies are close to the average value, especially for Parts 1 and 4. 
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The analysis demonstrates that using the average value of the provided off-design efficiencies 

for each turbine part is a reasonable choice, as it is associated with the lowest discrepancy 

(RMSE < 0.1) between the provided and correlation-based data for all examined off-design 

conditions. Although taking the average off-design efficiency introduces some errors in the model, 

it is still relatively small compared to other error sources associated with other steam cycle model 

assumptions. Therefore, the average of the off-design efficiencies of each part (i.e., listed in 

Table 4.4) was used in the turbine model for part-load operations.  

The selection of the average part-load efficiency for each turbine part instead of the average part-

load efficiency for the whole turbine (82.2%) can be justified by the lower mean absolute error 

(MAE) for all turbine parts, as clearly illustrated in Figure 4.6. 

 

Figure 4.6. Operator provided turbine off-design isentropic efficiencies, on the left y-axes, and 

calculated relative errors, on the right y-axes, for turbine: (a) Part 1; (b) Part 2; (c) Part 3; and (d) 

Part 4. The relative errors are calculated with respect to the average of efficiencies of the turbine 

part itself (i.e., 4 values) and with respect to the average of all provided efficiencies (i.e., 16 values). 
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4.3.3. Steam accumulator initial conditions and constraints 

The main parameters of the SAs in the compared TES system configurations are summarised 

in Table 4.5. For the existing TES system, the maximum and the minimum pressures were 

selected based on operational data provided by the plant operators. The superheating SAs are 

charged to a higher pressure due to the need of having a higher temperature discharging steam 

(i.e., higher saturation pressure) for the superheating process during the discharging mode. The 

minimum pressure of the base SAs is selected based on the lowest pressure the steam turbine 

can accept. In the extended TES system, the minimum was set by considering a 0.5 MPa 

pressure loss through the concrete blocks before entering the turbine. The maximum pressure 

for all SAs is the same since the superheating process undergoes in the concrete blocks. All 

SAs are also constrained with water filling ratios (WFR) of 0.99. The WFR is defined as:  

 𝑊𝐹𝑅 =
𝑉L

𝑉V + 𝑉L
=
𝑉L
𝑉SA

 (4.19) 

where 𝑉L is the liquid volume, 𝑉V the vapour volume and 𝑉SA the volume of the SA.  

The maximum inlet (i.e., charging) steam temperature and pressure of all SAs in both TES 

systems are 327 °C and 12 MPa, respectively, which is set by materials limits. The SA external 

surfaces are assumed to be perfectly insulated, hence, there is no heat loss to the environment.  

Table 4.5. Main SA parameters and constraints in the analysed TES system configurations. 

Parameter 
Existing Extended 

Superheating SAs Base SAs All SAs 

Number of SAs (units) 3 16 19 

Useful volume/unit (m3) 197 197 197 

Maximum pressure (MPa) 8.2 4.2 8.2 

Minimum pressure (MPa) 3.9 1.4 1.9 

Maximum WFR (-) 0.99 0.99 0.99 

 

4.3.4. Economic model inputs 

The two TES system configurations were compared using a number of economic performance 

indicators such as the levelised cost of storage (LCOS) (i.e., cost per kWh of electricity generated 

utilising stored heat), the levelised cost of electricity (LCOE) and the net present value (NPV), 
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which were calculated using the listed equations in Section 3.6 of the methodology chapter. The 

economic assumptions listed in Table 4.6 and the daily mean 24-h DNI profile in Figure 4.7 

were considered for the calculation of the key economic performance indicators. 

Table 4.6. Economic analysis assumptions [181]. 

Parameter Symbol Value 

Operation & maintenance costs ($/MWhel) 𝐶O&M 12 

Availability factor (%) 𝐹ava 98 

Lifetime of the system (years) 𝑛 25 

Discount rate (%) 𝑟 10 

 

Moreover, the internal rate of return (IRR) was also calculated to assess the economic feasibility 

of investing in the proposed TES configuration. The economic analysis excludes the land, taxation, 

and financing costs. The electricity generated from Khi Solar One is being sold to the South 

African Electricity Public Utility (Eskom) under a long-term power purchase agreement (PPA) at 

a fixed electricity price. However, the price is not declared, perhaps for confidentiality reasons, but 

it could be around 200 $/MWhel as estimated by the South African Energy Department for CSP 

plants [189]. As the actual price was not provided, the calculations of the NPVs and the IRRs were 

performed using a range of historical electricity prices, from 100 $/MWhel to 340 $/MWhel. 

4.3.5. Analysis of DNI data 

In order to assess the hourly performance of Khi Solar One with both TES systems, it is 

essential to have representative hourly averaged DNI data. Therefore, hourly averaged DNI 

data for a whole year were generated using Meteonorm in TRNSYS [190], taking Upington 

in South Africa as the location. Running the power plant simulation model for the whole year 

(i.e., 8760 h) is time consuming. Thus, the DNI data were analysed to create a valid 24-h DNI 

profile that captures, to some extent, the anticipated behaviour of a year-long DNI in 

Upington. The analysis included calculating the mean and the standard deviation of the hourly 

DNI data for a whole year as shown in Figure 4.7.  

Yet, adapting the mean 24-h DNI profile for the comparative study might not capture the 

performance of the TES systems during a highly fluctuating DNI profile, a lower DNI profile, 
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or a higher DNI profile. Therefore, the simulation model was also examined for five different 

24-h DNI profiles, which are:  

• Profile 1: mean plus one standard deviation of the DNI data of the whole year; 

• Profile 2: mean minus one standard deviation of the DNI data of the whole year; 

• Profile 3: lowest daily DNI of the year; 

• Profile 4: highest daily DNI of the year; and, 

• Profile 5: random selected day that has high DNI fluctuation in the same year. 

 

Figure 4.7. Mean and standard deviation of the hourly averaged DNI data for a whole year in 

Upington, South Africa. 

4.3.6. Modes of operation 

The power generation cycle system is assumed to operate with a maximum and a minimum 

electricity generation of 50 MWel and 10 MWel, respectively. In this study, it is assumed that 

Khi Solar One is operated under the following modes: 

• Mode 1: electricity is generated at 50 MWel or less by utilising thermal power in the solar 

tower receivers only and no TES charging/discharging is taking place. 

• Mode 2: electricity is generated at 50 MWel and charging of TES system is performed when 

excess solar heat is available for storage. 

• Mode 3: main thermal power provided by the solar tower receivers and feedwater heating is 

provided by the SAs in the TES system.  

• Mode 4: thermal power is discharged from the TES system to generate 50 MWel of electrical 

power. The TES discharging mode is assumed to start immediately if no thermal power is 

available in the solar tower. 
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4.4. Khi Solar One at full rated power 

The key results obtained from the formulated Khi Solar One power generation cycle model at full 

rated (i.e., nominal) power without the operation of the TES system are summarised in Table 4.7. 

During this mode, the solar-tower receivers supply 150 MWth of thermal power to evaporate and 

then superheat the subcooled water from 232 °C to 530 °C. About 69% of this thermal power is 

provided by the solar evaporator while the remaining, 31%, is supplied by the solar superheater.  

Table 4.7. List of main results obtained from the formulated Khi Solar One power generation 

cycle model at full rated power (i.e., no TES system charging/discharging). 

Parameter Symbol Value 

Rate of heat addition in the solar evaporator (MWth) �̇�evp 103 

Rate of heat addition in the solar superheater (MWth) �̇�spr 47 

Inlet LP feedwater heater pinch-point temperature difference (°C) Δ𝑇pp,LFWH
in  13 

Outlet LP feedwater heater pinch-point temperature difference (°C) Δ𝑇pp,LFWH
out  62 

Inlet HP feedwater heater pinch-point temperature difference (°C) Δ𝑇pp,HFWH
in  99 

Outlet HP feedwater heater pinch-point temperature difference (°C) Δ𝑇pp,HFWH
out  66 

LP feedwater heater logarithmic mean temperature difference (°C) Δ𝑇LM,LFWH 31 

HP feedwater heater logarithmic mean temperature difference (°C) Δ𝑇LM,HFWH 81 

Net electrical power (MWel) �̇�net 50 

Cycle thermal efficiency (%) 𝜂Cyc,nom 33 

 

The temperature-specific entropy (T-s) diagram and the temperature-thermal power (T-�̇�) 

diagram showing the main thermodynamic processes of the steam Rankine cycle and the heat 

transfer rate at nominal load are respectively shown in Figure 4.8(a) and Figure 4.8(b). The 

numbered dots in both figures corresponds to the numbered flow streams indicated in Figure 4.1 

and Figure 4.2. The heat addition process taking place in the evaporator (i.e., States 15 to 16) 

and the superheater (i.e., States 16 to 3) are indicated by the blue and the red lines, respectively. 

Once the superheated steam reaches the turbine, it expands to a condensing pressure of 

0.018 MPa. Some amount of steam is extracted from the three turbine side extraction points 

(States 4, 5 and 6) for feedwater heating (i.e., in LP feedwater heater, deaerator and HP feedwater 

heater, which is illustrated in Figure 4.8(b)). The slope of lines representing the expansion 

processes varies as each line is for different turbine part with different isentropic efficiency as 

listed in Table 4.4. The slope of the last expansion process line (i.e., States 6 to 7) is relatively 
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less steep as the last turbine part (i.e., Part 4) has the lowest isentropic efficiency (i.e., 78%) 

among other turbine parts. The steam quality at the main turbine outlet is 0.88, still above the 

minimum boundary for avoiding erosion and corrosion of the steam turbine blades [87]. 

 

 

Figure 4.8. (a) Temperature-specific entropy (T-s) diagram and (b) temperature-thermal power 

(T-�̇�) diagram showing the thermodynamic processes and the heat transfer rate in main heat 

exchangers of Khi Solar One steam Rankine cycle at full rated power. Each numbered dot 

represents the thermodynamic state of the numbered flow streams in Figure 4.1 and Figure 4.2. 

The dashed lines in Figure 4.8(a) and Figure 4.8(b) represent the feedwater heating processes in 

the HP feedwater heater (yellow), in the deaerator (purple), and in the LP feedwater heater 

(orange). The steam conditions at the hot-side outlet of the HP and the LP feedwater heaters are 

assumed to be fully saturated liquid. For the HP feedwater heater, the saturated liquid then flows 

through a steam trap (i.e., throttle) to reduce its pressure in an isenthalpic process from 2.8 MPa 

to 1.3 MPa (i.e., pressure of the main flow stream flowing into the deaerator) as steam pressure 

(a) 

(b) 
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of all deaerator inlets should be the same [191]. Similarly, the pressure of steam flowing from 

the LP feedwater heater is also reduced by a steam trap from 0.2 MPa to 0.018 MPa (i.e., 

pressure of the main flow stream flowing into the condenser). The steam is fully condensed in 

the condenser at 0.018 MPa and then pumped by the condensate pump to 1.34 MPa (i.e., States 9 

to 11). After that, the subcooled water is preheated from 58 °C to 117 °C in the LP feedwater 

heater and then to 160 °C in the deaerator as illustrated in Figure 4.8(b). Next, the feedwater is 

pumped in the feedwater pump to 15.5 MPa before entering the HP feedwater heater. The 

subcooled water is then heated from 163 °C to 232 °C in the HP feedwater heater with pinch-

point temperature differences of 99 °C at the inlet and of 62 °C at the outlet, as shown in 

Figure 4.8(b). Finally, the feedwater flows back to the solar tower completing a full cycle. The 

steam thermodynamic properties for each numbered flow stream are listed in Table 4.8. 

Table 4.8. Calculated steam thermodynamic properties at full rated power of 50 MWel and 

without TES charging/discharging. The stream numbers are the same as indicated in Figure 4.1 

and Figure 4.2. 

Stream number Mass flowrate (kg/s) Pressure (MPa) Temperature (°C) Quality (-) 

1 61.2 12.0 530 superheated 

2 1.8 11.5 520 superheated 

3 59.5 11.5 520 superheated 

4 9.6 2.86 331 superheated 

4’ 9.6 2.79 229 0 

5 2.7 1.27 238 superheated 

6 6.0 0.27 130 0.96 

6’ 6.0 0.20 120 0 

7 41.2 0.18 58 0.88 

8 48.9 0.18 58 0.79 

9 48.9 0.18 58 0 

10 48.9 1.34 58 subcooled 

11 48.9 1.34 58 subcooled 

12 48.9 1.27 117 subcooled 

13 61.2 0.70 160 subcooled 

14 61.2 15.5 163 subcooled 

15 61.2 15.4 232 subcooled 

16 61.2 12.3 327 1 

19 1.8 0.18 58 0.97 
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4.5. Performance of Khi Solar One with existing TES system 

4.5.1. Analysis of initial base steam accumulators water filling ratio 

The analysis of Khi Solar One with the existing TES system starts with determining the initial 

WFR, defined in Equation (4.19), of the base SAs. The effect of various base SAs initial WFRs 

on the final pressure and WFR of the base SAs as well as on the amount of stored heat and 

discharged electricity from the TES system are shown in Figure 4.9. All results are obtained by 

charging both groups of SAs with saturated steam at 327 °C and 12 MPa. The initial WFR of 

the superheating SAs for all examined cases is 0.5 as it does not have a significant impact on 

the overall performance of the TES system. The charging of all SAs stops when either the 

maximum allowable pressure or the maximum WFR is reached. 

 

Figure 4.9. Effect of different base SA initial WFR on: (a) final pressure of base SAs, (b) final 

WFR of base SAs, (c) amount of stored heat in the TES system, and (d) amount of discharged 

electricity utilising the stored heat in the TES system. The initial WFR of the superheating SA 

group is fixed at 0.5 for all examined cases. 
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In Figure 4.9(a), the base SA final pressure reaches the maximum allowable pressure of 

4.2 MPa for initial WFRs ranging from 0.3 to 0.75. However, the final WFRs, shown in 

Figure 4.9(b), for the same initial WFR range have not reached the maximum WFR of 0.99. 

Moreover, the amount of stored heat in the base SA increases from 440 MWhth for a WFR of 

0.3 to about 860 MWhth for a WFR of 0.75. This increase, shown in Figure 4.9(c), is due to 

having more liquid that absorbs the heat from the charging saturated steam. For initial WFRs 

greater than 0.75, the final pressure of the base SAs is lower than the maximum pressure since 

the base SAs are already fully filled with steam to their maximum capacity. This can be clearly 

seen in Figure 4.9(b) where the final WFRs have reached to 0.99. Although the base SAs are 

fully charged with steam, the amount of stored heat decreases when the WFR is higher than 

0.75 as the final pressure and temperature of the stored steam is lower for these initial WFRs. 

The total discharged electricity from the TES system, presented in Figure 4.9(d), has the same 

behaviour as the amount of the stored heat since more stored heat means higher amount of 

discharged electricity from the TES system. However, for initial WFRs higher than 0.75, the 

slope of discharged electricity is much steeper than the slope of the stored heat as not all stored 

steam is discharged from the same initial pressure (i.e., final pressure after a full charge). 

 

Figure 4.10. LCOE and LCOS of Khi Solar One with the existing TES system for the examined 

range of initial WFRs of the base SAs. 

The calculated LCOE and the LCOS of Khi Solar One for the examined range of the base SAs 

initial WFRs are presented in Figure 4.10. The lowest LCOE and LCOS are 256 $/MWhel and 

225 $/MWhel, respectively. Both values are observed when the initial WFR is 0.75. It is expected 

as the behaviour of the LCOE and the LCOS is inversely related to the total amount of discharged 
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electricity, see Figure 4.9(d). Therefore, a WFR of 0.75 for the base SAs is assumed for evaluating 

the existing TES system as it gives the lowest LCOE and LCOS. 

4.5.2. Performance under the mean 24-h DNI profile 

The performance of Khi Solar One with the existing TES system under the mean 24-h DNI 

profile is shown in Figure 4.11. The operation of the power plant starts after Hour 7 since the 

amount of solar irradiance is sufficient to provide heat and to operate the plant at 10 MWel of 

electrical power as shown in Figure 4.11(b). The electrical power output increases to 41 MWel 

at Hour 9. During the 2 h period from Hour 8 to Hour 9 (inclusive), the plant is assumed to 

operate exclusively based on the available solar thermal power in the solar tower (i.e., Mode 1 

as discussed in Section 4.3.6), which is shown in Figure 4.11(c) by the darkest shaded area. 

At Hour 10, the thermal power in the solar tower reaches 214 MWth, which is higher than the 

required amount (150 MWth) to generate the 50 MWel of electrical power. Therefore, Khi 

Solar One operates on Mode 2, and the excess thermal power (64 MWth) is utilised to 

evaporate extra steam for storage, i.e., charging phase. The charging phase continues with the 

increase of the solar power until all SAs are fully charged. The charging phase ends 

somewhere between Hour 11 and Hour 12 with a total charging time of 152 min. After that, 

the power plant operates at full rated power until the end of Hour 16. 

At Hour 17, though the DNI is only 300 W/m2, the plant still generates the 50 MWel of electrical 

power. In this case, it extracts some steam from the base SAs for feedwater heating (i.e., Mode 3). 

The amount of thermal power provided by the TES system for feedwater heating is illustrated by 

the light blue shaded area in Figure 4.11(c). The power plant continues operating on Mode 3 at 

Hour 18 but at a lower electrical power output of 16.3 MWel as there is not enough solar rays at the 

end of the day. The turbine inlet temperature is constant at 520 °C between Hour 8 and Hour 18 as 

steam is directly provided by the solar superheater, and the calculated cycle efficiency is 33%. When 

the sun is down at the end of Hour 18, the main TES system discharging mode starts (i.e., Mode 4). 

The stored steam is discharged to operate the power plant at a power of 50 MWel for 1 h until the 

minimum pressure of the base SA is reached. The gradual increase of the TES thermal power during 

the discharging phase is due to the decrease of pressure and temperature of the discharged steam 

entering the turbine, which negatively affects the thermal efficiency of the power cycle. Therefore, 

more heat from the TES system is required to maintain the power level at 50 MWel. 
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Figure 4.11. Diurnal (24-h) performance of Khi Solar One with the existing TES system 

configuration: (a) DNI input, (b) corresponding power output, and (c) amount of thermal power 

either from solar tower to power generation cycle, from solar tower to TES system, or from 

TES system to power generation cycle. 

Figure 4.12 shows that turbine inlet temperature, on the left y-axis, and the calculated cycle 

thermal efficiency, on the right y-axis, for the same 24-h DNI profile of Figure 4.11(a). The 

turbine inlet temperature is constant at 520 °C as steam is directly provided by the solar 

superheater (i.e., Hour 8 to Hour 18). However, the calculated cycle efficiency fluctuates 

between 30.5% and 33.5% depending on the net thermal power provided by the TES system 

during the charging phase as defined in Equation (4.11). Moreover, the cycle efficiency is also 

affected by the lower turbine isentropic efficiency during part-load operation (i.e., for Hour 8, 

Hour 9, and Hour 18). During the main discharging mode that starts after Hour 18, the turbine 

inlet temperature is 286 °C and the cycle efficiency is 24.9%. However, the turbine inlet 

temperature gradually decreases as the pressure and the temperature of steam exiting both 
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groups of SAs decreases, which negatively affects the cycle efficiency. The lowest turbine inlet 

temperature that occurs at the end of the discharging phase is 236 °C with a cycle efficiency of 

20.9%. It should be noted that the rate of heat addition term, �̇�TES→Cyc, used for calculating the 

cycle efficiency (i.e., defined in Equation (4.12)) is obtained using: 

 �̇�TES→Cyc = �̇�28 (ℎ28 − ℎa) (4.20) 

where ℎa is the specific enthalpy at ambient conditions. 

 

Figure 4.12. Steam turbine inlet temperatures and the calculated cycle thermal efficiencies 

while operating Khi Solar One with the existing TES system under the mean 24-h DNI profile. 

The behaviour of the pressure and the amount of stored heat in both groups of SAs are shown 

in Figure 4.13(a) and (b), respectively. The initial amount of stored heat is calculated using 

ambient temperature and pressure as a reference point. The pressure and the amount of stored 

heat is constant for both groups of SAs until charging phase is started at the beginning of 

Hour 10. The superheating SAs are initially charged with saturated steam at a mass flowrate 

of 50 kg/s until reaching the maximum pressure of 8.2 MPa, taking about 16 min. 

Simultaneously, some steam is extracted from the base SAs to preheat the extra condensate 

for storage before entering the solar evaporator. This explains the decrease of pressure and 

stored heat in the base SAs. After filling the superheating SAs, the charging process of the 

base SAs starts with a net mass flowrate of 20 kg/s as steam is also extracted from the base 

SAs for feedwater hating. The pressure of the base group continues increasing at a higher 

slope (i.e., higher mass flowrate of charging steam) in Hour 11 until the middle of Hour 12 

when the charging phase is terminated as the maximum pressure is reached. 
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Figure 4.13. (a) Pressure, and (b) stored heat in both groups of SAs for the existing TES system. 

The data presented here is based on operating Khi Solar One under the mean 24-h DNI input 

profile as of Figure 4.11. 

The discharging phase precisely starts at the beginning of Hour 17, which can be observed by 

the decrease of pressure and thermal energy stored in the base SAs as indicated in Figure 4.13. 

However, the discharged steam is only to provide feedwater heating. The main discharging 

phase (Mode 4) starts at the beginning of Hour 19 and continues for 1 h until terminated when 

the turbine inlet pressure reached the minimum allowable pressure of 1.4 MPa. The total 

discharged heat from the TES system is 245 MWhth, that is 89% from the base SAs and 11% 

from the superheating SAs. The pressure level of the base group goes back to its initial state. 

However, the pressure and the stored heat in the superheating group is higher than the initial 

levels. The remaining extra heat can be discharged the following day. If not, the SAs can be 

calibrated to its initial state by releasing steam and/or injecting condensate. 

The mass flowrate of the steam exiting the base SAs and the superheating SAs during the main 

discharging phase is shown in Figure 4.14(a). At the beginning of the discharge, the steam is 

released at 71 kg/s. However, the mass flowrate gradually increases to 86 kg/s at the end of the 

discharge. The increase is to maintain the power level at 50 MWel as steam temperature and 

pressure is decreasing, see Figure 4.14(b). Moreover, the mass flowrate of the superheated 
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steam decreases from 10 kg/s at the beginning of the discharge, to 9 kg/s at the end. The 

decrease is a result of controlling the amount of steam needed to superheat the main flow stream 

entering the turbine by a maximum of 40 °C. The turbine inlet temperature, i.e., noted as 

superheater outlet temperature in Figure 4.14(b), is 286 °C at the start of the discharge and a 

calculated cycle efficiency of 25%. The turbine inlet temperature gradually decreases until it 

reaches 236 °C (i.e., cycle efficiency is 21%) due to the reduction of steam pressure and 

temperature during the discharging phase, which negatively affects the cycle efficiency as well.  

 

Figure 4.14. (a) Mass flowrate, and (b) temperature of steam outflowing from the base and the 

superheating SAs as well as in the superheating heat exchanger (i.e., turbine inlet) during the 

main discharging phase (Mode 4) in the existing TES system. 

4.6. Performance of Khi Solar One with extended TES system configuration 

4.6.1. Concrete sizing and thermo-economic parametric study 

The analysis of the extended TES system starts by assessing the effect of different concrete 

sizes on the overall performance of Khi Solar One. The total concrete TES size is determined 

by the number of tubes distributed inside each block and by the number of concrete blocks with 

a length (LCB) of 10 m. The tubes are assumed to be equally spaced, horizontally and vertically, 
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in each squared concrete block. The key thermodynamic parameters for a range of concrete 

TES sizes that have different number of blocks (NCB = 2, 3, 4, 5, 6, and 7), connected in series, 

and different number of tubes (Ntubes = 2025, 2500, 3025, 3600, 4225 and 4900) are compared 

in Figure 4.15. The parametric study is performed using the same SA initial conditions (i.e., 

initial pressure is 1.9 MPa and initial WFR is 0.5) and the same 24-h DNI profile. Furthermore, 

the initial temperature profile of the concrete blocks is determined after running the Khi Solar 

One with the extended TES system model for two charging/discharging cycles (i.e., two days). 

The charging of concrete blocks is terminated when steam temperature at the last concrete block 

outlet is higher than 327 °C (i.e., design temperature of SAs). If this temperature is reached and 

the SAs are not fully charged yet, the charging of SAs is performed directly from the solar 

evaporator, see Stream 27 in Figure 4.2. 

Figure 4.15(a) shows the relative stored heat in the extended TES system (both SAs and 

concrete blocks) for the examined range of concrete block sizes. The amount of stored heat 

in the blocks increases from 427 MWhth for the smallest size (Ntubes = 2025 and NCB = 2) to 

512 MWhth for the largest size (Ntubes = 4900 and NCB = 7), due to the availability of extra 

TES media (concrete) in the larger sizes. 

The amount of discharged electricity from the TES system for the compared sizes is displayed in 

Figure 4.15(b). The same trend is observed as the amount of discharged electricity depends on the 

amount of stored heat. Moreover, it can be seen in Figure 4.15(c) that the average steam 

temperature at the turbine inlet increases by 61%, from 286 °C for the smallest size to 455 °C for 

the largest size. The increase of temperature is because the larger the concrete blocks size is, the 

longer the charging time it takes until charging is terminated as more amount of concrete is 

available. Longer charging time means that concrete reaches higher temperature at the inlet of the 

first concrete block (i.e., outlet of the last block during discharging mode). Thus, it results in higher 

steam temperature at the concrete block outlet (i.e., turbine inlet) during the discharging phase. 

Furthermore, the average cycle efficiency during the discharging mode, shown in Figure 4.15(d), 

also increases with larger sizes of concrete blocks. The increase is about 7%, from 23.6% for the 

smallest size to 25% for the largest sizes and it is a result of the increasing steam temperature at 

the turbine inlet, which agrees with the definition of Carnot thermal efficiency. 
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Figure 4.15. (a) Stored heat in the TES system, (b) discharged electricity from the TES system, 

(c) average turbine inlet temperature, and (d) average cycle thermal efficiency during 

discharging mode operation, for a range of concrete block sizes that have different number of 

tubes and concrete blocks. 

Although the largest concrete TES size provides the highest amount of discharged electricity 

from the TES system, it might not be the most cost-effective option. Therefore, a comparison 

of the projected LCOE and LCOS for all examined concrete block sizes are shown in 

Figure 4.16(a) and (b), respectively. The LCOE ranges between 241 $/MWhel and 

243 $/MWhel, with the lowest achieved with 5 concrete blocks, each containing 3600 tubes. 

The difference of the LCOE between all compared sizes is relatively small as the additional 

cost of the concrete blocks is insignificant (i.e., $1.2M for the smallest size and $6.9M for the 

largest size) compared to the total estimated costs of Khi Solar One ($450M). The LCOS 

ranges from 157 $/MWhel to 168 $/MWhel. The investment costs of concrete blocks have a 

greater impact on the LCOS as it can account between 2% and 12% of the total capital costs 

of the extended TES system (i.e., estimated capital costs of SAs is $51.3M). 
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Figure 4.16. (a) LCOE, and (b) LCOS for a range of concrete block sizes that have different 

number of tubes and concrete blocks. 

It is shown in Figure 4.16 that the optimal size based on the minimum LCOS is different from the 

optimal size based on the minimum LCOE. This is because in the LCOE, a major percentage of 

electricity, above 80% yearly, is generated without the need of the TES system (i.e., the calculated 

LCOE without TES system is 268 $/MWhel), which results in different behaviour of the LCOE of 

the power plant. As this study focuses on the performance of Khi Solar One as whole power plant, 

the concrete TES size with the lowest LCOE (Ntubes = 3600, NCB = 5) is selected for further analyses 

and for the final thermo-economic comparison with the existing TES system. The dimensions of 

each selected concrete block are LCB = 10 m, WCB = 4.8 m, and HCB = 4.8 m.  

4.6.2. Performance under the mean 24-h DNI profile 

The performance of the Khi Solar One with the extended TES configuration under the mean 24-h 

DNI profile is shown in Figure 4.17. For the first hours, i.e., from Hour 1 to Hour 9, the operation 

behaviour of the Khi Solar One with the extended TES system is the same as in the existing 

configuration as no heat is stored in the TES system.  
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Figure 4.17. Diurnal (24-h) performance of Khi Solar One with the extended TES system 

configuration: (a) DNI input, (b) corresponding power output, and (c) thermal power either 

from solar tower to power generation cycle, from solar tower to TES system, or from TES 

system to power generation cycle. 

At the beginning of Hour 10, the available thermal power in the solar tower is 212 MWth. About 

71% of this power is utilised to generate the 50 MWel while the remaining 29% is directed to the 

TES system. The TES charging process can be split into two modes, and each one takes certain 

amount of time. The first mode is charging the concrete blocks and the SAs using the superheated 

steam exiting the solar superheater at 520 °C and 11.5 MPa. The superheated steam deposits some 

of its heat into the concrete blocks before being accumulated in the SAs. However, this charging 

mode is only valid when the steam outlet temperature from the last concrete block is 327 °C or less. 

When the steam temperature is above this point, the second charging mode starts, which is charging 

the SAs directly from the solar evaporator and bypassing the concrete blocks. The charging of SAs 

continues until reaching a maximum pressure of 8.2 MPa. The calculated total charging time is 
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227 min, that is 70 min for the first mode and 157 min for the second mode. It is about 45% longer 

than the total charging time in the existing TES system due to the additional storage capacity 

provided by concrete and also to the ability to charge the SAs to a higher pressure compared to the 

base SAs in the existing TES system. There is a slight step increase in the total thermal power after 

Hour 10, see Figure 4.17(c), which occurs after changing from the first to the second charging 

mode. This increase is because the solar evaporator has a higher efficiency than the superheater, 

thus, higher amount of thermal power is available in the evaporators for the same amount of CSP. 

After the full charge of the TES system that occurs before the end of Hour 13, Khi Solar One 

continues operating at 50 MWel of electrical power until the end of Hour 17. During Hour 17, 

the plant operates on Mode 3 (i.e., defined in Section 4.3.6) where feedwater heating is supplied 

by the SAs as indicated in the lightest blue shaded area in Figure 4.17(c). At Hour 18, Khi Solar 

One continues operating on Mode 3 but at 16.3 MWel of power as the available thermal power 

in the solar tower is not sufficient for maximum power output. Like in the existing 

configuration, the turbine inlet temperature is 520 °C and the cycle efficiency is 33% between 

Hour 8 and Hour 18 as steam is directly provided by the solar superheater. The main 

discharging phase (Mode 4) starts at the beginning of Hour 19 and continues until the turbine 

inlet pressure reaches the lowest allowable pressure of 1.4 MPa (i.e., SAs pressure is 1.9 MPa 

considering a 0.5 MPa pressure drop in the concrete blocks). The total discharging time is 

106 min and the total generated electricity utilising the stored heat is 88 MWhth. The non-linear 

increase of TES system thermal power during the discharging phase, shown in Figure 4.17(c), 

is needed to maintain the power output at 50 MWel. The need of extra power is due to 

continuous decrease of the discharging cycle efficiency caused by the reduction of steam 

temperature and pressure at the turbine inlet while steam is discharged from the SAs. 

The behaviours of the SAs pressure and the amount of stored heat in TES system for the same 

24-h DNI profile are shown in Figure 4.18(a) and (b), respectively. The amount of stored heat is 

calculated by taking ambient condition as a reference point. The SA pressure is constant at 

1.9 MPa until the beginning of Hour 10. During this hour, although SAs are charged with steam, 

the pressure is slightly decreasing. This is because some amount of steam is simultaneously 

discharged from the SAs to preheat the condensate that is allocated for storage in the HP 

feedwater heater, i.e., flow stream number 17 in Figure 4.2. However, the total amount of thermal 

energy stored in the SAs during the same hour is still increasing because of two main reasons: (i) 
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the SAs are charged with steam at a higher mass flowrate (35 kg/s) than the mass flowrate of 

discharged steam (26 kg/s) for condensate preheating; and (ii) the temperature of the charging 

steam increases from 262 °C at the beginning of the charge to 321 °C at the end as a result of the 

decreasing heat transfer rate between the steam and the concrete. This can be seen by the gradually 

decreasing slope of the amount of stored heat in the concrete. The reduction of the heat transfer 

rate is mainly due to the increasing temperature of the concrete while charging, which decreases 

the temperature difference between the two media, thus, reducing the heat transfer rate. 

 

Figure 4.18. (a) Pressure, and (b) stored heat in the SAs and in the concrete blocks of the 

extended TES system. The data presented here corresponds to the same 24-h DNI input profile 

as of Figure 4.17. 

As the available thermal power for storage increases at the beginning of Hour 11, the steam 

mass flowrate existing the superheater increases from 35 kg/s to 66 kg/s. The charging 

continues in the concrete for the first 10 min in Hour 11 but then stops as the steam temperature 

reaches 327 °C at the last concrete block outlet. It can be seen in Figure 4.18(b) that the rate of 

heat transfer (i.e., the slope of stored heat) during these 10 min is higher than the heat transfer 

rate at the end of Hour 10. This is due to the increase of the steam mass flowrate, which increase 

the effective heat transfer coefficient and thus the rate of heat transfer from steam to concrete. 

The SAs are not fully charged at this point, therefore, the charging of SAs continues by diverting 
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steam directly from the solar evaporator until reaching the maximum pressure of 8.2 MPa. At 

the end of the charging phase, the total stored heat in the extended TES system is 1040 MWhth, 

that is 850 MWhth in the SAs and 190 MWhth in the concrete blocks. 

The discharging phase technically starts at Hour 17 when steam is discharged for feedwater 

heating as in the existing TES system. However, the main discharging phase (Mode 4) starts at 

Hour 19 and continues for 107 min until the SA pressure is 1.9 MPa. The total discharged heat 

is 460 MWhth, that is 410 MWhth from the SAs and 50 MWhth from the concrete blocks. The 

heat addition in the concrete is entirely utilised to superheat the saturated steam released from 

the SAs before entering the steam turbine. Although the SAs pressure at the end of the discharge 

is the same as at the beginning of the day, the amount of the heat is still higher as the post 

discharge WFR of the SAs is 0.53, which is higher than the initial WFR (0.5). Such difference 

is a result of the time varying charging temperatures and discharging rates. However, the final 

WFR can be calibrated to its initial state by releasing steam and/or injecting condensate. 

Figure 4.19 shows that turbine inlet temperature, on the left y-axis, and the calculated cycle 

efficiency, on the right y-axis, for the same 24-h DNI profile as of Figure 4.17. From Hour 8 to 

Hour 18, the turbine inlet temperature is constant at 520 °C and the efficiency fluctuates 

between 30.5% and 33.5% for the same reasons discussed in Section 4.5.2. The turbine inlet 

temperature at the start of the main discharging phase is 452 °C, which is 58% higher than the 

maximum inlet temperature (268 °C) in the existing TES system configuration. The calculated 

cycle efficiency at this point is 28.6%, that is 15% improvement of the highest discharging 

cycle efficiency (24.9%) calculated in the existing TES system. The turbine inlet temperature 

gradually decreases as the pressure and the temperature of steam exiting the SAs and then the 

concrete blocks decrease during the discharge, which negatively affects the cycle efficiency. 

The lowest turbine inlet temperature that occurs at the end of the discharging phase is 352 °C 

with a cycle efficiency of 21.8%. These two values are still respectively 49% and 4% higher 

than those calculated in the existing TES system, see Section 4.5.2 and Figure 4.12.  
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Figure 4.19. Steam turbine inlet temperatures and cycle thermal efficiencies while operating Khi 

Solar One with the extended TES system under the mean 24-h DNI profile as in Figure 4.17. 

Figure 4.20 shows the main steam parameters during the discharging phase of the extended TES 

system. The steam temperature at the SAs outlet is gradually decreasing from 289 °C (i.e., the 

saturation temperature of steam at 7.4 MPa) at the start of the main discharging phase to 210 °C 

(i.e., the saturation temperature of steam at 1.9 MPa) at the end. However, the discharged steam 

temperature is increased by an average of 154 °C due to heat by the concrete blocks. The turbine 

inlet temperature at the start of the main discharging phase is 452 °C, which is 58% higher than 

the maximum inlet temperature (268 °C) in the existing TES system configuration. The 

calculated cycle efficiency at this point is 29%, that is 16% improvement of the highest 

discharging cycle efficiency (25%) calculated in the existing TES system. The turbine inlet 

temperature gradually decreases as the pressure and the temperature of steam exiting the SAs 

and then the concrete blocks decrease during the discharge, which negatively affects the cycle 

efficiency. The lowest turbine inlet temperature that occurs at the end of the discharging phase 

is 352 °C with a cycle efficiency of 22%. These two values are still respectively 50% and 5% 

higher than those calculated in the existing TES system. The pressure shown on the left y-axis 

of Figure 4.20(b) is the turbine inlet pressure, which is 0.5 MPa lower than the pressure of 

discharged steam from the SAs to account for the assumed pressure drop. To maintain the power 

output at 50 MWel with the decreasing steam pressure and temperature, the steam mass flowrate 

is gradually increased as shown on the right y-axis of Figure 4.20(b). 
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Figure 4.20. (a) Khi Solar One power output, on the left y-axis, and steam temperature at the 

SAs outlet and at the turbine inlet, on the right y-axis, and (b) turbine inlet pressure, on the left 

y-axis, and steam mass flowrate, on the right y-axis, exiting the SAs during the main discharging 

mode of the extended TES system. 

4.6.3. Temperature profiles of concrete during changing/discharging processes 

The temperature progression of the concrete and the steam (in all 5 concrete blocks with a total 

length Ltotal = 50 m) during the charging phase is shown in Figure 4.21. The steam flow direction 

is from the left (i.e., from the solar superheater) to the right (i.e., to the SAs). Figure 4.21(a) 

shows the temperature profile at time zero, just before the start of the charging mode. The initial 

concrete temperature profile is obtained after running the formulated TES system model for 

two charging/discharging cycles using the mean 24-h DNI profile. The steam temperature 

inside the tubes is initially assumed to be the same temperature as of the concrete, and the inlet 

steam temperature (i.e., boundary condition) is 520 °C.  

After a time of 0.2 𝜏Ch (14 min), the concrete temperature at the inlet has already increased to 

412 °C as shown in Figure 4.21(b). At the same time instant, the temperature of steam decreases 

along the axial length of the concrete blocks until reaching the saturation temperature of 321 °C 

at 11.5 MPa. At this point, the latent heat of steam is being transferred to the concrete elements. 

The boundary of the single-phase and the two-phase regions shifts from the left to the right, 
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shown in Figure 4.21(c), (d) and (e) as charging continues and the concrete temperature is 

increasing. The temperature difference between the steam in the two-phase region and the 

concrete decreases as more heat is transferred from the steam to the concrete. The charging 

phase stops at 𝜏Ch when the steam temperature is 327 °C at the outlet. At this time, the highest 

concrete temperature is 489 °C (at the inlet of the first concrete block) and the lowest is 322 °C 

(at the outlet of the last concrete block) as shown in Figure 4.21(f). 

 

Figure 4.21. Progression of concrete and steam temperature profiles during charging mode at 

different time instants. The total charging time, 𝜏Ch, is 70 min and the steam flow direction is 

from the left side (from the solar superheater) to the right side (to the SAs). 

The steam and the concrete temperature profiles during the discharging phase are shown in 

Figure 4.22. The total discharging time (𝜏Dch) is 106 min and the steam flow direction is from the 

left (from the SA) to the right (to the turbine). At time zero and before the discharging phase, the 

steam temperature is assumed to be the same as the concrete temperature, see Figure 4.22(a), 

since steam has been held inside the tubes for hours after the charging phase. The steam 

temperature at the first concrete block entrance from the SAs side (i.e., left boundary condition) 

is 289 °C, which is the temperature of the steam exiting the SAs. During the discharging phase, 

the concrete and the steam temperature profiles decreases as shown in Figure 4.22(b) to (f). 
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Moreover, the inlet steam temperature (i.e., on the left side) is also decreasing with time as the 

pressure and the temperature of all SAs are decreasing during the discharging phase. 

 

Figure 4.22. Concrete and steam temperature profiles during discharging mode at different 

time instants. The total discharging time, 𝜏Dch, is 106 min and the steam flow direction is from 

the right side (from the SAs) to the left side (to the steam turbine). 

4.7. Thermo-economic comparison of existing vs. extended TES configuration 

4.7.1. Evaluation at different 24-h DNI profiles 

The performance of Khi Solar One with the existing and the extended TES for the proposed DNI 

profiles (i.e., defined in Section 4.3.5) are shown in Figure 4.23 to Figure 4.27. In all figures, (a) 

shows the DNI input profile, (b) shows the output power, (c) shows the available thermal power, 

and (d) shows the amount of stored heat in the TES system. For example, Figure 4.22 presents 

the performance of Khi Solar One using DNI Profile 1, which is the mean plus one standard 

deviation of the collected DNI data. During the main TES discharging mode that starts at Hour 18, 

the amount of electricity generated utilising the stored heat in the extended TES system is 

97 MWhth while it is only 57 MWhth for the existing TES system, a relative increase of 70%. It 
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is also shown in Figure 4.23(c) that the extended TES configuration is able to utilise about 60%, 

that is 2 GWh, of the available heat in the solar receivers (3.36 GWh), whereas only about 46% 

(1.54 GWh) is employed in the existing TES system. This is mainly due to the ability of the 

extended TES system configuration to utilise the maximum storage capacity of the existing SAs 

at maximum pressure, as well as to the addition of the concrete blocks. 

 

Figure 4.23. Comparison of the thermodynamic performance of the existing and the extended 

TES systems for DNI Profile 1 as defined in Section 4.3.5, for: (b-1, c-1, d-1) existing TES 

system, and (b-2, c-2, d-2) extended TES system. 

Figure 4.24 compares the performance of Khi Solar One with the two TES system configurations 

at DNI Profile 2, which is the mean minus one standard deviation of the DNI data. In this DNI 

profile, the availability of sufficient sunlight is only for 9 h (from Hour 9 to Hour 17), whereas in 

the mean DNI is 11 h (from Hour 8 to Hour 18). The estimated total heat in the solar receivers is 

1.9 GWhth. As shown in Figure 4.24(c), all this heat is utilised for electricity generation in the 

extended TES system while only 85% of heat is utilised in the existing TES system. 

The performance of Khi Solar One with the two TES system configurations is also compared 

for the lowest daily DNI profile recorded in the year in Figure 4.25. The performance is the 

same for both TES systems as there is not enough heat to be stored. The total generated 

electricity during this DNI profile is 69 MWhel. 
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Figure 4.24. Comparison of the thermodynamic performance of the existing and the extended 

TES systems for DNI Profile 2 as defined in Section 4.3.5, for: (b-1, c-1, d-1) existing TES 

system, and (b-2, c-2, d-2) extended TES system. 

 

Figure 4.25. Comparison of the thermodynamic performance of the existing and the extended 

TES system configurations for DNI Profile 3 as defined in Section 4.3.5, for: (b-1, c-1, d-1) 

existing TES system, and (b-2, c-2, d-2) extended TES system. 

The thermodynamic performance of Khi Solar One under DNI Profile 4 (i.e., highest daily 

DNI recorded in the year) is shown in Figure 4.26. The behaviour under this profile is similar 
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to the that under DNI Profile 1 as the TES systems are fully charged during the day and then 

fully discharged after the sunset. 

 

Figure 4.26. Comparison of the thermodynamic performance of the existing and the extended 

TES system configurations for DNI Profile 4 as defined in Section 4.3.5, for: (b-1, c-1, d-1) 

existing TES system, and (b-2, c-2, d-2) extended TES system. 

 

Figure 4.27. Comparison of the thermodynamic performance of the existing and the extended 

TES system configurations for DNI Profile 5 as defined in Section 4.3.5, for: (b-1, c-1, d-1) 

existing TES system, and (b-2, c-2, d-2) extended TES system. 
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Figure 4.27 compares the performance of Khi Solar One for DNI Profile 5, which is the DNI 

of a randomly selected day that has a high DNI fluctuation. The performance is almost the same 

for both TES configuration as only small amount of thermal energy (31 MWhth) is available for 

storage at Hour 10. The existing TES system stores this heat in the superheating SAs. However, 

this heat is not utilised during Hour 11 for feedwater heating as the superheating SAs are not 

connected to feedwater heaters. On the other hand, the extended configuration stores the same 

amount of heat in the SAs and then discharge it during Hour 11 for feedwater heating which 

increases the power output from 48 MWel to 50 MWel as seen in Figure 4.27(b-2).  

4.7.2. Cost and economic performance of both TES configurations 

The estimated capital costs of the SAs and of the storage heat exchanger in the existing TES 

system are listed in Table 4.9. The considered costs in this study were the average value of the 

obtained costs from the four different methods, which are discussed in Sections 3.5.2.4 and 

3.5.5.1 of Chapter 3. The total capital cost of the existing TES system is about $51.5M, that is 

$51.3M for the SAs, and $230k for the storage heat exchanger. The Turton et al. [160] method 

predicts SA costs at least eight times higher than other methods (i.e., $445M). Thus, it is excluded 

from this study. The maximum and the minimum SA costs are within ±20% of the average cost, 

which is acceptable when it comes to cost estimation uncertainties. For the heat exchanger costs, 

the effect of cost variations is minor as it only accounts for 0.2-0.7% of the total capital costs of 

the existing TES system. Therefore, taking the maximum, the minimum, or the average estimated 

cost for heat exchanger units does not have a significant effect on the thermo-economic study.  

Table 4.9. Estimated capital costs of SAs and storage heat exchanger. 

Method SAs ($M) Heat exchanger ($k) 

Seider et al. [154] 41.6 360 

Turton et al. [160] - 320 

Couper et al. [158] 53.0 130 

Ulrich et al. [159]  59.3 110 

Average capital costs  51.3 230 

 

The estimated costs of the materials and the construction of the 5 concrete blocks (Ntubes = 3600, 

LCB = 10 m, and WCB = HCB = 4.8 m) in the extended TES system are summarised in Table 4.10. 

The total cost is $4.2M, that is $2.8M for the materials (i.e., direct) and $1.4M for indirect costs. 
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Table 4.10. Estimated capital costs of the 5 concrete blocks with 𝑁tubes = 3600 and 𝐿CB = 10 m. 

Components Cost ($k) 

Concrete mixture 340 

Tubes 130 

Insulation 370 

Foundation 680 

Platform and steel 630 

Interconnecting piping and valves 210 

Electrical 210 

Instrumentation and control 210 

Contingency 420 

Engineering 420 

Construction 560 

Total costs 4180 

 

The estimated capital costs of Khi Solar One with the two TES system configurations are 

compared in Figure 4.28. The total costs of Khi Solar One with the existing TES system is 

$450M (11% of this is for the TES system), while is about $454M with the extended TES 

system (12% of this is for the TES system). The cost difference between the two TES 

configurations is $4M, less that the total estimated cost of concrete ($4.2M), since the $230k 

storage superheater is no longer needed in the extended configuration. 

 

Figure 4.28. Estimated total capital costs of the main components of Khi Solar One with the 

two analysed TES system configurations (existing and extended). 
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The economic performance of Khi Solar One with the existing and the extended TES 

configurations are presented in Figure 4.29. The left y-axis of Figure 4.29 compares the projected 

NPV of Khi Solar One for a range electricity prices, from 100 $/MWhel to 340 $/MWhel, and the 

right y-axis compares the projected IRR for the same price range. Installation of 5 concrete blocks, 

connected in series, with Ntubes = 3600 and LCB = 10 m is assumed in the extended configuration 

as they offer the lowest LCOE among the examined size range. The projected NPV of both TES 

system configurations are negative for electricity prices ranging from 100 $/MWhel to 

240 $/MWhel. In particular, the NPV for the extended case is almost zero at an electricity price 

of 240 $/MWhel. Khi Solar One could generate positive returns if it operates in electricity markets 

with prices higher than 260 $/MWhel. In the examined range of electricity prices, the projected 

NPV of the extended TES system configuration is always higher than the existing TES system 

configuration. This is due to the ability of storing greater amount of heat, about 177 MWhth of 

extra heat, with an additional investment of $4.2M. The addition of concrete blocks allows for 

extra TES capacity and for storing steam at higher pressure limits in the SAs. The difference 

between the two NPVs increases with the increasing electricity prices as more income could be 

generated from selling the extra electricity produced in the extended TES system (i.e., 

39 MWhel/day). Since the discount rate is 10%, the NPVs are negative for electricity prices that 

have IRRs lower than 10% and are positive for IRRs higher than 10%.  

 

Figure 4.29. Comparison of the projected NPV and the projected IRR of Khi Solar One with 

the two TES system configurations (existing and extended) for electricity prices from 

100 $/MWhel to 340 $/MWhel. 
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The breakeven point where the NPV is zero and the IRR is 10% is at an electricity price of 

256 $/MWhel for the existing TES system and of 241 $/MWhel for the extended TES system. 

Thus, based on the analyses and assumptions made in this study, the existing TES configuration 

could provide positive returns if the generated electricity is sold at a price higher than 

256 $/MWhel and the extended TES configuration could be economically positive if the 

generated electricity is sold at a price higher than 241 $/MWhel. The breakeven prices are equal 

to the calculated LCOE of both TES systems, reported in Figure 4.29. 

The key thermodynamic and economic results of Khi Solar One with the existing and the 

extended TES system configurations are compared in Table 4.11. The results were obtained 

using the mean 24-h DNI profile for the whole year and an electricity price of 280 $/MWhel.  

Table 4.11. Main thermodynamic and economic results of Khi Solar One with the existing and 

the extended TES system configurations. The results are obtained using the mean 24-h DNI 

profile for the entire year, an electricity price of 280 $/MWhel, and the extended TES system 

has five concrete blocks with Ntubes = 3600, LCB = 10 m, WCB = 4.8 m, and HCB = 4.8 m.  

Parameter Existing Extended Difference (%)  

Generated electricity from Khi Solar One (MWhel/day)  517 556 7.5 

Generated electricity from the TES system (MWhel/day) 67 106 58 

Full TES discharge duration (min) 60 107 78 

Maximum cycle thermal efficiency at discharging phase (%) 25 29 16 

Average cycle thermal efficiency at discharging phase (%) 23 26 13 

Maximum turbine inlet temperature at discharge (°C) 286 453 58 

Average turbine inlet temperature at discharge (°C) 263 400 52 

Total power plant capital cost ($M) 450 454 0.9 

Levelised cost of electricity, LCOE ($/MWhel) 256 241 -5.9 

Levelised cost of storage, LCOS ($/MWhel) 225 159 -29 

Payback time (years)  18.3 15.6 -15 

Net present value, NPV ($M)  41 71 73 

Internal rate of return, IRR (%)  11.5 12.5 8.7 

 

Taking the existing configuration as a reference, the extended TES system configuration is able 

to deliver 58% more electricity than the existing TES system, that is 7.5% extra if considering 

the power output of Khi Solar One. Moreover, the extended configuration can store heat at a 

higher temperature than the existing configuration, which increases the average turbine inlet 

temperature by 52% (i.e., 263 °C for existing and 400 °C for extended) during the TES 
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discharging mode. The temperature increase enhances the maximum and the average cycle 

thermal efficiency during the discharging mode by 16% and 13%, respectively.  

The improved thermodynamic performance of the extended TES configuration could be 

achieved with an estimated additional capital cost of $4.2M, i.e., the cost of the concrete 

blocks. With this additional cost, the calculated LCOS and the LCOE are respectively 29% 

and 6% lower than those with the existing configuration. At an electricity price of 

280 $/MWhel, Khi Solar One with the extended configuration could achieve a NPV of $71M 

whereas it is only $41M for the existing configuration, which is about $30M extra in total 

revenues for the 25 years (i.e., lifetime of the power plant). The payback time, which is 

defined as the number of years required until achieving a zero NPV, of Khi Solar One with 

the extended TES system is 2.7 years shorter than with the existing TES system. 

4.8. Summary and conclusions 

Two steam accumulating thermal energy storage (TES) options for direct steam generation (DSG) 

concentrated solar power (CSP) plants were compared taking the Khi Solar One power plant in 

South Africa as a case study. The compared TES options were: (i) the existing TES system in Khi 

Solar One, which consists of two groups of steam accumulators (SAs) and a superheater; and (ii) 

an extended TES system that contains one group of SAs and concrete blocks for higher-temperature 

storage. The two configurations were thermodynamically and economically analysed using the 

same existing solar tower and the same power generation cycle components in Khi Solar One. 

The thermodynamic analysis of the existing TES system started by determining the initial water 

filling ratio (WFR) of the base SAs that maximises profitability. It was found that base SAs 

with initial WFRs of 0.75 gives the lowest levelised cost of electricity (LCOE) of 256 $/MWhel. 

Moreover, different number of concrete blocks with various sizes, in terms of number of tubes, 

were thermodynamically investigated using a transient heat and mass energy balance 

computational model, and also economically compared applying the same economic 

assumptions. It was found that installing five 10-m long concrete blocks, connected in series, 

with 3600 equally-spaced tubes offers the lowest LCOE of 241 $/MWhel.  

The performance of Khi Solar One with the existing and with the extended TES systems were 

compared for the same 24-h hourly DNI input, and the following remarks can be given: 
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• The extended configuration can store an extra 177 MWhth of heat using the same number of 

SAs as in the existing configuration and the additional concrete blocks. The TES capacity 

increase is mainly due to the ability of the extended configuration to utilise the current SAs 

to store steam at a higher temperature and pressure, as superheating is achieved by the 

higher-temperature concrete TES unit. 

• Maximising the use of the current SAs and the addition of concrete blocks result in an 

averaged additional electricity of 39 MWhel per day. 

• During TES system discharging mode, the average cycle thermal efficiency is 13% higher 

in the extended configuration as the inlet temperature can reach up to 453 °C while the 

maximum is 286 °C in the existing TES system configuration. 

• With an estimated additional investment cost of $4.2M (i.e., cost of concrete blocks) that only 

accounts for 1% of the total cost of Khi Solar One, the extended TES system configuration 

could decrease the LCOE of the DSG CSP plant by 6%, from 256 $/MWhel to 241 $/MWhel. 

• Extending the existing TES configuration increases the projected net present value of Khi 

Solar One from $41M to $71M if the generated electricity is sold at 280 $/MWhel. 

The key results of the presented work in this chapter show that combining concrete blocks with 

SAs as a TES option have greater economic potential than using SAs only. The main findings 

from the performed thermo-economic analyses in this chapter provide an adequate answer to 

Research Question 1 and sufficiently fills the Research Gap 1 that are listed in Section 2.8. Future 

work recommendations related to the presented study in this chapter are discussed in Section 8.3. 
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Chapter 5   

Nuclear flexibility with current fleet of UK’s 

nuclear power plants 

5.1. Introduction 

In order to minimise the impact on the grid of high share of variable renewable energy sources, in 

some countries the intermittent generators are required to aggregate into a virtual power plant 

(VPP). A VPP is a cluster of dispersed generator units, controllable loads and storages systems, 

which can operate as a unique power plant, through an energy management system (EMS) which 

coordinates the power flows coming from the generators, controllable loads and storages [192,193]. 

Such asset of generation and storage technologies could include flexible generation systems, able 

to compensate the intermittency of variable renewable energy sources. Moreover, the connection 

of asynchronous generators to electricity transmission networks due to the high penetration of 

renewables can result in grid frequency variations, which could exceed given thresholds [194], so 

that the per unit drop or speed regulation of synchronous generator units can no longer respond 

adequately, and this can ultimately lead to brownouts or even blackouts. Appropriate energy 

management actions are thus required in response to such frequency variations, such as curtailment, 

demand-side management or fast response of conventional generation systems. 

In this chapter, a flexible generation-integrated EMS featuring the integration of thermal energy 

storage (TES) based on phase-change materials (PCMs) and organic Rankine cycle (ORC) units 

into a nuclear power plant. During off-peak demand, steam can be extracted from such power 

plants for the charging of an array of PCM-based thermal tanks. At a later time, when this is 

required and/or economically favourable, the charged TES tanks can discharge heat to secondary 

ORC power plants in order to generate power in addition to that of the base power plant. ORC 

plants are of particular relevance in this context as they are suitable for power generation at 

reduced temperatures and smaller scales [195–198]. The study of this type of solution is of 

interest as it offers greater flexibility than TES-only solutions that store thermal energy and then 

release this back to the base power plant, by allowing over-generation during peak demand 
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whereby the total available power output is higher than the base plant’s rated capacity, thanks to 

the additional power delivered by the secondary power plants. In such an EMS scheme, it is of 

interest to optimise the derating of the power plants for the charging of the thermal tanks and to 

control the discharging of the tanks for electricity generation from the secondary plants. 

The present work in this chapter goes beyond previous research by: (i) developing and 

exploring load-following operations via secondary ORC power plants coupled to the TES 

assets; and (ii) investigating the economic feasibility of such flexible generation solutions 

integrated to virtual power plant operation, accounting for both investment costs and 

revenues, all while considering the design of different configurations for integrating TES and 

ORC plants in a currently operating nuclear power plant, and actual electricity price variations 

in the UK. In more detail, the work in this chapter include: 

• Design a selection of different configurations for integrating TES and secondary ORC plants 

in a currently operating nuclear power plant in the UK (advance gas-cooled reactor). The 

overall concept is described in Section 5.2. 

• Understand the variations to the performance and operation of baseload power plants from a 

thermodynamic perspective when integrating different TES strategies (Sections 5.3.1 to 5.3.3), 

and to quantify the potential variations in generation capacity between peak and off-peak times. 

• Identify and discuss the advantages of using PCMs in TES systems, considering the choice 

of suitable materials and how this affects the performance and operation of the whole EMS. 

• Account for the performance and capital cost of the secondary ORC generators that later 

converts the stored heat to electricity, which is covered in Section 5.3.5. 

• By means of an economic analysis (Section 5.5), proceed finally to estimate the potential 

profits that can result from the operation of the proposed EMS in light of the expected 

rewards from flexible generation and different TES-ORC sizing criteria. 

The main findings and conclusions of the work performed in this chapter are summarised in 

Section 5.6. It should be noted that the study presented in this chapter has been already 

published as a journal article, which can be found in Ref. [199] 
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5.2. Concept description 

Figure 5.1 presents an outline of the main components of the power plant under investigation 

in this chapter, which is an advanced gas-cooled reactor (AGR) nuclear power plant operated 

by a Electricite de France (EdF) in the UK. The corresponding thermodynamic processes are 

shown on a temperature-specific entropy (T–s) diagram in Figure 5.1(b). 

 

 

Figure 5.1. (a) Layout of the nuclear power plant considered as a case study in this work, and 

(b) the corresponding Rankine cycle on a thermodynamic T–s diagram. For simplicity, multiple 

bleed points from the turbines for regenerative feed heating are denoted in this figure by a single 

line connecting the turbines to the output of the feedwater pump. 

Referring to Figure 5.1, the working fluid undergoes the following processes [200,201]: 

• Process 1-2: expansion of the steam through the high-pressure turbine (HPT); 
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• Process 2-3: isobaric heat addition to the steam through the reheater; 

• Process 3-4: expansion through the intermediate-pressure turbine (IPT); 

• Process 4-5: expansion through the low-pressure turbine (LPT) to the condenser pressure; 

• Process 5-6: heat transfer from the steam at constant pressure through the condenser with 

saturated liquid at State 6; 

• Process 6-7: pressurisation of the saturated working fluid (liquid) in the feed pump; and 

• Process 7-1: isobaric heat addition to the working fluid as it flows at constant pressure 

through the steam generator to complete the cycle. 

The thermal input to the power plant is 1570 MWth, the electrical power output is 670 MWel 

and the electric efficiency at full rated power is 43%. The isentropic efficiencies of the high-, 

intermediate- and low-pressure turbines are 85%, 92% and 85%, respectively. The electrical 

power consumption of the feed pump is 21 MWel and its isentropic efficiency is 74%. 

The integration of TES system with the aim of modulating the plant’s electrical power output, as 

illustrated in the example in Figure 5.2, is considered in this study. At base conditions, the power 

output of the plant is constant at the plant’s rated power (i.e., at 670 MWel; horizontal line in 

Figure 5.2). In the proposed EMS, the power plant operator is informed, e.g., one day ahead, of 

the hourly electricity-exchange prices in the transmission network. An automated EMS then makes 

decisions for the charging-discharging of the TES stores by solving the unit commitment problem. 

 

Figure 5.2. Baseline net electrical energy production from the EdF nuclear power plant (670 MWel) 

and electrical energy production after integration of the TES system. Note derating of power plant 

and peak capacity exceeding the baseline value due to the contribution of the power generated by 

the secondary bottoming cycles as part of the TES system in addition to the main power plant. 
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As an example, Figure 5.2 illustrates a scenario in which the thermal tanks are charged twice 

per day, at 3 am and 1 pm (signified by dips in the shaded area). The tanks are coupled to and 

provide thermal energy to secondary ORC power plants, and such plants are shown here 

indicatively as producing approximately 130 MWel of electrical power during peak demand, 

which is lower than the stored heat due to the ORC heat-to-electricity conversion losses. The 

TES tanks are discharged at 8 am and 18 pm (peaks in the shaded area). Such a scenario with 

flexible operation of power plants, in response to the hourly electricity prices, can play a crucial 

role in the accelerated penetration of renewable energy sources into the grid. In particular, these 

TES-ORC systems can be considered autonomous units which could be connected to a virtual 

power plant providing flexible generation or participating to ancillary services markets. 

5.3. Advanced gas-cooled reactors with thermal energy storage 

The charging characteristics of thermal energy stores depend strongly on the materials and on 

the temperature at which steam is extracted from the nuclear power plant. Following 

consultation with EdF, three technical possible scenarios of steam extraction from the power 

generation cycle can be considered, which are: (i) before the reheater at 353 °C and 4.52 MPa; 

and/or (ii) before the LPT at 265 °C and 517 kPa. 

The design of the TES tanks is based on shell-and-tube heat exchangers, with the steam condensing 

as it flows through the tubes and suitable PCMs used in the shells. In both of the above cases, the 

steam comes into contact with the inner surfaces of the tubes, whose temperatures are below its 

condensation temperature. Therefore, the design of the TES tanks becomes essentially the design 

of steam condensers. Several methodologies have been proposed in the literature for designing 

such condensers [202]. In this study, it was assumed that the conditions (i.e., mass flowrate, 

diameter) are such that downwards annular flow is established in the tubes [203–205]. This flow 

regime permits complete wetting of a tube’s inner surfaces, such that the steam does not 

condensate directly on the solid wall but over the surface (interface) of a liquid film [205]. 

5.3.1. TES integration – Charging with steam extraction before reheater 

In this scheme, illustrated in Figure 5.3, the steam undergoes the following processes: 
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• Process 2-a: diversion of part of the working fluid (superheated steam) flow upstream of the 

reheater followed by isobaric heat rejection and condensation of the steam flow while 

charging a first PCM thermal-tank (Thermal Tank 1). 

• Process a-b: isobaric heat rejection of the working fluid (water) while charging a second 

PCM thermal-tank (Thermal Tank 2). 

• Process b-7: pressurisation of the subcooled working fluid (water) in a feed pump and return 

of the diverted flow to the main plant steam generator. 

 

 

Figure 5.3. (a) Layout of the nuclear power plant integrated with two PCM-based TES tanks 

that are charged with steam extracted before the reheater, and (b) the corresponding Rankine 

cycle on a thermodynamic T–s diagram. For simplicity, multiple bleed points from the turbines 

for regenerative feed heating are denoted in this figure by a single line connecting the turbines 

to the output of the feedwater pump. 
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As a guideline for this particular power plant, EdF had provided with an allowable steam-

extraction rate of up to 54 kg/s for diversion from the reheater to Thermal Tank 1 (and also 

Thermal Tank 2, which is in series with the first tank; see Figure 5.3). This represents 12% 

of the total steam passing to the reheater under normal conditions. As a result, thermal energy 

can be stored in Thermal Tank 1 at a maximum heat transfer rate of 107 MWth and in Thermal 

Tank 2 at a rate of 26 MWth during charging. 

Superheated steam at 353 °C (and 4.52 MPa) is extracted before the reheater and condensed 

isobarically to a stream of saturated liquid water at 258 °C (4.52 MPa). The storage medium in 

this tank is a PCM mixture of sodium nitrate and sodium hydroxide (86 wt.% NaNO3 + 14 wt.% 

NaOH) with a melting point of 250 °C [206], which is just below the minimum temperature of 

the steam in the tank. It is assumed that pure steam enters the pipes of Thermal Tank 1 at a 

relatively high velocity and that a uniformly thin condensate film forms around the pipe surface. 

At the output of the tank the steam is separated from the water in a steam drum and recirculated 

through the condenser [207]. Of great importance in the implementation of such scheme is the 

space (i.e., volume) required for the installation of the storage tanks that form the core part of 

this TES system. The procedure used for the design of Thermal Tank 1 is detailed in 

Appendix A.1 and is based on the methodology described in Ref. [205]. A summary of results 

relating to the sizing of this heat-exchanger/tank is provided in Table 5.1. 

Downstream, and in series with Thermal Tank 1, heat transfer also occurs to Thermal Tank 2 where 

the condensed, high-pressure (initially saturated) water-stream cools further, again isobarically as 

it charges this second tank. The inlet temperature of this tank is 258 °C (at 4.52 MPa) and the outlet 

temperature is 154 °C (at 4.52 MPa). This tank employs a salt mixture referred to as HITEC 

(composition: 7 wt.% NaNO3 + 53 wt.% KNO3 + 40 wt.% NaNO2) with a melting point of 142 °C 

[208,209], which is (as in Thermal Tank 1) just below the minimum temperature in this tank. The 

approach used for the design of Thermal Tank 2 is based on the single-phase Gnielinski correlation 

for condensed water flows, assuming a condensing tube surface temperature [210], as summarised 

in Appendix A.2. Corresponding results are presented in Table 5.1. 

Finally, after the two TES tanks, the subcooled liquid (water) is compressed in a feed pump and 

returned to the steam generator/reactor. The electrical power consumption of the additional feed 

pump is estimated at 1.23 MWel, by using an isentropic efficiency value of 80% for this component. 
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The partial diversion of the steam flow to the reheater during the charging of the two cascaded 

thermal tanks leads to a drop in the thermal input of the power plant from 1570 MWth to 1540 MWth, 

and the electrical power output of the power plant is derated by 9.4% (from 670 MWel to 607 MWel) 

and the corresponding thermal efficiency of the plant decreases from 43% to 39%. 

5.3.2. TES integration – Charging with steam extraction before LPT 

Figure 5.4 depicts the integration of PCM-based TES in an arrangement whereby steam is 

extracted before the LPT along with its associated T–s diagram. In this scheme, the working 

fluid (steam) undergoes the following processes: 

• Process 4-c: diversion of part of the working fluid (superheated steam) flow upstream of the 

LPT followed by isobaric heat rejection and condensation of the steam flow while charging 

a third PCM thermal-tank (Thermal Tank 3). 

• Process c-7: pressurisation of the saturated working fluid (water) in a feed pump and return 

of the diverted flow to the steam generator. 

Superheated steam at 265 °C (and 517 kPa) is extracted after the intermediate-pressure turbine 

and before the LPT, and is condensed isobarically in horizontal tubes in Thermal Tank 3 to a 

stream of saturated liquid water at 153 °C (and 517 kPa). HITEC is again selected as the storage 

material for Thermal Tank 3, with a melting temperature of 142 °C. The methodology outlined 

in Appendix A.1 in relation to the design and sizing of Thermal Tank 1 (see Section 5.3.1) is also 

adopted for the design of Thermal Tank 3 to know the space requirements for the installation of 

Thermal Tank 3 as part of this TES scheme. The results are summarised in Table 5.1. 

For the case study considered in this work, EdF has provided with a maximum allowable steam 

extraction rate of 383 kg/s for diversion from (i.e., before) the LPT to Thermal Tank 3, which 

represents 80% of the total steam flow to the turbine under normal conditions. The 

corresponding heat transfer rate during charging of the tank is 899 MWth. Furthermore, during 

the charging of Thermal Tank 3, the thermal input to the power plant is unchanged from the 

nominal value of 1570 MWth, and its electrical power output is derated by 34% to 443 MWel as 

its thermal efficiency reduces to 28%. The electrical power consumption of the pump is 

13.6 MWel, again based on an isentropic efficiency of 80% as in the scheme in Section 5.3.1.  
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Figure 5.4. (a) Layout of the nuclear power plant integrated with one PCM-based TES tank 

that is charged with steam extracted before the LPT, and (b) the corresponding Rankine cycle 

on a thermodynamic T–s diagram. For simplicity, multiple bleed points from the turbines for 

regenerative feed heating are denoted in this figure by a single line connecting the turbines to 

the output of the feedwater pump. 

5.3.3. TES integration – Charging with steam extraction before reheater and LPT 

In this scheme, the two combined TES systems are considered; steam is extracted before the 

reheater (as in Section 5.3.1) and before the LPT (as in Section 5.3.2). Due to the steam extraction 

before the reheater, the minimum allowable steam flowrate through the LPT, which must still be 

80% of the remaining steam after the reheater, is now reduced to 337 kg/s, and the heat transfer 

rate to Thermal Tank 3 is now reduced to 792 MWth. Figure 5.5 shows the combined TES system 
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and its T–s diagram. Based on the sizing criteria described in Sections 5.3.1 and 5.3.2 and detailed 

in Appendix A, the technical details of the three thermal tanks are summarised in Table 5.1. 

 

 

Figure 5.5. (a) Layout of the studied nuclear power plant integrated with three PCM-based TES 

tanks that are charged with steam extracted before the reheater and before the LPT, and (b) the 

corresponding Rankine cycle on a thermodynamic T–s diagram. The dashed lines in the T–s diagram 

represent the thermodynamic process of depositing heat into the TES thermal tanks. For simplicity, 

as in the previous Figure 5.3 and Figure 5.4, multiple bleed points from the turbines for regenerative 

feed heating are denoted by a single line connecting the turbines to the output of the feed pump. 
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Table 5.1. Summary of thermal tank designs: dimensions, material properties and other 

relevant input parameters. Heat storage capacity is referred to thermal storage charging time of 

1 h [206,208,209,211]. 

Thermal tank number  

(orientation) 

Thermal Tank 1 

(horizontal) 

Thermal Tank 2 

(vertical) 

Thermal Tank 3 

(horizontal) 

Phase-change material NaNO3 + NaOH NaNO3 + KNO3 + NaNO2 (HITEC) 

Melting temperature (°C) 250 142 

Latent heat of fusion (kJ/kg) 160 81.5 

Density (kg/m3) 2240, 1980* ρ =− 0.733θ + 2080† 

Specific heat capacity (kJ/kg k) 1.19, 1.86* cp = 1.56− (θ/1000)† 

Thermal conductivity (W/m k) 0.66, 0.60* k = (2×10-6) θ 2 − (4×10-4) θ + 0.558† 

Total steam mass flowrate (kg/s) 54 54 337 

Heat transfer rate (MWth) 107 26 899 

Heat storage capacity (GJ) 385 92 3240 

Storage density (MJ/m3) 453 165 165 

Volume (m3) 850 557 19600 

Sensible/total heat ratio (%) 20.8 100 10.3 

Length (m) 120 – 245 

Width (m) 3 – 7 

Height (m) 4 17 17 

Diameter (m) – 6.5 – 

* First value is for the solid and the second for the liquid phase. †θ is the PCM bulk temperature in °C. 

 

5.3.4. TES integration – Charging, discharging and implications for cascaded 

tank design 

Generally, the overall exergy efficiency associated with the charging and discharging of TES tanks 

is lower when exploiting latent-heat (PCM) storage compared to sensible-heat storage and the 

heat-source temperature is variable (e.g., when storing the sensible enthalpy of a hot fluid stream 

in the absence of phase change) [204,205]. However, the generation-integrated energy storage 

solutions proposed here consider a heat-source temperature that is, to a large extent, constant 

during the storage-tank charging phase, and furthermore, the stored thermal energy is used later, 

i.e., during discharge, to drive secondary power plants (ORC systems) by boiling an organic 

working fluid, again at constant temperature. This makes latent (PCM-based) TES an interesting 

alternative with trade-offs necessary for achieving the maximum “round-trip” efficiency of the 

overall system. Furthermore, beyond efficiency considerations, it can be argued that affordability 
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is an even more desirable performance indicator, e.g., with larger temperature differences between 

the heat source and the material in the thermal store (up to a point) leading to smaller heat transfer 

areas (i.e., sizes) and costs, even though the thermodynamic performance is lower. 

 

Figure 5.6. Series of (theoretical) varying PCM thermal storage temperatures during charging 

when a series of cascaded thermal tanks is used in place of the single-PCM (HITEC) Thermal 

Tank 3. Note that the finite number of stores shown here is for the purposes of illustration. 

The appropriateness of using a single PCM-based (latent) thermal store from the point of view of 

the exergy efficiency of the charging and discharging processes is clear for isothermal heat sources 

and sinks. The presence of temperature variations can be addressed by increasing the number and 

respective phase-change temperatures of the thermal storage tanks, in so-called ‘cascaded’ tanks, 

which allows one to control the exergy losses in the charging/discharging processes. In the 

theoretical limit of an infinite number of ideal (zero temperature-difference between the tanks and 

heat source) cascaded infinitesimal thermal tanks, each featuring a different PCM with a suitable 

phase-change temperature, this allows an exergetically optimal latent TES solution similar to a 

perfectly matched sensible thermal-energy store. In this case, the melting points of the PCMs must 

be chosen to match the temperature variation of the heat transfer fluid (heat source). Figure 5.6 

illustrates this concept of cascaded TES tanks. This theoretical case, however, is not a practically 

feasible or economically viable solution, although it is of interest in setting an upper limit to overall 

thermodynamic performance. In this work, the case of TES is considered when using a single or a 

cascade of two PCM tanks in series as one solution in dealing with the aforementioned heat-source 

temperature variations. In future work, additional cases might be cosnidered, but the present 

approach suffices in describing our proposed concept for integrating PCM-based TES tanks into 

power plants along with secondary power generation at a reasonable cost. 
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Assuming a negligible temperature difference between the heat source and the PCM in a TES 

tank, the maximum useful stored power �̇� during the charging of this tank is the rate change of 

exergy of the heat-source stream, which can be isothermal or experience temperature variations: 

 �̇� = ∆�̇� − 𝑇d ∆�̇� = {

�̇� − �̇� 𝑇d ∆𝑠                                      for isothermal source

�̇� − 𝑚 ̇ 𝑐p 𝑇a ln (
𝑇in
𝑇out

)    for temperature-varying source
 (5.1) 

where �̇� and �̇� are the enthalpy and entropy of both the heat-source stream and PCM in the tank, 

�̇� and 𝑐p are the heat-source stream mass flowrate and specific heat capacity, 𝑇in and 𝑇out are 

the inlet and exit temperatures of the stream to/from the tank when its temperature is varying, and 

𝑇d = 𝑇a is the dead-state temperature that is taken here to be the ambient temperature (𝑇a = 25 °C). 

5.3.5. TES integration – Discharging with secondary power plants 

The stored heat is discharged to generate electrical power using secondary power plants, 

specifically two ORC engines at different temperature levels depending on the temperature of 

the PCM storage tanks. The main reason of selecting regenerative ORC systems in this study is 

their capability to operate at low temperature range (less than 250 °C) with higher heat-to-

electricity conversion efficiency compared to steam cycles [212]. 

Figure 5.7 and Figure 5.8 show the schematics of the proposed systems ORC-1 and ORC-2, 

respectively. System ORC-1 is coupled to Thermal Tank 1 and Thermal Tank 2, while system 

ORC-2 is coupled to Thermal Tank 3. Both ORC systems contain the following: 

• two PCM tanks for heat addition (i.e., Thermal Tank 1 and Thermal Tank 2) for system 

ORC-1 and one PCM tank (Thermal Tank 3) for system ORC-2; 

• an expander (i.e., turbine) with one side extraction for feed heating; 

• a water-cooled condenser with a cold stream temperature of 25 °C; 

• two pumps (condensate and feed pump); and, 

• an internal heat exchanger to preheat the organic working fluid before evaporation. 

In system ORC-1, the organic working fluid is evaporated by a constant temperature heat addition 

(𝑇 = 142 °C) from Thermal Tank 1 and then superheated, also at a constant temperature 

(𝑇 = 250 °C) but from Thermal Tank 2. In system ORC-2, the selected organic working fluid is 

evaporated and superheated at constant temperature (𝑇 = 142 °C) from Thermal Tank 3. 
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Figure 5.7. Schematic of regenerative system ORC-1 operated by discharging stored heat from 

Thermal Tank 1 and Thermal Tank 2. 

 

Figure 5.8. Schematic of regenerative system ORC-2 operated by discharging stored heat from 

Thermal Tank 3. 

The thermodynamic parameters of both ORC systems were selected to maximise the heat-to-

electricity efficiency of the ORC, giving maximum electrical power output for a fixed amount of 

heat input. The formulated ORC efficiency optimisation function can be expressed as: 

 
max{𝜂ORC} 

𝑇FP, �̇�ORC, �̇�SE, 𝑃evap, 𝑃SE, 𝑃CP
 (5.2) 

where 𝜂ORC is the ORC heat-to-electricity efficiency, 𝑇FP the feed pump outlet temperature, �̇�ORC 

the cycle mass flowrate, �̇�SE the turbine side extraction mass flowrate, 𝑃evap the cycle evaporation 

pressure, 𝑃SE the turbine side extraction pressure, and 𝑃CP the condensate pump outlet pressure.  

The rate of heat addition in all thermal tanks was calculated using: 

 �̇�TT = 𝜂TT �̇�ORC (ℎout − ℎin) (5.3) 
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where �̇�TT is the rate of added heat from a specified thermal tank, 𝜂TT the thermal tank heat-

to-heat efficiency, ℎ the enthalpy of the working fluid, and subscripts ‘in’ and ‘out’ indicate the 

conditions at inlet and outlet of the thermal tanks.  

The generated power by the turbines, needed power by the pumps and ORC plant’s net 

generated power were calculated based on equations listed in Section 3.4.1. The ORC thermal 

efficiency in Equation (5.2) was calculated by: 

 𝜂ORC = 
�̇�net

�̇�TES
 (5.4) 

where �̇�TES the total heat rate input from thermal tanks. 

The optimisation function was solved with the following set of non-linear constraints: 

 𝑃cond ≥ 101.33 kPa (5.5) 

 𝑇cond ≥ 25 °C (5.6) 

 𝑃evap ≤ 0.95𝑃crit (5.7) 

 𝑥CP
in , 𝑥FP

in ≤ 0 (5.8) 

 ∆𝑇pp,IHX
in , ∆𝑇pp,IHX

out ≥ 10 °C (5.9) 

 𝑇TT−1 ≤ 142 °C (5.10) 

 𝑇TT−2 ≤ 250 °C (5.11) 

 𝑇TT−3 ≤ 142 °C (5.12) 

where 𝑃cond and 𝑇cond are the condensation pressure and temperature, 𝑃evap the evaporation 

pressure, 𝑃crit the critical pressure of the working fluid, 𝑥CP
in  and 𝑥CP

in  the working fluid quality 

at condensate pump and feed pump inlet, respectively, ∆𝑇pp,IHX
in  and ∆𝑇pp,IHX

out  the inlet and outlet 

pinch-point temperature difference of the internal heat exchanger, and 𝑇TT−1, 𝑇TT−2, 𝑇TT−3 the 

working fluid temperature at the outlet of Thermal Tank 1, Tank 2, and Tank 3, respectively.  

The evaporation pressure upper bound is set at 0.95𝑃crit to maintain the cycle in the subcritical 

region, as well as to reduce the capital costs of the ORC since components that withstand 

higher pressure are more expensive. All optimisation tasks were solved using MATLAB’s 

non-convex interior point algorithm fmincon or genetic algorithm function ga within a 

specified set of upper and lower bounds [108]. 
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The selection of the organic working fluid has a crucial impact on the thermal performance of the 

ORC. There is a wide range of organic fluids that could be selected but not all of them are considered 

or analysed in this study. For system ORC-1, the heat source temperature is higher (i.e., up to 

250 °C). Therefore, different group of organic working fluids, mostly hydrocarbons, that have 

higher critical temperature and pressure are suggested to maintain the ORC within the subcritical 

range [213,214]. For system ORC-2, several refrigerants and short-chained alkanes are suggested 

and listed in Table 5.2. These fluids are commonly used in commercial ORC power plants with 

similar heat source temperature range (e.g., geothermal power plants) [213]. The thermodynamic, 

environmental and safety characteristics of the considered working fluids are reported in Table 5.2. 

Table 5.2. Summary of the main thermodynamic, environment and safety properties of the 

selected organic working fluids for systems ORC-1 and ORC-2 [213–218]. 

ORC 

system  
Working fluid 

Critical T 

(°C) 

Critical P 

(kPa) 

Boiling point 

(°C) 
GWP ODP Flammability 

ORC-1 

Acetone 235 4690 56.1 Low 0 Flammable 

Benzene 289 4890 80.1 Low 0 Flammable 

Cyclohexane 280 4080 80.7 Low 0 Flammable 

R11 198 4410 23.8 1500 0 Non-flammable 

R141b 204 4210 32.1 725 0.12 Non-flammable 

Toluene 319 4130 111 Low 0 Flammable 

ORC-2 

Isobutane 135 3630 -11.7 Low 0 Flammable 

Isopentane  187 3380 27.8 Low 0 Flammable 

R123 184 3670 27.6 Low 0.06 Non-flammable 

R1233zd 166 3570 18.3 Low 0 Non-flammable 

R245fa 154 3650 15.1 1030 0 Non-flammable 

 

Table 5.3 summarises the main assumptions of the computational model for both ORC systems. 

The heat capacity of all thermal tanks is based on the maximum charging scenario, as per 

Figure 5.5. It is assumed that the heat-to-heat efficiency during discharging is 90%. 

Figure 5.9 shows the maximum cycle thermal efficiency, in the left y-axis, and the optimal 

evaporation and condensation pressure, in the right y-axis, of the candidate working fluids for: a) 

system ORC-1, and b) system ORC-2. In system ORC-1, the results show that R11 has the highest 

cycle efficiency (i.e., 21%) at an optimal evaporation pressure of 4.19 MPa. Toluene has the 

lowest efficiency since its critical temperature is the highest among the other candidates and also 
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much higher than the temperature of heat addition. In system ORC-2, the optimised cycle 

efficiency ranges between 14% and 16% depending on the type and the thermodynamic 

properties of the working fluid. The results show that isopentane not only gives the highest 

maximum cycle efficiency (i.e., 16%) at the specified constraints, but also the lowest evaporation 

pressure (1.73 MPa) which minimises the capital cost of the ORC power plants. Therefore, R11 

and isopentane are selected as the working fluids for systems ORC-1 and ORC-2, respectively. 

Table 5.3. List of main parameters assumed in both ORC system computational models. 

Parameter/assumption Value 

Thermal Tank 1 heat capacity (GJ) 385 

Thermal Tank 2 heat capacity (GJ) 92 

Thermal Tank 3 heat capacity (GJ) 2850 

Thermal tanks heat-to-heat efficiency (%) 90 

Turbine isentropic efficiency (%) 80 

Turbine mechanical efficiency (%) 96 

Pump isentropic efficiency (%) 75 

Pump mechanical efficiency (%) 96 

Generator electric efficiency (%) 95 

Pressure loss in each thermal tank and in the heat exchanger (kPa) 100 

 

 

Figure 5.9. Maximum cycle thermal efficiency, on the left y-axes, along with corresponding 

optimal evaporation and condensation pressure, on the right y-axes, of the compared organic 

working fluids for system: (a) ORC-1, and (b) ORC-2. 

To obtain the optimal operating conditions of both ORC systems (i.e., mass flowrate, temperature, 

etc.) for each streamline in the power cycle, the input heat rates of all thermal tanks have to be 



Chapter 5: Nuclear flexibility with current fleet of UK’s nuclear power plants  

 

141 

 

determined, which depend on the total discharging duration of heat. For example, if the discharging 

duration for fixed heat capacity thermal tanks is doubled (from 1 h to 2 h), the discharging heat 

rate is now halved as the same amount of heat is discharged for longer duration, which corresponds 

to a reduced electric power from the ORC systems. Therefore, different discharging cases based 

on the discharging duration and heat rate are introduced and listed in Table 5.4. 

Table 5.4. List of the proposed discharging cases. 

Case  
Full discharging 

duration (h) 

Discharging heat rate (MWth) 

Thermal Tank 1 Thermal Tank 2 Thermal Tank 3 

A 1 26 107 792 

B 2 13 53.5 396 

C 4 6.5 26.8 198 

D 8 3.3 13.4 99 

 

Table 5.5. Optimal operating conditions for system ORC-1 using R11 as a working fluid. 

Case (thermal tank discharging duration) A (1 h) B (2 h) C (4 h) D (8 h) 

Thermal Tank 1 heat rate (MWth) 26 13 6.5 3.3 

Thermal Tank 2 heat rate (MWth) 107 53.5 26.8 13.4 

Turbine inlet mass flowrate (kg/s) 570 285 143 71.3 

Turbine inlet temperature (°C) 231 231 231 231 

Turbine side extraction pressure (kPa) 261 261 261 261 

Turbine side extraction mass flowrate (kg/s) 176 87.8 43.9 21.9 

Turbine side extraction temperature (°C) 112 112 112 112 

Turbine main exhaust pressure (kPa) 106 106 106 106 

Turbine main exhaust mass flowrate (kg/s) 395 197 98.6 49.4 

Turbine main exhaust temperature (°C) 84.6 84.6 84.6 84.6 

Condenser outlet temperature (°C) 25 25 25 25 

Condenser outlet pressure (kPa) 106 106 106 106 

Condensate pump outlet pressure (kPa) 4100 4100 4100 4100 

Feed pump outlet pressure (kPa) 4190 4190 4190 4190 

Feed pump outlet temperature (°C) 102 102 102 102 

Net electric power from ORC-1 (MWel) 28.4 14.2 7.1 3.6 

Gross amount of electricity (MWh) 28.4 28.4 28.4 28.4 

Optimised cycle efficiency (%) 21.5 21.5 21.5 21.5 

Total nuclear power with system ORC-1 (MWel)  698 684 677 674 
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For each discharging case, the optimal ORC operating parameters that give the maximum 

thermal efficiency are calculated and reported in Table 5.5 for system ORC-1 and in Table 5.6 

for system ORC-2. The main difference between the discharging cases is the ORC mass 

flowrate as it decreases with the increase of discharging duration, which also affects the ORC 

installed power. The maximum cumulated power outputs from both the first and the second 

ORC systems are 152 MWel for Case A, 75.8 MWel for Case B, 37.5 MWel for Case C, and 

19 MWel for Case D. Yet, the amount of the total electricity generated for a full discharging 

phase from the two ORC systems is the same for all cases (152 MWh per full discharge). 

Table 5.6. Optimal operating conditions for system ORC-2 using isopentane as a working fluid. 

Case (thermal tank discharging duration) A (1 h) B (2 h) C (4 h) D (8 h) 

Thermal Tank 3 heat rate (MWth) 792 396 198 99 

Turbine inlet mass flowrate (kg/s) 1890 943 471 236 

Turbine inlet temperature (°C) 142 142 142 142 

Turbine side extraction pressure (kPa) 243 243 243 243 

Turbine side extraction mass flowrate (kg/s) 582 291 146 72.7 

Turbine side extraction temperature (°C) 93.2 93.2 93.2 93.2 

Turbine main exhaust pressure (kPa) 101 101 101 101 

Turbine main exhaust mass flowrate (kg/s) 1300 651 326 163 

Turbine main exhaust temperature (°C) 76.7 76.7 76.7 76.7 

Condenser outlet temperature (°C) 27.8 27.8 27.8 27.8 

Condenser outlet pressure (kPa) 101 101 101 101 

Condensate pump outlet pressure (kPa) 613 613 678 680 

Feed pump outlet pressure (kPa) 1730 1730 1730 1730 

Feed pump outlet temperature (°C) 84.1 84.1 84.1 84.1 

Net electric power from ORC-2 (MWel) 123 61.6 30.8 15.4 

Gross amount of electricity (MWh) 123 123 123 123 

Optimised cycle efficiency (%) 15.6 15.6 15.6 15.6 

Total power from nuclear and ORC systems (MWel) 822 746 708 689 

 

Figure 5.10 illustrates the charging and the discharging behaviour of the EMS for the proposed 

discharging cases for an arbitrary day in the UK, including all thermal tanks and the two ORC 

generators. The left y-axes indicate the power output level, and the right y-axes report the wholesale 

electricity prices during the same hour. The reported electricity price profile in Figure 5.10 are 

actual prices of a randomly selected day in the UK in 2019 [219]. In all cases, the 1-h charging 

process is set to take place during the minimum price, which is at 4 am. Thus, the nuclear power 
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unit generates the minimum rated power (406 MWel) instead of nominal power (670 MWel). The 

stored heat is then discharged during the maximum electricity prices (i.e., at 8 pm for Case A, from 

7-8 pm for Case B, from 6-9 pm for Case C, and from 7-10 am and from 6-9 pm for Case D). 

 

Figure 5.10. EMS electrical power output, on left y-axes, and wholesale electricity prices, on the 

right y-axes, for all discharging cases (A, B, C, and D). The minimum output power is when the 

EMS storing heat and the maximum is when the stored heat is discharged through the proposed 

ORC systems. The electricity price is the actual prices of a randomly selected day in the UK in 2019. 

The EMS behaviour for a two full charging/discharging cycles per day is presented in 

Figure 5.11. The second 1-h charging phase is assumed to take place after a full discharge of 

the stored heat. For example, in Case A, the charging process is performed twice during the day 

at 4 am and 4 pm, where the two minimum prices are observed. However, the second charge 

phase does not start until all thermal tanks are fully discharged which occurs at 9 am where the 

electricity price is high. The same concept is applied for all the other cases. 
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Figure 5.11. EMS electrical power output, in the left y-axes, and the wholesale electricity 

prices, in the right y-axes, for all discharging cases (A, B, C, and D) for two 

charging/discharging cycles per day. The minimum output power is when the EMS storing heat 

and the maximum is when the stored heat is discharged through the proposed ORC systems. 

The electricity price is the actual prices of a randomly selected day in the UK in 2019. 

5.3.6. Transient operation 

Beyond the steady-state design of the thermal tanks considered above, it is necessary to account 

for the transient thermal performance of these tanks during charging and discharging in order to 

ascertain whether these processes are fast enough for the purposes of our EMS application. For 

the PCM in each thermal tank, energy balance equation (Equation (5.13)) is considered in which 

the change in the internal energy of the PCM is equal to the net amount of energy transferred 

across the PCM control-volume boundary due to heat transfer over some time interval. This 

energy exchange can be both latent or sensible. Neglecting the tube walls in the thermal tanks, 

the temperature of the PCM in a thermal tank is obtained from the following first-order equation: 
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 �̇�TT = �̇� 𝑐p(𝑇in − 𝑇out) = �̅� 𝐴s ∆𝑇LM = {
𝑚PCM 𝑐PCM  

d𝑇PCM
d𝑡

     for sensible TES

∆ℎPCM  
d𝑚PCM
d𝑡

                 for latent TES

 (5.13) 

where �̇� is the mass flowrate of steam in the tubes, 𝑐p the specific heat capacity of the steam, 𝑇in 

and 𝑇out the inlet and outlet steam temperatures, �̅� the average convection heat transfer 

coefficient, 𝐴s the total tube surface area, ∆𝑇LM the log-mean temperature difference between the 

steam and the PCM. For sensible TES charging and discharging, 𝑚PCM the mass of the PCM in 

the tank, 𝑐PCM the specific heat capacity of the (solid or liquid) PCM, and 
d𝑇PCM

d𝑡
 the rate of change 

of the PCM bulk temperature in the tank. During latent TES charging and discharging, thermal 

energy is used to induce phase change without a temperature variation for pure substances, and 

the final term in Equation (5.13) becomes ∆ℎPCM
d𝑚PCM

d𝑡
 where ∆ℎPCM is the PCM specific phase-

change enthalpy and 
d𝑇PCM

d𝑡
 the rate at which PCM mass changes phase.  

Figure 5.12 shows, as an example, the bulk temperature variation of the PCM in Thermal Tank 

3 during charging following Equation (5.13). The HITEC is initially in the solid phase at 

ambient temperature. Steam flows through the tank and the HITEC temperature increases up to 

its melting point (142 °C) after about 1 h. At this point, isothermal phase change (melting) takes 

place for about 1 h, after which the PCM becomes a liquid and sensible heat is stored in the 

tank with a further increase in the liquid PCM temperature.  

 

Figure 5.12. PCM (HITEC) temperature in Thermal Tank 3 during charging. In this study, 

operation with phase change is cosnidered, in the (isothermal) latent heat storage regime. 
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Similar temporal responses have been obtained for all thermal tanks, which suggests that the 

tanks are capable of continuously charging and/or discharging over up to 1 h, thereby allowing 

the EMS concept presented in Figure 5.3, during low and peak demand periods. Therefore, it is 

only considered in this study the case when using the PCM for latent heat storage, during which 

time it remains at its phase change temperature. In practice, charging and discharging rates will 

be different from those evaluated here due to material non-uniformity and unsteady heat transfer 

effects, however, the rates for charging should remain within 10-20% of these estimates for 

charging and the double for discharging [210]. 

5.4. Plant derating during TES charging 

Figure 5.13(a) shows the fractional plant derating during TES charging versus the degree of steam 

extraction when the three TES schemes in Section 5.3 are applied to the EdF nuclear power plant. 

The fractional derating value is the ratio of the net generator output from the base plant with steam 

extraction to that without steam extraction, i.e., with a maximum net generator output of 

670 MWel from the base power plant. From left-to-right the schemes include: (i) 12% steam 

extraction before the reheater (for details, see Section 5.3.1); (ii) 80% steam extraction before the 

LPT (for details, see Section 5.3.2); and (iii) 12% steam extraction before the reheater and 80% 

extraction of the remaining steam before the LPT (for details, see Section 5.3.3). As a result of 

these three steam extraction strategies, the electrical power output of the power plant decreases 

and the amount of stored thermal energy increases, as shown from left to right in Figure 5.13(b). 

 

Figure 5.13. (a) Fractional plant derating, and (b) power output of main/base nuclear power plant 

and stored thermal energy during TES charge, for the three EMS schemes proposed herein. 
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Figure 5.13 suggests that it is possible to use existing nuclear power plants (Gen. I and II) for 

flexible generation in load following with a maximum derating of 40%, with minimum loads 

down to 60% of a plant’s rating. The stored thermal energy increases with the amount of steam 

extraction up to a total of 822 MWel (see Table 5.6), as the net power output reduces by 40%, 

from 670 MWel to a minimum of 406 MWel. It is interesting to note that the greatest flexibility of 

the power plant, and therefore the largest potential for load following, is attained for low-

temperature TES, when extracting steam before the LPT. Furthermore, Figure 5.14(a) shows the 

heat input (rate) to the plant and Figure 5.14(b) the plant efficiency during TES charging for the 

same three steam extraction schemes as in Figure 5.5. The heat input is maximum when steam is 

not extracted or when it is extracted only before the LPT when heat is stored at the lowest 

temperature. When steam is extracted before the reheater the total input to the plant drops by 

1.5%. As a result of the steam extraction, the thermal efficiency of this particular nuclear plant 

reduces from 43% (for full-load plant operation) to 26% (for 60% part-load operation). 

 

Figure 5.14. (a) Heat input (rate), and (b) efficiency of main/base nuclear power plant during 

TES charge, corresponding to the same three EMS schemes as in Figure 5.5. 

5.5. EMS cost assessment 

A simple cost analysis is performed on the proposed EMS (i.e., with three thermal tanks and two 

ORC plants) to determine at what extent it is an economically viable solution. The cost analysis 

starts by determining the levelised cost of electricity (LCOE) of the proposed thermal tanks and 

both ORC systems for each discharging cases (A, B, C, and D of Table 5.4). The LCOE was 

calculated using the base LCOE expression, Equation (3.120), with the following amendment: 
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 𝐿𝐶𝑂𝐸EMS = 
∑

𝐶c1 + 𝐶O&M𝑡 + 𝐶Ch𝑡
(1 + 𝑟)𝑡

𝑛
𝑡=1

∑
𝐷𝐸𝑡

(1 + 𝑟)𝑡
𝑛
𝑡=1

 (5.14) 

where 𝐶c1 is the capital cost of the thermal tanks and the ORC systems in year 1, 𝐶O&M is the 

O&M expenditure in year 𝑡, 𝐶Ch the charging cost in year 𝑡, 𝐷𝐸𝑡 the electricity generation from 

both ORC systems in year 𝑡, 𝑟 the discount rate, and 𝑛 the life of the system. 

The new parameter in the LCOE formula is the charging costs (𝐶𝐻) which accounts for the cost 

of selling less amount of electricity while charging the thermal tanks. All LCOE calculation 

parameters and assumptions are presented in Table 5.7. The capital costs of the ORC plants 

were estimated by taking the average of the investment costs of similar-sized ORC plants from 

Refs. [213,220,221]. Note that all the costs and prices are presented in GBP (£) since the case 

study presented in this chapter is based in the UK. The assumed GBP/USD and GBP/EUR 

exchange rates were 0.80 and 0.85, respectively. 

Table 5.7. Cost and LCOE calculation parameters [55,213,220,221]. 

Cost analysis parameters  Value  

ORC systems capital costs (£/kWel) 1140 

TES system capital costs (£/kWhth) 25  

Operation & maintenance (%) 3% of capital cost  

Charging cost per day (£/day) 
264 (MWhel) × 𝐸𝑃̅̅ ̅̅ 1,Ch (£/MWhel) for one 1-h charge 

528 (MWhel) × 𝐸𝑃̅̅ ̅̅ 2,Ch (£/MWhel) for two 1-h charges 

Project lifetime (years) 25 

Discount rate (%) 3 

Availability factor (%) 90 

Projected annual electricity output (GWhel) 
49.8 for one 1-h charge per day 

99.6 for two 1-h charges per day 

 

5.5.1. Electricity prices 

In order to evaluate the profitability of the proposed flexible generation system, the wholesale 

(day-ahead) hourly electricity prices in the UK over the year 2019 were taken as a baseline and 

a further analysis was performed based on the electricity prices in 2021 (until 15 Nov.) [219]. 

The calculations were performed assuming that the generated electricity will be entirely sold in 

the day-ahead or intraday electricity market. However, the electricity generators may consider 
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the option of selling the generated electricity at different markets such as the balancing market 

(BM), fast frequency response (FFR), net imbalance volume (NIV) chasing technique, etc., 

which varies in terms of risk and rewards [222]. Furthermore, it was assumed that the secondary 

power plants have a rapid ramp rate, meaning that the power plant goes from zero to full rated 

power or vice versa within a few minutes, so being able to provide the required services to the 

grid. This means that the ORC plants should operate as a spinning reserve being able to quickly 

enter into service, incurring in no-load losses that are not explicitly quantified in this study. 

Table 5.8 summarises the hourly electricity prices 𝐸𝑃̅̅ ̅̅  assumed in the economic analysis, and in 

particular the prices during charging and discharging periods. The second column of Table 5.8 

defines the selection of these prices and the third column summarises the conditions in which 

these prices were applied in the analysis. As mentioned previously, the prices are yearly averaged 

and calculated using the minimum or the maximum hourly price during each day: 

 𝐸𝑃̅̅ ̅̅ =
∑  [min or max(𝐸𝑃1, 𝐸𝑃2, … , 𝐸𝑃24)]
365
𝑖=1

365
 (5.15) 

Table 5.8. Calculated average hourly electricity price for charging and discharging; the average was 

calculated based on UK electricity market data for years 2019, 2021 and 2022 (until May) [219]. 

Average hourly price (£/MWh) 
Definition and number of 

hourly prices per day 

Charging or discharging 

duration conditions 

Parameter 2019 2021 2022   

𝐸𝑃̅̅ ̅̅ 1,Ch  30.2 65.9 126 Minimum price per day (1 h) One 1-h charge  

𝐸𝑃̅̅ ̅̅ 2,Ch  30.7 67.2 132 Minimum price per day (2 h) Two 1-h charges  

𝐸𝑃̅̅ ̅̅ 1,Dch  63.0 202 271 Maximum price per day (1 h) One 1-h discharge (Case A) 

𝐸𝑃̅̅ ̅̅ 2,Dch  60.6 182 262 Maximum price per day (2 h) 
One 2-h discharge (Case B) 

Two 1-h discharges (Case A) 

𝐸𝑃̅̅ ̅̅ 4,Dch  57.1 159 246 Maximum price per day (4 h) 
One 4-h discharge (Case C) 

Two 2-h discharges (Case B) 

𝐸𝑃̅̅ ̅̅ 8,Dch  52.8 136 226 Maximum price per day (8 h) 
One 8-h discharge (Case D) 

Two 4-h discharges (Case C) 

𝐸𝑃̅̅ ̅̅ 16,Dch  47.7 115 203 Maximum price per day (16 h) Two 8-h discharges (Case D) 

 

5.5.2. Capacity payment 

In addition to the revenues from selling electricity in the wholesale electricity market, power 

generators are entitled to participate in the UK capacity market. The capacity market is 
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established to ensure security of electricity supply and enhanced capability to match variable 

demand. This is satisfied by the UK’s government providing an incentive (i.e., capacity 

payment) for power plants that are available to quickly enter into service if needed by the power 

system during periods of high demand or low unexpected availability of the intermittent 

renewable sources. The capacity payment encourages new investments in the energy sector as 

it guarantees a fixed amount of income for generators [223]. In this study, the amount of the 

capacity payment was assumed as 16.2 £/kWel/year, which is the average of the five years’ 

clearing prices (i.e., from 2015 to 2019) in the four-year ahead delivery capacity auctions [224]. 

However, energy or electricity storage systems do not get paid the full amount of the clearing 

price since most of the systems have a limited discharging duration. Therefore, the UK 

government has provided a derating factor which specifies the payment in percent in the bases 

of duration, and which penalises plants with a shorter time of operation per day [225]. Table 5.9 

summarises the assumed capacity payment for the proposed discharging cases (i.e., A, B, C, 

and D). The derating factor reported in Table 5.9 was multiplied by the average unitary capacity 

payment to get the total annual capacity payment for each proposed ORC systems size. 

Table 5.9. Assumed capacity payment of all discharging cases [224]. 

Case (duration) A (1 h) B (2 h) C (4 h) D (8 h) 

Derating factor (%) 36.4 64.4 96.1 96.1 

ORC systems power (MWel) 152 75.8 37.9 19.0 

Annual capacity payment (£k) 896 796 591 296 

 

5.5.3. Economic analysis based on UK wholesale electricity prices in 2019 

The economic evaluation was performed by calculating the projected net present value (NPV) 

of the proposed EMS investment using: 

 𝑁𝑃𝑉EMS = ∑
𝐼𝑡 + 𝐶𝑃𝑡
(1 + 𝑟)𝑡

𝑛

𝑡=1
−∑

𝐶c1 + 𝐶O&M𝑡 + 𝐶Ch𝑡
(1 + 𝑟)𝑡

𝑛

𝑡=1
 (5.16) 

where 𝐼𝑡 is the annual income from selling extra electricity from ORC generators during peak 

prices, which depends on the number of discharging hours per day, and 𝐶𝑃𝑡 the capacity payment. 

Figure 5.15 presents the estimated net present value, in the left y-axis, alongside with the calculated 

LCOE, in the right y-axis, for the different discharging duration times. It also indicates the average 

electricity price difference (PD) between charging and discharging modes for the different cases. 
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Figure 5.15. Predicted NPV, on the left y-axis, and calculated LCOE, on the right y-axis, of the 

proposed EMS with three thermal tanks and two ORC systems for all the four cases of discharging 

duration (i.e., A, B, C, and D) and one discharge per day. The figure presents results assuming UK 

wholesale electricity prices in year 2019 and one 1-h charge per day at the minimum electricity price. 

Case A has the highest LCOE of 401 £/MWh due to the highest cost of ORC plants (maximum 

installed size). The LCOE drops to about 136 £/MWh for Case D as a result of the smaller 

size of the ORC systems, which are designed to generate the same amount of electricity but 

over longer durations (i.e., 8 h). However, the LCOE is still considered high and not yet 

comparable to the LCOE of other competitive energy sources, either renewables or fossil 

fuelled power plants. Moreover, the predicted NPVs of the proposed EMS for all discharging 

cases are negative due to two main reasons. The first is that the average price difference 

between off-peak and peak PD is quite low in 2019 UK electricity market. The second reason 

is the high LCOE which is also influenced by the relatively high average of off-peak 

electricity price (30.2 £/MWh), i.e., an avoided income when charging the thermal tanks. 

Therefore, the proposed EMS with one 1-h charge per day is not an economically viable 

option based on 2019 wholesale electricity prices, even with the proposed smallest size of 

ORC systems that discharges the same amount of thermal power over 8 h per day. 

Results obtained with two charge/discharge cycles per day are presented in Figure 5.16, which 

shows a 43% relative decrease of the LCOE (i.e., from 401 to 228 £/MWh) in Case A for the 

option of two cycles a day. This drop is a result of doubling the amount of electricity generated 

during the assumed investment lifetime. In Case D, the LCOE drops to 95 £/MWh for the same 
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reasons. However, the NPV is still negative and unprofitable even in for two fully 

charge/discharge cycles per day. This is due to the lower selling price of electricity when full 

discharging is performed twice a day for all cases, which is seen in the lower PD reported in 

Figure 5.16, in comparison to the previous case. The predicted NPV is even more negative for 

two 8-h discharges (16 h in total) in Case D (-£77.5M) than for a single 8-h discharge (-£66.8M). 

It is concluded that the EMS profitability greatly depends on the peak and off-peak price 

difference, which was not sufficiently high in the UK wholesale electricity market in 2019. 

 

Figure 5.16. Predicted NPV, on the left y-axis, and calculated LCOE, on the right y-axis, of the 

proposed EMS with three thermal tanks and two ORC systems for all the four cases of discharging 

duration (i.e., A, B, C, and D) and two discharges per day. The figure presents results assuming UK 

wholesale electricity prices in year 2019 and two 1-h charges per day at the minimum electricity price. 

A summary of the main economic analysis results of the four examined cases based on 2019 prices, 

for both one and two discharges per day, are presented in Table 5.10. The total investment costs 

that consist of the ORC engine costs and the costs of all thermal tanks drops significantly from 

Case A to Case D as the size of the ORC systems decreases. Specifically, the investment cost drops 

to around £48M if single daily discharging is performed for longer durations (i.e., 8-h discharge). 
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Table 5.10. Main economic analysis results of the analysed four cases (UK wholesale electricity 

prices in 2019). 

No. of 

discharges 

per day 

Case  

Total 

investment 

costs (£M) 

O&M 

costs 

(£M/year) 

Charging 

costs 

(£M/year) 

Generated 

electricity 

(GWh/year) 

Total 

revenues 

(£/year) 

LCOE 

(£/MWh) 

NPV 

(£M) 

One 

discharge  

A 199 6.0 2.6 49.8 4.0 401 -248 

B 112 3.4 2.6 49.8 3.8 250 -150 

C 69.0 2.1 2.6 49.8 3.4 174 -90.8 

D 47.5 1.4 2.6 49.8 2.9 136 -66.8 

Two 

discharges  

A 199 6.0 5.3 99.6 6.9 228 -276 

B 112 3.4 5.3 99.6 6.6 152 -151 

C 69.0 2.1 5.3 99.6 5.8 114 -96.1 

D 47.5 1.4 5.3 99.6 5.0 95.2 -77.5 

 

5.5.4. Economic analysis based on UK wholesale electricity prices in 2021 

The same economic analysis used in the previous section is performed here for electricity prices in 

2021. During 2021, the electricity prices were much higher and more volatile than in 2019 due to 

higher natural gas prices, lower wind levels, outages of nuclear plants, and fire damage to electricity 

interconnectors. The highest and lowest electricity prices recorded in 2021, respectively, were 

2500 £/MWhel and -19.4 £/MWhel, which can be compared to the corresponding 2019 prices of 

277 £/MWhel and -2.8 £/MWhel [219]. Figure 5.17 shows the predicted NPV and the LCOE for the 

four cases with two charge/discharge cycles per day and based on 2021 prices. 

The peak and off-peak electricity price spread (PD) in 2021 was much higher than those in 2019 

(see Figure 5.16), resulting in improved NPVs, however, the NPVs for all examined cases are still 

negative. For example, the NPV for Case A with two charges/discharges per day improves by 37% 

relative to the one calculated based on 2019 prices. Moreover, the LCOEs calculated based on 

2021 prices are higher than those calculated based on 2019 prices because of the higher averaged 

off-peak (charging) prices in 2021 (i.e., 67.2 £/MWhel compared to 30.7 £/MWhel in 2019). 

Interestingly, it can be seen from Figure 5.17 that Case D has a lower NPV than Case C, which 

was not the case in the obtained results using 2019 prices (i.e., in Figure 5.15 and Figure 5.16). 

Although Case D has lower EMS investment and O&M investment costs due to reduced size 

of the ORC systems, the relative decrease in the total investment costs for Case D relative to 

Case C is lower than the relative decrease in total revenues gained from selling electricity at a 
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lower average price, which results in a higher NPV for Case C. This implies that the economics 

of the EMS has several competing factors, including the EMS investment costs and difference 

between the peak and off-peak prices. The obtained results support the need for finding the 

optimum size of the ORC systems, optimum duration of the TES charge/discharge cycles, and 

the optimum frequency of the cycles that yield the highest NPV for given electricity prices. 

This optimisation exercise is an interesting area of future work. 

 

Figure 5.17. Predicted NPV, on the left y-axis, and calculated LCOE, on the right y-axis, of the 

proposed EMS with three thermal tanks and two ORC systems for all the four cases of 

discharging duration (i.e., A, B, C, and D) and two discharges per day. The figure presents 

results assuming UK wholesale electricity prices in year 2021 and two 1-h charges per day at 

the minimum electricity price. 

The best projected LCOE when considering 2021 decreases to 159 £/MWh when doubling the 

total amount of generated electricity, i.e., 100 GWhel/year, by having two 1-h charge and 8-h 

discharge cycles per day (Case D), and the NPV increases to -48.6 £/MWh with one 1-h charge 

and 8-h discharge cycle per day (Case D). 

5.5.5. Assessment of different electricity price scenarios 

The electricity market is volatile, and prices can rapidly change on an hourly, daily and longer-term 

basis (e.g., the trend of the UK wholesale electricity market). Therefore, different electricity price 
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scenarios are considered here, to evaluate the potential future profitability of the EMS system. The 

considered pricing scenarios are summarised in Table 5.11. These scenarios can also be applied for 

different electricity markets in the world that have relatively similar capacity payments to the UK’s. 

Table 5.11. Considered pricing scenarios for sensitivity analysis of the proposed EMS solutions. 

Scenario 

number 

Off-peak 

price 

decrease* 

Charging prices 

(£/MWh) 
Peak 

price 

increase* 

Discharging prices (£/MWh) 

𝐸𝑃̅̅ ̅̅ 1,Ch 𝐸𝑃̅̅ ̅̅ 2,Ch 𝐸𝑃̅̅ ̅̅ 1,Dch 𝐸𝑃̅̅ ̅̅ 2,Dch 𝐸𝑃̅̅ ̅̅ 4,Dch 𝐸𝑃̅̅ ̅̅ 8,Dch 𝐸𝑃̅̅ ̅̅ 16,Dch 

1 10% 27.2 27.7 50% 94.5 90.9 85.6 79.2 71.2 

2 25% 22.6 23.1 100% 126 121 114 106 94.9 

3 50% 15.1 15.4 150% 158 151 143 117 118 

4 75% 7.5 7.7 200% 189 182 171 158 142 

* Relative to the prices in 2019 in Table 5.8, and considered in Sections 5.5.1 to 5.5.4. 

 

Figure 5.18 shows the predicted NPV, on the left y-axis and the calculated LCOE, on the right y-

axis, of the EMS at the four proposed electricity price scenarios. The economic evaluation is 

performed for all discharging cases (i.e., Cases A, B, C, and D), and for both a single 

charging/discharging cycle and two charging/discharging cycles per day. Therefore, results 

relating to 32 combinations of discharging cases and price scenarios are summarised in this figure. 

 

Figure 5.18. Predicted NPV, on the left y-axis, and calculated LCOE, on the right y-axis, of the 

EMS for the proposed price increase scenarios. The presented results are obtained considering 

all four discharging duration cases (i.e., Cases A, B, C, and D) and the two charging options 

(i.e., one 1-h charge and two 1-h charges) per day. 
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The LCOE drops significantly when a complete charging/discharging cycle is performed twice 

per day, as a result of doubling the amount of electricity generated at peak demand periods. 

Moreover, the LCOE of each case declines slightly from price Scenario 1 to Scenario 4, due to 

the lower average charging costs (which are the lowest for Scenario 4). The lowest LCOE 

corresponds to a discharging of 16-h a day (i.e., two 8-h discharge cycles per day) at price 

Scenario 4. This relatively low LCOE is achieved as the capital costs of the ORC systems and 

the charging costs are at their lowest amongst the cases considered here. As can be seen, many 

the combinations are associated with negative NPVs even with the increased selling price at 

peak demand, but 13 combinations provide positive NPV, at longer discharge durations and 

with two charge/discharge cycles per day. In general, these results suggest that a positive NPV 

can result when the average peak and off-peak electricity price variations are at least double 

those that occurred in the UK market in 2019, and with TES charge/discharge cycles are 

performed more than once per day with a discharge duration to the ORC plants longer than 2 h. 

Of importance and with important implications for the future, is the fact that recent electricity 

price data in the UK are now approaching this limit. 

Electricity market price variations during the day are key factors for the profitability of the 

proposed EMS solutions. Therefore, the breakeven discharging prices, at different TES 

charging prices, to obtain NPV equal to zero, are presented in Figure 5.19. The minimum 

average electricity price for all cases and for four different average off-peak prices (AOP) are 

compared. In every case, the minimum peak price decreases as the AOP declines from 20 to 

5 £/MWh. Moreover, the required minimum peak price reduces significantly as the discharging 

cycle is performed twice a day, especially in Case A and Case B. Taking Case B with two full 

charges a day and with an AOP of 5 £/MWh, the EMS could be profitable if the averaged peak 

prices (for 4 h a day) are above 99.2 £/MWh. In conclusion, the flexible nuclear plant 

configuration with EMS could be a profitable option in a highly fluctuating electricity market 

with a large difference between off-peak and peak electricity prices. 
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Figure 5.19. Minimum average electricity peak price at discharging, on the left y-axis, and 

resulting LCOE, on the right y-axis, for different AOP prices to obtain NPV of the investment 

equal to 0 for the proposed Cases (A to D) and 1 or 2 full TES charging/discharging per day. 

5.5.6. Updated profitability analysis based on 2022 electricity prices 

It is concluded from the profitability analysis performed in Sections 5.5.4 and 5.5.5 that the 

profitability of the EMS is highly dependent on off-peak and peak prices. Therefore, the study 

was updated based on 2022 (until May 2022) electricity prices which were much higher than 

2019 prices (i.e., check Table 5.8 for prices) due to the increase of natural gas prices cause by the 

Ukraine-Russia conflict. To clearly understand the effect of electricity prices in the profitability 

of the EMS, profitability curves based on peak and off-peak prices were generated, which are 

presented in Figure 5.20. Four profitability curves representing the four analysed cases (Case A, 

B, C, and D) and assuming two charge/discharge cycles per day are illustrated in Figure 5.20 

The profitability curves were generated based on the difference between the peak and off-peak 

prices (peak - off-peak) against the ratio between the off-peak and peak prices (off-peak/peak). 

The left and top side of each curve means that profits can be made (positive NPV) while the 

right/bottom side of the curves corresponds to negative NPVs (loss). The dots in Figure 5.20 

corresponds to the status of profitability (NPV) based in 2019 prices (squared dots) and 2022 

prices (pentagram dots). For both years and all cases, the projected NPVs are in the negative 

side of the curve meaning that investment in the EMS will not be profitable. Although 2022 

electricity prices are much higher than 2019 prices (about 330% higher), the ratio between the 
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off-peak and peak prices are almost the same. From 2019 to 2022 the peak/off-peak electricity 

price difference increased by 4.3 times and is now ~100 £/MWh). Such increase is still not 

sufficient to have a profitable EMS. For example, with an off-peak/peak price ratio of 0.4, 

Case A can be profitable if the peak/off-peak price difference is higher than 300 £/MWh, 

where for Cases B, C and D, the price difference has to be higher than 250 £/MWh, 

100 £/MWh and 75 £/MWh, respectively. The closes point to the profitability curves is 

observed for Case C (4-h discharge) with two charge/discharge cycles per day.  

 

Figure 5.20. Profitability curves of the EMS generated based on the difference between peak and 

off-peak electricity prices (i.e., peak – off-peak), y-axis, and the ratio between off-peak and peak 

electricity prices (i.e., off-peak / peak), in x-axis, of the four discharging duration cases (Cases A, B, 

C, and D) and for two charge/discharge cycles per day. The squared dots represent calculated price 

ratios and differences based on 2019 electricity prices while the pentagram dots are for 2022 prices. 

5.6. Summary and conclusions 

An energy management system (EMS) for the flexible operation of power plants based on 

generation-integrated thermal energy storage (TES) has been proposed and applied to an 

existing 670 MWel Rankine-cycle nuclear power plant (advanced gas-cooled reactor) operated 

by EdF as a case study. The options of steam extraction before the reheater and/or before the 

low-pressure turbine (LPT) of the power plant during off-peak demand have been investigated. 
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In this EMS, steam is extracted from the power plant during off-peak demand for the charging of 

the TES, and at a later time when this is economically favourable these tanks act as the heat 

sources of secondary thermal power, in particular as evaporators of organic Rankine cycle (ORC) 

systems that are suitable for extra power generation. As discussed in previous studies in the 

literature, such as in Ref. [87] and Ref. [88], this type of solution offers greater flexibility than 

TES-only solutions that store thermal energy and then release this back to the base power plant, 

in that it allows both derating but also an over-generation compared to the base power plant rating. 

In such a scheme, the EMS would be required to optimise the derating of such power plants for 

the charging of the thermal tanks during off-peak demand periods and to control the discharging 

of the tanks for electricity generation from the secondary plants during the peak-demand periods. 

It has been found that when charging the PCM-TES tanks during off-peak demand in a proposed 

scheme with three TES tanks, a maximum plant derating of 40% can be achieved, i.e., down to 

406 MWel. At peak demand, when discharging the PCM-TES tanks, the thermodynamic analysis 

has suggested that a maximum combined power of 822 MWel can be delivered, which includes 

the 670 MWel generated by the nuclear power plant and an additional 152 MWel from two 

secondary generation ORC plants. This is 23% higher than the nuclear plant’s full-load rating. 

The options of lower ORC plant sizes with corresponding longer operating time have been also 

considered, keeping constant the TES capacity and hence the delivered excess electricity from 

the ORC systems, but with lower investment costs due to smaller size. 

The economic profitability of the proposed integrated storage system has been 

analysed considering UK hourly prices in the wholesale electricity market during the years 

2019 and 2021. It was concluded that profitability of the flexible power plant configuration, 

defined as a positive net present value (NPV) relative to the business as usual (BAU) 

operation, can be achieved if: (i) the average peak and off-peak electricity price variations 

are at least double those that occurred in the UK market in 2019; and (ii) TES discharge 

duration to the ORC plants is longer than 2 h or the TES charge/discharge cycle is performed 

more than once a day. Moreover, an investment cost for the case of one 1-h charge and one 

1-h discharge per day was estimated at £199M (~$249M) with a total generated electricity of 

50 GWh per year, and a LCOE of 401 £/MWh (~501 $/MWh) was obtained based on 2019 

electricity prices. However, the investment cost drops to around £48M (~$60M) if 

discharging is performed for longer durations (i.e., 8-h discharge), which reduces the size of 
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ORC systems. Furthermore, the projected LCOE also decreases to 95 £/MWh (~119 $/MWh) 

when doubling the total amount of generated electricity, i.e., 100 GWh/year, by having two 

charge/discharge cycles per day. When considering the UK electricity prices in 2021, single 

1-h charge/discharge cycles per day lead to a LCOE of 463 £/MWh (~579 $/MWh), which 

decreases to 159 £/MWh (~199 $/MWh) when doubling the total generated electricity 

(100 GWh/year) by employing two daily 8-h TES charge/discharge cycles. 

Finally, it was demonstrated that the economics of the EMS, especially in terms of the NPV, 

are determined by: (i) the size of the ORC plants (smaller sizes means lower costs but higher 

discharging duration); (ii) the number of charge/discharge cycles per day; and (iii) the ratio 

and difference between off-peak and peak electricity prices. It can be also concluded that 

flexible operation of AGRs can be profitable if the UK’s off-peak/peak electricity price ratio 

decreases slightly, about 15% relative to levels observed over the period 2019-2022, and the 

peak/off-peak price difference increases to ~200 £/MWh (~250 $/MWh), and these conditions 

are set for Case C (4-h discharge) with two TES charge/discharge cycles per day. The main 

conclusion highlights the need to identify the optimum (TES and ORC) system design and 

sizing, as well as the optimum duration of the TES charge/discharge cycles, and the optimum 

frequency of the cycles that yield the highest NPV for given electricity prices.  

The case study presented in this chapter provides a satisfactory answer to Research Question 2 

and adequately fills the Research Gap 2 that are identified and listed in Section 2.8. Future work 

recommendations related to the presented study in this chapter are discussed in Section 8.3. 
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Chapter 6   

Nuclear flexibility and whole-energy system 

benefits  

6.1. Introduction 

Decarbonisation of the electricity system will require a range of technologies to provide flexibility 

in the context of grid support, balancing, security of supply and integration of variable renewables 

[226]. These technologies will include various forms of energy storage, demand-side response, 

expansion of interconnection capacity and more flexible generation technologies, as well as a 

number of cross-vector flexibility options such as TES and power-to-X. A number of studies have 

shown that flexibility becomes increasingly important as carbon emissions targets for the 

electricity sector are reduced and therefore the provision of flexibility will become particularly 

critical in achieving net-zero carbon or net-negative carbon electricity supply [227]. Nuclear power 

plants with enhanced flexibility (i.e., combined with thermal energy storage (TES) and secondary 

power generation cycle systems) could be a valid option of the net-zero carbon or net-negative 

carbon electricity supply mix, especially with the increasing penetration of renewables. 

Energy technologies linking heat and power will play a key role in the integration between the 

heating/cooling and electricity networks, and therefore recent research has focused on the optimal 

design and operation of combined heat and power (CHP) systems, centralised heat pumps and TES 

options for district heating [228]. It has been shown in Ref. [229] that a cost-efficient supply of 

heat in a local district heating system may require a significantly higher volume of TES to manage 

local grid constraints and support the integration of high penetration of variable renewables. 

To adequately quantify the role of flexible solutions in future low-carbon electricity systems, it is 

critical to model these systems with sufficient spatial-temporal resolution using a holistic system 

approach. The approach to system valuation of flexible nuclear configurations used in this chapter 

is based on an extension of the whole-system modelling approach presented in Ref. [182].  
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In this chapter, a novel approach to configuring flexible nuclear power plants and quantifying 

their system value in low-carbon electricity systems is proposed. Specifically, the main novel 

contributions of the study discussed in this chapter include: 

• A technology-rich approach to configuring the design of and operating a selected flexible 

nuclear power station based on detailed thermodynamic modelling of various individual 

plant components (secondary Rankine power cycle systems, generators, turbines, PCM-

based TES tanks, feed pumps, condensers, feedwater heaters, etc.) and including 

consideration of part-load operation conditions during the charge of the TES system.  

• The design of novel modular units combining PCM-based TES systems and secondary steam 

Rankine cycle power systems, aiming for a more feasible installation procedure and potentially 

lower costs of the main components of such an integrated system. 

• Optimisation of the thermodynamic performance of the proposed flexible nuclear plant 

configuration by determining efficient choices for a variety of technical parameters including 

the choice of suitable PCMs.  

• Development of a high-fidelity model of the resulting flexible nuclear power plant within a 

high-resolution power system model that minimises the total investment and operation cost 

for generation and storage assets in the system; representation of flexible nuclear includes 

an explicit consideration of different plant components including TES, steam generator and 

primary and secondary generation cycles. 

• Quantification of the system value offered by the enhanced flexibility of such nuclear plants, 

considering a range of scenarios characterised by decarbonised electricity supply and a high 

share of variable renewable generation. 

The study covered in this chapter starts with describing the designed flexible nuclear power 

plant in Section 6.2. The power generation cycle systems model inputs and the design of the 

conceptual TES as well as the main assumptions used in this study are presented in Section 6.3. 

The whole energy system model assumption and the proposed scenarios are discussed in 

Section 6.4. Sections 6.5 to 6.7 present and discuss the thermodynamic performance of the 

designed flexible nuclear power plant. The performance and the operation of the flexible 

nuclear power plant, from the whole electricity system perspective, are presented and discussed 

in Sections 6.8 to 6.10. Finally, the key findings and conclusions are summarised in 

Section 6.11. It should be noted that the presented study in this chapter has been already 
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published as a journal article, which can be found in Ref.[230] Note that all the costs and prices 

are presented in GBP (£) since the case study presented in this chapter is for the UK. The 

assumed GBP/USD and GBP/EUR exchange rates were 0.80 and 0.85, respectively. 

6.2. Description of power plant configuration 

The layout of the proposed nuclear power plant, illustrated in Figure 6.1, consists of: 

1) A nuclear power island that includes a pressurised water reactor (PWR) and a steam 

generator (SG), which generates steam utilising nuclear thermal power. 

2) A primary steam Rankine cycle (PSRC) system that contains high-pressure turbines (HPT), 

low-pressure turbines (LPT), a reheater (RH), a condenser, electric generators, six closed 

feedwater heaters (CFWH), throttling valves, control valves, a condensate pump, a feed 

pump and a deaerator. 

3) TES units, indicated as TES-1 and TES-2 in Figure 6.1. TES-1 unit is proposed to have two 

PCM tanks (PCM-1 and PCM-2) connected in series. PCM-1 tank is charged using higher 

temperature steam flowing out from the steam generator, while PCM-2 tank is charged using 

steam flowing out from PCM-1 tank. Similarly, TES-2 unit has two PCM tanks (PCM-3 and 

PCM-4), also connected in series. However, TES-2 tanks are charged by lower temperature 

steam that is extracted after the HPT and before the reheater, as shown in Figure 6.1. 

4) Two secondary steam Rankine cycle (SSRC-1 and SSRC-2) systems. System SSRC-1 is 

operated by discharging the heat stored in TES-1 tanks while system SSRC-2 is operated by 

utilising the stored heat in TES-2 tanks. 

In this study, the reactor is assumed to continuously operate at full rated thermal power 

whenever it is possible to avoid power disturbance in the reactor and to maximise the economic 

benefits of investing in such a capital-intensive energy source. In this context, most load 

following operations are achieved by controlling: (i) the amount of steam flowing from the 

steam generator to the PSRC system; (ii) the amount of steam directed to both TES units (i.e., 

charging mode); and (iii) the operation of both SSRC systems (i.e., discharging mode).  

During nominal (full-load) operation mode, the generated steam in the SG flows to the PSRC 

system and no steam is directed to the TES units as the TES system control valves (i.e., 

located before PCM-1 and PCM-3 tanks) are closed. The TES system charging process is 

performed at times of low electricity demand (i.e., part-load operation mode) by opening the 
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TES system valves and allowing some amount of the generated steam to flow into the PCM 

tanks for heat deposition. The opening of TES valves reduces the mass flowrate of steam 

flowing to the PSRC system (i.e., to the HPT, reheater and LPT) due to constant steam 

generation in the SG. This operation method allows operating the PSRC system at reduced 

power output while running the reactor at full rated thermal power output (i.e., steady steam 

outlet condition from the SG). The stored heat in the TES system is assumed to be discharged 

to generate extra electrical power through the operation of the SSRC systems during periods 

of high demand (i.e., peak electricity prices). The use of SSRC systems is to have the ability 

to generate extra power during high electricity prices, thus, higher revenues. 

 

Figure 6.1. Layout of the proposed nuclear power plant coupled with PCM tanks as TES units 

and secondary power Rankine cycles (SSRCs) systems. Black lines indicate flow streams 

during nominal operation, red lines indicate thermal energy charging flow streams, and green 

lines indicate thermal energy discharging flow streams. 
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6.3. Power generation cycle system and TES system models inputs 

6.3.1. Nuclear reactor and primary steam Rankine cycle inputs  

The selected nuclear reactor design is the European pressurised reactor (EPR), which is a PWR 

that generates 4520 MWth of thermal power using nuclear fission [114]. Although there is a 

wide range of reactor types and designs, the EPR is chosen in this study as it is currently under 

construction in the UK at Hinkley Point C and is also the choice for the potential future 

construction of Sizewell C [111]. It is expected that EPR design has a higher potential than 

other reactor designs to replace the current fleet of AGRs in the UK due to the experience gained 

from constructing current EPRs. Table 6.1 summarises the main EPR operating parameters that 

are considered in the PSRC system model, which is explained in detail in the next section. 

Table 6.1. Main operation parameters of the EPR. 

Parameter Value Reference 

Reactor thermal power (MWth) 4520 [114] 

Feedwater temperature (°C) 230 [115] 

Feedwater pressure (kPa) 8300 [116] 

Steam generator mass flowrate (kg/s) 2553 [115] 

Steam generator outlet temperature (°C) 293 [116] 

Steam generator outlet pressure (kPa) 7800 [116] 

 

6.3.1.1. Full-load operation 

The full-load (nominal load) operation of the PSRC system model was formulated using the 

operation parameters and assumptions listed in Table 6.2. Full-load operation of the PSRC 

system means that no steam is directed to the TES units and all nuclear thermal power is utilised 

for electrical power generation from the PSRC generators. The PSRC parameters at full load 

such as steam condition at the steam generator outlet, turbine power output, needed pump 

power, net PSRC system power output, PSRC efficiency, etc. were calculated using the listed 

set of equations in Sections 3.1 and 3.4.1 in the methodology chapter (Chapter 3). 
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Table 6.2. Primary steam Rankine cycle assumptions and parameters at nominal power. 

Parameter Value Reference 

Average HPT design isentropic efficiency (%) 87 [231] 

Average LPT design isentropic efficiency (%) 87 [231] 

Condenser pressure (kPa) 10 [88] 

Pump isentropic efficiency (%) 85 [231] 

Generator mechanical efficiency (%) 98 [232] 

Pressure loss in the reheater (kPa) 300 - 

Hot stream outlet steam quality in CFWHs (-)  0 - 

 

One method of obtaining the operating conditions of other PSRC system parameters such as 

the turbine side extraction pressures and flowrates, steam that flows from the steam generator 

to the reheater, etc., is to set up an optimisation model with an objective function that maximises 

the net cycle efficiency as in Equation (6.1). The PSRC system efficiency optimisation tasks 

were solved using MATLAB’s interior point algorithm fmincon [108]. This algorithm identifies 

multiple local minima over a range of initial conditions in order to find the global minimum. 

 
max{𝜂PSRC} 

�̇�RH(1,2,3), 𝑃HPT,SE(1,2), 𝑃HPT,out, 𝑃LPT,SE(1,2,3,4), �̇�HPT,SE(1,2), �̇�LPT,SE(1,2,3,4)
 (6.1) 

 𝜂PSRC =
�̇�net

�̇�SG
 (6.2) 

where 𝜂PSRC is the PSRC efficiency, �̇�RH (1,2,3) the mass flowrates of steam flowing to the 

reheater, 𝑃HPT,SE(1,2) the HPT side extractions pressures, 𝑃HPT,out the HPT main outlet pressure, 

𝑃LPT,SE(1,2,3,4) the LPT side extractions pressures, �̇�HPT,SE(1,2) the steam mass flowrates from 

the HPT side extractions to high-pressure CFWHs, and �̇�LPT,SE(1,2,3,4) the steam mass flowrates 

from the LPT side extractions to low-pressure CFWHs. 

The optimisation variables, expressed in Equation (6.1), includes determination of the HPT and 

LPT side extractions (i.e., bleeds) pressures and mass flowrates that give the maximum cycle 

thermal efficiency at nominal power load. The objective function was formulated to solve the 

numerical quasi steady PSRC system model while satisfying a set of non-linear constraints 

listed in Equations (6.3)-(6.8): 

 ∆𝑇pp,CFWH
in ≥ 5 °C (6.3) 

 ∆𝑇pp,CFWH
out ≥ 5 °C (6.4) 
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 𝑥HL,CFWH
out ≤ 0 (6.5) 

 𝑃TV
out = 𝑃HL,CFWH

in  (6.6) 

 𝑥P
in ≤ 0 (6.7) 

 𝑇RH
out ≥ 287 °C (6.8) 

where ∆𝑇pp,CFWH
in  and ∆𝑇pp,CFWH

out  are the inlet and outlet pinch-point temperature difference 

of all CFWHs, 𝑥HL,CFWH
out  the CFWH hot-leg outlet steam quality, 𝑃TV

out the throttling valve 

outlet pressure, 𝑃HL,CFWH
in  the CFWH hot-leg inlet steam pressure, 𝑥P

in the inlet steam quality 

of all pumps, and 𝑇RH
out the reheater outlet temperature.  

The constraints related to the pinch-point temperature differences in the CFWHs were set to 

allow for more effective heat transfer rates between the hot and the cold streams during nominal 

and part-load operation modes while achieving reasonable sizes (i.e., costs) of heat exchangers. 

The CFWH hot-leg outlet steam quality constraint, Equation (6.5), was set to maximise the 

amount of heat transferred from the turbine side extraction steam to the feedwater through a 

full condensation of steam, leading to higher cycle thermal efficiencies. The pressure equality 

constraint, Equation (6.6), was to ensure that both CFWH inlets (i.e., from the turbine side 

extraction and from the throttling valve) have the same pressure. The pump inlet steam quality 

constraint was necessary to ensure that the steam entering the pumps is either saturated or 

subcooled liquid to avoid damaging the pumps. Lastly, the reheater steam temperature 

constraint was implemented to achieve higher cycle thermal efficiencies.  

6.3.1.2. Part-load operation (charging mode) 

The part-load PSRC system model was constructed by considering the off-design turbine 

efficiency correlation (Equation (3.85) of Section 3.4.2) for both, the HPT and the LPT. It was 

assumed that the shaft speed is constant for all loads as the shaft is connected to a power grid with 

fixed frequency, typically 50 Hz in the UK [149]. In this study, the multiple stages between the 

turbine inlet and the next side extraction, or between two side extractions or between the last side 

extraction and the main turbine outlet, are considered as one turbine stage. Therefore, the HPT 

turbine and the LPT were assumed to consist of 3 and 5 stages, respectively.  
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The part-load PSRC system model also considered the change of steam pressure at the inlet and 

the outlet of each stage due to steam mass flowrate and temperature variations inside the turbine 

during part-load operation. To calculate the turbine inlet, outlet, and side extractions pressure, 

the following Stodola’s ellipse law (Equation (3.86) of Section 3.4.2) was applied. 

The part-load cycle efficiency expression and the adjusted optimisation objective function are: 

 𝜂PSRC
PL =

�̇�net

�̇�SG − �̇�TES
 (6.9) 

 
max{𝜂PSRC

PL } 
�̇�RH(1,2,3), �̇�HPT,SE(1,2), �̇�LPT,SE(1,2,3,4), �̇�TES−1, �̇�TES−2

 (6.10) 

where �̇�TES is the total amount of thermal power available for storage, �̇�TES−1 the steam mass 

flowrate flowing to TES-1, and �̇�TES−2 the steam mass flowrate directed to TES-2. 

The optimisation variables that are expressed in Equation (6.10) include the HPT and LPT side 

extractions mass flowrates. This means that these variables are optimised for each power load in 

order to achieve the maximum possible cycle efficiency at part loads. It is assumed that these side 

extraction mass flowrates are achieved by the operation of control valves (i.e., usually located 

between the side extraction points and feedwater heaters) during load following operations. 

The optimisation problem was solved using the same optimisation algorithm as in 

Section 6.3.1.1 and satisfying the constraints listed in Equations (6.3)-(6.8) as well as the 

following additional constraint that was set to limit the amount of diverted steam from the PSRC 

system (i.e., before and after the HPT) to the TES system during the charging mode, which 

reduces the overall impact on the performance of both turbines during off-design conditions: 

 �̇�TES−1 = �̇�TES−2 (6.11) 

where �̇�TES−1 and �̇�TES−2 are the amount of thermal power available for storage in TES-1 

(PCM-1 and PCM-2 tanks) and in TES-2 (PCM-3 and PCM-4 tanks), respectively. 

It should be noted that the SG inlet temperature is assumed to be maintained at 230 °C during 

the charging process of the TES systems. The temperature of steam exiting PCM-2 and PCM-

4 tanks is expected to vary during the TES charging process, but these temperature variations 

are controlled in the feedwater heating system (i.e., the CFWHs and the deaerator). This can be 

seen in Figure 6.1 where steam outflowing from the TES-1 system is directed to the cold-leg 
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inlet of the first high-pressure CFWH and steam exiting the TES-2 system is connected to the 

deaerator, which also operates as an open feedwater heater. The temperature control in the 

feedwater heating system is achieved by adjusting the amount (i.e., the mass flowrate) of steam 

flowing from the turbine side extractions. This affects the amount of heat transferred to the 

feedwater in the CFWHs and thus the feedwater temperature. 

6.3.2. Conceptual design of modular TES tanks and secondary steam Rankine 

cycle units 

A conceptual modular TES-SSRC design is proposed in this study. The modular TES-SSRC 

unit is designed to contain four components attached to the PSRC system. These components 

are system TES-1 (PCM-1 and PCM-2 tanks), system SSRC-1, system TES-2 (PCM-3 and 

PCM-4 tanks), and system SSRC-2 as illustrated in the top side of Figure 6.1. The reasons 

behind proposing modular TES-SSRC units are: 

• The potential of capital cost and production time reduction when fabricating the same 

component for multiple times (i.e., mass production) [233]. 

• The ability of adding extra modules if larger heat storage capacity is required in the future. 

• The capability of placing the modular units in different locations around the nuclear reactor. 

The size of the modular TES-SSRC unit was determined by the amount of thermal power 

available for storage and the TES charging/discharging duration. One modular TES-SSRC unit 

was sized based on the following assumptions: 

• The storage capacities of TES-1 and TES-2 were determined by calculating the amount of 

heat available for storage when the PSRC power output is reduced by a scale of 10% of the 

nominal load for 1 h. For example, if the PSRC system is operating at 50% of its nominal 

power for 1 h, 5 modular TES units can be fully charged at the end of that hour. 

• Both systems (SSRC-1 and SSRC-2) were sized to fully discharge TES-1 and TES-2 in 1 h, 

which was selected based on the assumption of running the whole-electricity system 

optimisation model with 1-h time resolution. 

6.3.3. Thermal energy storage system design and selection of phase change materials 

PCMs were selected due to their ability to charge and discharge thermal power at constant 

temperatures (melting temperature) [62]. The optimal type and design (i.e., shape, dimensions, 
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etc.) of the PCM tanks in the modular TES-SSRC system is not the focus of the study presented 

in this chapter. However, the selection of the PCM type was essential to determine the operation 

temperature range of SSRC-1 and SSRC-2 systems. Table 6.3 summarises the calculated inlet 

steam conditions and the assumed outlet steam conditions of TES-1 and TES-2 as well as the 

types of PCM that suit the temperature range of the charging steam (heat-source). Each PCM 

tank was designed with a specific material, depending on the charging steam temperature and 

the correspondent PCM melting temperature, to reduce, to some extent, the exergy losses 

caused by large temperature differences between the PCM and the steam in the 

charging/discharging processes. It should be emphasised that the size (i.e., volume) of the PCM 

tanks is expected to between 3000 m3 and 3500 m3 for each tank (i.e., calculated based on heat 

storage density of 46 kWhth/m
3 as in Chapter 5. Thus, sufficient land areas and spaces are 

required for the installation of these PCM tanks. 

Table 6.3. Thermal properties of PCM and steam conditions of the PCM tanks. 

Parameters TES-SSRC-1 TES-SSRC-2 

 

 

PCM-1 
[234–238]    

PCM-2 
[206,208,237–241]     

PCM-3 
[206,242,243]   

PCM-4 
[206,208,237–241]        

Material NaNO2 

53% KNO3+ 40% 

NaNO2+ 

7% NaNO3 

87% LiNO3+ 

13% NaCl 

53% KNO3+ 40% 

NaNO2+ 

7% NaNO3 

Melting temperature (°C)  282 142 208 142 

Latent heat of fusion (kJ/kg) 212 81.5 369 81.5 

Density (kg/m3) 2020, 1810* 2000, 1960* 2350, 1890* 2000, 1960* 

Specific heat capacity (kJ/kg K) 1.85, 1.60* 1.34, 1.56* 1.54, 1.56* 1.34, 1.56* 

Thermal conductivity (W/m K) 1.30, 0.50* 0.57, 0.42* 1.35, 0.63* 0.57, 0.42* 

Charging 

steam inlet 

condition 

Pressure (kPa) 7800 - 2390 - 

Temperature (°C) 293 - 221 - 

Quality (-) superheated - 0.88 - 

Mass flowrate (kg/s) 102 102 111 111 

Charging 

steam outlet 

conditions 

Pressure (kPa) - 7700 - 2290 

Temperature (°C) - 152 - 152 

Quality (-) - subcooled - subcooled 

Mass flowrate (kg/s) 102 102 111 111 

* First value is for the solid and the second for the liquid phase. 

 

Selection of the PCM type was based on a minimum of 10 °C temperature difference between 

the melting temperature of the PCM and the inlet/outlet steam condition in order to ensure 
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effective heat transfer rates between the flowing steam and the PCM. There are various types 

of PCMs such as: organic compounds (paraffin and non-paraffin compounds), inorganic 

compounds (salts, salt hydrate, and metallic), and eutectic which is a mixture of the previous 

types [244]. For a temperature range from 150 °C to 300 °C, salts and eutectic salts are good 

candidates because their melting temperature are within the specified range and also because 

their thermal conductivities (i.e., between 0.4 and 1.5 W/m K) are relatively higher than those 

of most organic latent-heat storage materials, which could be as low as 0.1 W/m K [234]. 

Therefore, NaNO2 was selected for PCM-1 tank (melting temperature of 282 °C, which is 11 °C 

below the steam inlet temperature, 293 °C) [234]. For PCM-2 tank, the selected material was 

salt mixture referred to as HITEC (composition: 53 wt.% KNO3 + 40 wt.% NaNO2 + 7 wt.% 

NaNO3) with a melting point of 142 °C, which is 10 °C below the minimum steam temperature 

in TES-1 [239]. In TES-2, the selected PCM for tank 3 was an eutectic salt that comprises of 

87 wt.% LiNO3 + 13 wt.% NaCl, with a melting temperature of 208 °C, since the maximum 

steam temperature is 221 °C, which is lower than the maximum steam temperature in TES-2 

[206]. For PCM-4 tank, the selected material was the same as in PCM-2 tank (i.e., HITEC). 

It was also conservatively assumed a 50 kPa of pressure loss on steam flow across each PCM tank 

to account for any frictional losses in the tank during charging and discharging process. The mass 

flowrate listed in Table 6.3 is the average mass flowrate calculated when the PSRC power level is 

reduced by a step of 10% of nominal power, e.g., from 100% to 90%, from 90% to 80%, etc. 

6.3.4. Design and operation of secondary steam Rankine cycle systems 

(discharging mode) 

Discharging of stored heat is performed through system SSRC-1 and system SSRC-2 that are 

coupled to TES-1 and TES-2, respectively. The temperature range of TES-2 is relatively low 

for steam Rankine cycles, which might not be a favourable option. However, it is still 

considered in this study since the size of the SSRC systems is expected to be greater than 

45 MWel. Similarly, as in the PSRC efficiency optimisation model, the main steam parameters 

of the SSRCs were optimised with a set of non-linear constraints to achieve maximum cycle 

efficiency. The optimisation objective function of each SSRC is as follows: 

 
max{𝜂SSRC} 

𝑃TES,in , �̇�RH , 𝑃HPT,SE(1,2), 𝑃HPT,out, 𝑃LPT,SE(1,2), �̇�HPT,SE(1,2), �̇�DE, �̇�LPT,SE(1,2)
 (6.12) 
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where 𝜂SSRC is the SSRC efficiency, 𝑃TES,in the TES inlet pressure, �̇�RH the steam mass 

flowrate directed to the reheater, �̇�DE the mass flowrate directed to the deaerator, and the other 

parameters are as defined in Equation (6.1). 

In addition to the constraints listed in Equations (6.3)-(6.8), the following constraints were 

applied in the SSRC optimisation model: 

 𝑇TES
in ≤ 𝑇m,PCM(2,4) − 10 °C (6.13) 

 𝑇TES
out ≤ 𝑇m,PCM(1,3) (6.14) 

 𝑥TES
out ≥ 1 (6.15) 

where 𝑇TES
in  is the steam temperature at the TES inlet, 𝑇m,PCM(2,4) the PCM melting temperature 

of PCM tank 2 or 4, 𝑇TES
out the steam outlet temperature from systems TES-a and TES-2 during 

the TES discharging phase, 𝑇m,PCM(1,3) the PCM melting temperature of PCM tank 1 or 3, and 

𝑥TES
out  the steam quality at the TES outlet. 

The constraint in Equation (6.13) is to ensure that the temperature differences between the 

steam and the PCM in the inlets of PCM-2 and PCM-4 tanks are sufficient for more effective 

heat transfer rates. The steam outlet temperatures from PCM-1 and PCM-3 tanks are also 

limited by the melting temperature of the selected materials as indicated in Equation (6.14). 

The PCM temperature could reach to higher temperatures than the melting temperature of the 

respective material as PCM tanks are charged with steam (heat-source) of higher temperatures 

(i.e., at least 10 °C higher than the melting temperature of the selected material). However, the 

average steam outlet temperature from PCM-1 and PCM-3 tanks during the discharging phase 

is expected, to a large extent, to be less or equal to the melting temperatures of the selected 

PCMs. The last constraint, Equation (6.15), was to ensure that the steam condition at the inlet 

of the turbine is at least saturated vapour to avoid damaging the turbines with very wet steam. 

Moreover, the model accounts for TES heat losses to the environment as well as the impact of 

steam conditions variation (i.e., temperature difference, mass flowrate, pressure, etc.) on the heat 

transfer rate between the PCM and the steam during charging and discharging modes [245]. 

Therefore, a charging heat-to-heat efficiency (𝜂TES,Ch) of 90% and a discharging heat-to-heat 

efficiency (𝜂TES,Dch) of 90% were assumed (i.e., round-trip efficiency of 81%). Other parameters 

and steam cycle assumptions are the same as for the PSRC system model, as listed in Table 6.2. 
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The SSRCs are assumed to operate at full-load conditions most of the time given that the share of 

each SSRC power output is expected to be only about 2-3% of the total peak power output (i.e., 

from PSRC and all SSRC systems). Hence, the aggregate SSRC power output can be modulated 

by switching individual SSRCs on or off when more or less power is required by the electricity 

grid. Also, the expected decrease in part-load thermal efficiency between SSRCs operating at 

100% and at 50% of nominal output is observed to be not greater than 5% (see Section 6.6 for 

more details). This effect of reduced part-load efficiency was not considered in the study as it is 

not expected to have a significant impact on the results. Nevertheless, a more accurate modelling 

of part-load efficiency variations of the SSRC systems should be addressed in future work. 

6.4. Whole-energy system modelling assumptions and scenarios 

6.4.1. Value of flexible nuclear units in low-carbon electricity systems 

System value of flexible nuclear generation in this chapter has been quantified as a whole 

system benefit from replacing a standard nuclear unit with a flexible alternative that also 

includes TES and SSRC generation. In the first step, the whole-system model (i.e., see 

Section 3.7 for model description and formulation) was run to minimise the total system cost 

and construct a series of counterfactual scenarios in which nuclear generation had no added 

flexibility features. In the second step, a series of model runs was performed with nuclear units 

being replaced with flexible nuclear configurations that included TES and SSRC generation. 

Any resulting reduction in total system cost (but not reflecting the cost of making the nuclear 

generation more flexible) was then interpreted as whole system benefit of flexible nuclear. 

Whole system benefit of flexible nuclear is a useful benchmark to compare against the estimated 

cost of this increased flexibility through TES and a secondary steam cycle. This comparison is 

provided in the results section (Sections 6.8 to 6.10), with the aim of identifying those electricity 

system features that result in a positive net benefit of flexible nuclear generation.  

As already mentioned in Section 3.7, the formulation and execution of the whole-electricity system 

investment model (WeSIM) and all system level results were conducted and generated by 

Dr. Marko Aunedi. The role of the Author of this thesis was to design the flexible nuclear power 

plant and to investigate the thermodynamics of the designed power plant during load-following 

modes. The generated results from the thermodynamic analysis (Sections 6.5 to 6.7) such as cycle 

thermal efficiency at different power loads, SSRC power output and TES system capacity were 
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used as inputs to the WeSIM, which led to generating results (Sections 6.8 to 6.10) that were 

analysed to assess the benefits of added nuclear flexibility from a whole-energy system perspective. 

6.4.2. Scenarios for flexible nuclear generation value assessment 

In order to examine the key drivers for the system value of flexible nuclear, a number of scenarios 

had been run for different inputs assumptions. Two generic systems had been assumed, North 

and South, both sized to approximately match the UK electricity system. Although the annual 

demand volume in both systems was the same, around 400 TWhel, the North system had a higher 

share of electrified heating demand then South, but a lower share of cooling demand. Also, in the 

North system it was assumed that onshore and offshore wind were available at relatively higher 

capacity factors (40% and 54%, respectively), while for solar PV the capacity factor was only 

14%. In contrast, in the South the assumed solar PV capacity factor was 24%, while wind capacity 

factors were lower than in the North (35% and 49% for onshore and offshore, respectively). In 

all case studies except one it was assumed that there is exactly one nuclear unit in the system, 

with the PSRC rating of 1610 MWel. This unit was assumed to be either conventional (in the 

counterfactual studies) or equipped with TES and SSRC units in the flexible studies. 

For each of the two systems (North and South) a series of scenarios was investigated, as listed in 

Table 6.4, by running both counterfactual and flexible nuclear studies. These scenarios (except 

Scenarios E1, E2 and E3) were proposed by Dr. Marko Aunedi. The purpose of these scenarios was 

to explore the impact of various assumptions on the system benefit of flexible nuclear, including 

the level of system carbon emissions, number of nuclear units in the system, variations in SSRC 

duration (ratio between TES size and maximum SSRC heat intake; default assumption was 1 h), 

uptake and cost of battery energy storage system (BESS) and demand side response (DSR), and the 

ability to invest in carbon offsets such as bioenergy with carbon capture and storage (BECCS). 

Table 6.4. List of system scenarios used for quantifying system benefits of flexible nuclear. 

ID Scenario description ID Scenario description 

A Net zero carbon system E2 SSRC duration of 2 h 

B Carbon intensity target of 25 gCO2/kWh E3 SSRC duration of 4 h 

C Carbon intensity target of 50 gCO2/kWh F Higher cost of BESS (50% higher than baseline) 

D 5 nuclear units instead of one G Low DSR uptake of 25% (vs. 50% in other cases) 

E1 SSRC duration of 0.5 h H No investment in carbon offsets (BECCS) 
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6.4.3. Cost and economic assumptions of the considered technologies 

The assumed capital costs (i.e., consists of pre-development and the construction costs) and the 

fixed and variable operation & maintenance costs of the considered power generation and 

electricity storage technologies that are implemented in the whole-electricity system investment 

model (WeSIM) are listed in Table 6.5. These costs were extracted from the electricity generation 

costs report that was published in 2020 by the UK Department for Business, Energy & Industrial 

Strategy [246]. Other economic assumptions including pre-development and construction times, 

lifetimes and discount rates for all considered technologies are also listed in Table 6.5. 

Table 6.5. List of cost and economic assumptions of the considered power generation and 

electricity storage technologies that are implemented in WeSIM [246]. 

Technology 
Lifetime 

(years) 

Const. 

cost* 

(£/kWel) 

Pre-dev. 

time 

(years) 

Const. 

time 

(years) 

Var. O&M 

cost 

(£/MWhel) 

Fixed O&M 

cost 

(£/kWel/year) 

Discount 

rate 

(%) 

Nuclear 60 4340 5 8 5 72.9 9 

CCGT 25 610 2 3 4 13.1 8 

OCGT 25 430 2 2 4 6.8 7 

Gas CCS 25 1310 2 3 5 22.3 7 

Biomass 25 3120 3 2 9 69.9 8 

BECCS 25 3190 3 4 4 146.2 9 

H2 CCGT 25 610 2 3 4 13.1 8 

H2 OCGT 25 430 2 2 4 6.8 7 

Onshore wind 25 1020 4 2 6 23.5 5 

Offshore wind 30 1230 5 2 3 24.5 6 

Solar PV 35 350 1 1 0 6.0 6 

Li-ion batteries (2 hr) 13 287 0 1 0 2.4 5 

* Construction costs comprises of pre-development costs and construction costs.  

 

6.5. Performance of primary steam Rankine cycle system at nominal load 

The main operating parameters of the PSRC system that result in maximum cycle efficiency at 

nominal power are listed in Table 6.6. The temperature-specific entropy (T-s) diagram illustrating 

the main thermodynamic processes of the PSRC is shown in Figure 6.2. The calculated steam 

generator outlet temperature is 294 °C at 7800 kPa, which represents a slightly superheated steam. 

The steam enters the HPT at the same conditions and expands to 2390 kPa, reheated to 289 °C in 

the reheater, and then continue expanding in the LPT to a condensing pressure of 10 kPa. The 
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calculated net electrical power is 1610 MWel, which is 1.2% less than the declared design net 

capacity of 1630 MWel of EPR [114]. Such difference is expected since the actual EPR steam cycle 

parameters and components might be different to what was assumed in this study. The obtained 

maximum heat-to-electricity efficiency of the PSRC system is 36%, which is equivalent to a heat 

rate of 10.1 GJ/MWhel. This efficiency is relatively high compared to other PWRs designs 

(an average of 33%) but it is achievable with recent improvements in component efficiencies [247]. 

 

Figure 6.2. Temperature-specific entropy, T-s, diagram showing the thermodynamic processes 

of the efficiency optimised PSRC system during nominal load operation. 

Table 6.6. Obtained PSRC steam parameters at nominal power. 

Parameter Value 

HPT main outlet pressure (kPa) 2390 

HPT main outlet temperature (°C) 221 

Reheater main inlet mass flowrate (kg/s) 1880 

Reheater outlet temperature (°C) 289 

LPT main outlet pressure (kPa) 10 

LPT main outlet mass flowrate (kg/s) 1370 

Condensate pump outlet pressure (kPa) 2390 

Net electrical power (MWel) 1610 

Cycle efficiency (%) 35.7 
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6.6. Performance of primary steam Rankine cycle system during part-load 

operation mode (charging mode) 

The nominal operating conditions (i.e., design isentropic efficiencies, mass flowrate, pressure, and 

temperature of both turbines) of the PSRC system are extracted to run the part-load PSRC system 

model. Figure 6.3 presents the maximum obtained cycle efficiencies, as defined in Equations (6.2) 

and (6.9), from 50% to 100% of nominal power (i.e., from 806 to 1610 MWel).  

 

Figure 6.3. Maximum PSRC system efficiency for electric loads from 50% to 100% of nominal 

power. Parameter (L) in the obtained best fit correlations is the PSRC system power load in %. 

The PSRC system efficiency ranges from 18% at 50% power load to 36% at 100% power load. The 

trend is linear since the rate of heat addition is constant for all power loads (i.e., reactor is operating 

at maximum thermal power level). However, the part-load PSRC system efficiency is higher for all 

loads, ranging from 34% at 50% power load to 36% at maximum load. The difference is less than 

2% and mainly due to the decrease of turbine isentropic efficiency at part-load operations. Moreover, 

best fit lines are constructed for both PSRC system efficiency indicators in order to allow estimating 

the PSRC system efficiency and the incremental heat rate required by the whole-system model. 

6.7. Performance of thermal energy storage and secondary steam Rankine 

cycle systems (discharging mode) 

The calculated average amount of stored heat in each TES-SSRC module is 390 MWhth (i.e., 

in all TES-1 and TES-2 tanks). This was calculated from charging thermal power of 217 MWth 
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lasting 1 h and the assumed 90% heat-to-heat charging efficiency for TES-1 and for TES-2. In 

this study, it is assumed that 5 TES-SSRC modules are installed. Therefore, the calculated total 

amount of stored heat in the 5 modules is 1950 MWhth. 

Results obtained from the efficiency optimisation model of systems SSRC-1 and SSRC-2 are 

summarised in Table 6.7. The temperature-specific entropy (T-s) diagrams illustrating the 

thermodynamic processes of systems SSRC-1 and SSRC-2 are presented in Figure 6.4(a) and 

Figure 6.4(b), respectively. The steam inlet temperature is 132 °C for both cycles. However, the 

boiling (i.e., saturation) steam pressure at the TES inlet is higher for system SSRC-1 since steam 

is boiled at a temperature of 272 °C, which is 10 °C below the melting temperature of PCM-1.  

 

Figure 6.4. Temperature-specific entropy, T-s, diagrams indicating the thermodynamic processes 

of the efficiency optimised SSRC systems. (a) is for system SSRC-1 and (b) is for system SSRC-2. 

For system SSRC-2, the maximum temperature is 208 °C and steam is boiled at 198 °C 

(saturation pressure of 1490 kPa). System SSRC-1 delivers 57.6 MWel of net electric power, 

resulting in a cycle efficiency of 30%, while system SSRC-2 generates 46.3 MWel of electric 

power at 24% of cycle efficiency. Although system SSRC-2 efficiency is relatively high, it 

operates at low pressure and temperature ranges that are not recommended for steam Rankine 

cycles. Thus, other working fluids such as organic fluid will be considered and compared with 

steam in future research. The total amount of electrical power from one TES-SSRC module 

is 104 MWel, which results in 520 MWel output if all 5 installed modules are simultaneously 

discharging at full rated power capacity. Hence, the maximum power output of the proposed 
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configuration is 2130 MWel (1610 MWel from the PSRC and 520 MWel from the SSRCs), 

which is 32% higher than the nominal PSRC system power output. The electricity-to-

electricity roundtrip efficiency, which is defined as the amount of electricity generated from 

all SSRC systems (520 MWhel) divided by the amount of electricity that could be generated 

from the PSRC system (805 MWhel) during the TES charging phase is 64%.  

Table 6.7. Main operating parameters of SSRC systems for 1 h discharging duration. 

Parameter SSRC-1 SSRC-2 

TES discharging thermal power (MWth) 195 195 

TES steam inlet temperature (°C) 132 132 

TES steam outlet temperature (°C) 282 208 

TES steam mass flowrate (kg/s) 77.2 77.5 

TES steam inlet pressure (kPa) 5680 1490 

Condensing pressure (kPa) 10 10 

Reheater outlet temperature (°C) 277 203 

Net electrical power (MWel) 57.6 46.3 

Cycle efficiency (%) 29.6 23.7 

 

6.8. Benefits of flexible nuclear in low-carbon electricity systems 

The results of whole system benefit assessment of flexible nuclear across the two systems 

considered in this study are shown in Figure 6.5 and Figure 6.6, for the North and South systems, 

respectively. The two systems are characterised by different shares of wind and solar PV 

generation and different seasonal demand variations. The system benefits represent annualised 

system cost savings across different scenarios, based on annualised values for asset investment 

costs and annual operating costs. For all cases, system benefits are broken down into various cost 

components, including generation investment, operating cost (OPEX), storage investment, 

electrolyser investment and hydrogen storage investment. Note that the system benefits are always 

expressed per one flexible nuclear unit (with a PSRC system size of 1610 MWel), so that in 

Scenario D with 5 flexible nuclear units the total system benefit was divided by 5 (other scenarios 

only assumed a single flexible nuclear unit). These benefits can be compared to the costs required 

to achieve the enhanced flexibility, i.e., the additional investment cost of TES-SSRC modules. 
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Figure 6.5. Whole system benefit of flexible nuclear across scenarios in the North system. Different 

components in stacked column charts represent changes in different system cost categories. Black 

dots represent total system benefits. The scenarios are described in Table 6.4 of Section 6.4.2. 

 

Figure 6.6. Whole system benefit of flexible nuclear across scenarios in the South system. Different 

components in stacked column charts represent changes in different system cost categories. Black 

dots represent total system benefits. The scenarios are described in Table 6.4 of Section 6.4.2. 

The key conclusions from the system benefit results are as follows: 

• System benefit of flexible nuclear generally consists of multiple components, indicating that 

the enhanced flexibility of nuclear plants can displace alternative flexibility options such as 
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battery and hydrogen storage with electrolysers, as well as the investment and operating cost 

of generation capacity. The compound benefit of nuclear flexibility can sometimes have 

negative components (e.g., the generation component) due to the reconfiguration of the rest 

of the generation mix and changes in its output, but those are more than offset by positive 

cost savings in other components. 

• The benefit increases with more stringent carbon emission targets, from £60.1-63.1M/yr (~$75.2-

78.9M/yr) with 50 gCO2/kWh to £67.4-74.3M/yr (~$84.3-92.9M/yr) for a net-zero carbon system. 

• System values observed in the North system tend to be slightly higher than in the South system 

if the TES-SSRC duration is 1 h. This can be explained by the higher PV and lower wind 

penetration in the South, and the need for longer-term flexibility (i.e., over multiple hours) to 

compensate for the variability of PV generation when compared to wind. For the same reason, a 

higher system value is observed in the South system with 4-h duration of the TES-SSRC unit. 

• System benefits diminish with a larger number of nuclear units, so that with 5 flexible units 

the benefit per one unit is only about a third of the benefit achieved by a single unit (but still 

providing higher aggregate benefit for all 5 units of flexible nuclear). 

• Increasing the power-to-energy ratio of SSRC generators for the same TES size results in 

significantly higher system benefits, and vice versa, but on the other hand also increases the 

cost of the flexible nuclear assets. 

• Increasing the cost of battery storage (BESS) results in a marginally higher benefit of 

flexible nuclear (£75.1M/yr (~$93.9M/yr) in the North and £69.9M/yr (~$87.4M/yr) in the 

South), while reducing the uptake of DSR does not appear to have a material impact on 

the system value of flexible nuclear. 

• Preventing the model to invest into BECCS carbon offsets tends to reduce the system value of 

flexible nuclear, which now has to compete with biomass and hydrogen generation in the 

counterfactual case, rather than with CCS and CCGT generation combined with carbon offsets. 

Figure 6.7 and Figure 6.8 show the comparison of system net benefits with an estimate of the 

investment cost of enhanced flexibility for the North and the South systems, respectively. 

Maroon squared dots in Figure 6.7 and Figure 6.8 represent the estimated cost values (i.e., 

investment costs of flexible nuclear) for each scenario, while black dots are for the total system 

benefit. The net system benefits are presented by the blue bars, which is the difference between 

the total system benefit and the estimated cost of flexibility. 
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Figure 6.7. Net system benefit of flexible nuclear across scenarios in the North system 

calculated using total system benefits and cost of added flexibility of nuclear plants (i.e., 

investment cost of flexible nuclear). The scenarios are described in Table 6.4 of Section 6.4.2. 

 

Figure 6.8. Net system benefit of flexible nuclear across scenarios in the South system 

calculated using total system benefits and cost of added flexibility of nuclear plants (i.e., 

investment cost of flexible nuclear). The scenarios are described in Table 6.4 of Section 6.4.2. 

The estimated cost values are calculated based on the average cost of TES of 25 £/kWhth 

(~31.3 $/kWhth) [55], and the cost of SSRC systems of 965 £/kWel (~1210 $/kWel) [121]. With 

these assumptions the annualised cost of added flexibility is estimated at £42.7M/yr 

(~$43.4M/yr) per one unit with the default duration assumption for the TES-SSRC component 

of 1 h. This cost increases to £81.5M/yr (~$101.9M/yr) for 0.5-h duration and drops to 
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£23.3M/yr (~$29.1M/yr) and £13.5M/yr (~$16.9M/yr) for 2-h and 4-h durations, respectively. 

At these cost estimates the flexibility upgrade appears to be cost-efficient (i.e., its benefits 

exceeding the cost) in all cases for both systems (i.e., North and South) except with 5 units 

added to the system instead of one. The highest net benefit (i.e., the difference between total 

benefit and cost) is observed in the net zero and high BESS cases, at £31.6-32.4M/yr (~$39.5-

40.5M/yr) in the North system and £24.7-27.3M/yr (~$30.9-34.1M/yr) in the South system. 

6.9. Impact of flexible nuclear on cost-optimal technology capacity mix  

The breakdown of installed power generation capacity by technology obtained from the whole-

system model for the North and South systems are shown in Figure 6.9 and Figure 6.10, 

respectively. In both figures, (a) represents the installed capacities for the baseline case 

(i.e., without flexible nuclear), while (b) corresponds to the changes of those capacities after 

replacing the conventional nuclear plant with a flexible one across all scenarios. Each colour in 

the stacked columns represents different power generation technology as shown in the right-

side legends of Figure 6.9 and Figure 6.10. 

The capacity mix of the North system (Figure 6.9(a)) is dominated by onshore and offshore wind 

due to their favourable economics, along with a sizeable volume of solar PV capacity. In the 

South system (Figure 6.10(a)) the main source of power is solar PV generation because of a 

higher capacity factor than in the North system. To help with cost-effective integration of variable 

renewable generation, in both North and South there is a significant volume of battery storage 

(between 75 and 112 GWel in Scenario A in North and South, respectively). Also, in both systems, 

with the exception of Scenario H, the generation portfolio includes about 30-35 GWel of gas 

CCGT generation capacity that is split between conventional CCGT and CCS plant in roughly 

similar proportions for net zero scenarios (A, D, F and G). In Scenarios B and C, the share of 

unabated CCGT generation increases due to a less restrictive carbon emission constraint. To meet 

the net zero carbon target, Scenarios A, D, F and G also include a relatively small amount (0.6-

1 GWel) of BECCS capacity that acts as carbon offset and compensates for any emissions from 

CCGT and gas CCS plants. In Scenario H, where BECCS is not allowed to be built, the model 

no longer adds any CCGT or gas CCS capacity (as it is not able to offset their carbon emissions), 

but rather increases the amount of wind, solar PV and battery storage capacity, also accompanied 

by extra biomass and hydrogen CCGT capacity to provide firm zero-carbon generation. 
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Figure 6.9. (a) Installed power capacity of conventional nuclear power with the other power 

generation technologies (i.e., baseline), and (b) changes in installed capacity with flexible 

nuclear in the North system for the considered scenarios that are described in Table 6.4 of 

Section 6.4.2. The results for Scenarios E1, E2 and E3 were obtained relative to Scenario A. 

 

Figure 6.10. (a) Installed power capacity of conventional nuclear power with the other power 

generation technologies (i.e., baseline), and (b) changes in installed capacity with flexible 

nuclear in the South system for the considered scenarios that are described in Table 6.4 of 

Section 6.4.2. The results for Scenarios E1, E2 and E3 were obtained relative to Scenario A. 
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Figure 6.9(b) and Figure 6.10(b) show how the cost-optimal capacity mix changes when the 

nuclear units in the system are made more flexible by adding TES and SSRC components. The 

increase of nuclear capacity (i.e., 520 MWel for most scenarios except for Scenarios D, E1, E2, 

and E3) in Figure 6.9(b) and Figure 6.10(b) is a result of replacing the conventional nuclear units 

(1610 MWel) with the added flexibility ones (2130 MWel). This increase is a predetermined 

choice and not optimised by WeSIM, as the intention of the analysis was to investigate the change 

of the installed power capacities of other technologies resulting from replacing conventional 

nuclear units with added flexible ones. The determination of the optimal flexible nuclear 

capacities is evaluated in a different research study covered in Ref. [248] 

Although there are many complex interactions in the impact of flexible nuclear on the technology 

mix, there is a general trend that making nuclear more flexible increases the capacity of wind 

and solar PV and to a smaller extent gas CCGT, while reducing the capacity of gas CCS, 

hydrogen CCGT and battery storage. This is driven by the increased flexibility of nuclear, which 

both increases the capability of the system to cost-effectively integrate variable renewables, and 

on the other hand reduces the requirements for other means of flexibility such as battery storage, 

or dispatchable low-carbon generation such as gas CCS or hydrogen CCGT. Note that the 

utilisation of flexible nuclear will inevitably lead to some energy losses due to storing and 

releasing heat from the TES system, which means that at an annual level more electricity needs 

to be generated, and the least-cost solution suggests this should be mostly done using renewables. 

In Scenario H, where BECCS is not allowed as an option, flexible nuclear reduces the need for 

producing hydrogen from electrolysis and using it in hydrogen CCGT generation. Some of the 

hydrogen generation is replaced by a slight increase in the capacity of biomass generation. 

Lower electricity requirements for electrolysis also lead to a net reduction in renewable 

generation capacity in that scenario as well as lower requirements for battery storage. 

6.10. Operation of a flexible nuclear power plant 

The utilisation of individual components of a flexible nuclear plant on an hourly basis are 

illustrated in Figure 6.11 and Figure 6.12. The example shown in Figure 6.11 represents a 

winter week in the North system, while the one shown in Figure 6.12 represents a summer week 

in the South system. Both figures include hourly profiles for SG heat output, power output from 

PSRC and SSRC systems, and net heat output from TES (difference between discharging and 
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charging). To help identify key drivers for the operating patterns of flexible nuclear, the chart 

also presents the level of net demand in the system, which is obtained as the difference between 

total system demand (before any DSR or battery storage actions) and total variable renewable 

output, which included onshore and offshore wind and solar PV generation. 

 

Figure 6.11. Hourly operation of flexible nuclear generation during a winter week in the North 

system. Net system demand represents the difference between system demand and total wind 

and solar PV output, and is plotted against the right-hand axis. 

 

Figure 6.12. Hourly operation of flexible nuclear generation during a summer week in the 

South system. Net system demand represents the difference between system demand and total 

wind and solar PV output, and is plotted against the right-hand axis. 
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As expected, the SSRC generation is activated only during periods of high net demand (i.e., during 

periods of low renewable output) when energy in the system is scarce, which in the example shown 

in Figure 6.11 occurs on the second and seventh day of the week. Note that SSRC generator is not 

always operating during high net demand conditions given that there are other forms of flexibility 

(DSR and battery storage) with time-varying availability that are also optimised by the model. Heat 

stored in TES units is replenished during periods of relatively lower net demand, which is observed 

at midday on Day 2, and around midnight and midday on Day 5. Also note that during Days 5 and 

6 the supply of renewable electricity is so abundant that it results in very low or even negative net 

demand. The SG output on those days is therefore adjusted downwards by 20% (corresponding to 

the lowest allowed operating point), and so is the PSRC system output, which is further reduced 

down to 50% of nominal output during those hours when heat is stored into TES units. 

In the South system during the summer (i.e., example shown in Figure 6.12), the net demand 

follows a regular pattern of being during the night and low or even negative during the day, due 

to high solar PV output in the South. Similar to the North system, the SSRC generators are 

activated during high demand periods, while the TES charging takes place when the net demand 

is low and there is excess electricity produced by solar PV generation. It is also observed that 

the thermal power output from the PSRC system is reduced by 20% during low demand periods 

around midday and further reduced to 50% of nominal power when charging the TES units. 

6.11. Summary and conclusions 

A combined thermoeconomic (i.e., thermodynamic and economic) analysis of an upgraded nuclear 

power plant coupled with thermal energy storage (TES) and secondary power generators was 

presented. The analysis also included a quantification of the benefits of operating such flexible 

nuclear power plants in a low-carbon electricity UK system, with results transferable to electricity 

infrastructure similar to that of the UK. The thermodynamic modelling and optimisation framework 

presented here allow for the identification of the optimal operating conditions of the primary power 

generation system during both nominal load and part-load operations, as well as for the determination 

of the technical design constraints of the proposed modular TES and secondary steam Rankine 

cycle (SSRC) units. Moreover, the whole-system electricity model enables a quantification of the 

system value of the enhanced flexibility that such nuclear plants can offer in the context of 

decarbonising the electricity supply with a high share of variable renewables. 
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The thermodynamic performance of the primary steam Rankine cycle (PSRC) system of the 

considered nuclear power plant (European pressurised reactor) was investigated during nominal load 

and part-load operation modes by taking in consideration the operation of steam turbines at off-

design conditions. Results revealed a maximum PSRC thermal efficiency at 100% power load of 

36%, which decreased to 34% at 50% power load while the TES charging process was performed, 

mainly due to the reduced turbine isentropic efficiencies at off-design conditions. Moreover, 

performance predictions showed that the proposed configuration of adding flexibility through the 

coupling with PCM-based TES and SSRC systems has the potential to increase overall power output 

during peak load by 32% (relative to the baseload nuclear plant’s nominal rated power) during full 

TES discharge mode, from 1610 MWel to 2130 MWel, with an overall electricity-to-electricity 

roundtrip efficiency of 64%, with the 520 MWel of additional peak power being generated by the 

five installed TES-SSRC modular units. The peak power output can be further increased in cases 

where additional TES-SSRC modules are installed (i.e., more than five) or when the SSRC 

generators are sized with a higher power-to-energy ratio utilising the current TES system capacity. 

The whole-system economic benefits of a such flexible nuclear plants were quantified by finding 

the reduction in the total system electrical infrastructure cost resulting from replacing conventional 

with flexible nuclear plants for several scenarios in the context of the UK’s national electricity 

system. Two generic systems were analysed: North and South (i.e., with different wind and solar 

PV capacity factors and seasonal demand variations), both sized to approximately match the UK’s 

electricity system with an annual generated electricity of 400 TWhel. Economic benefits of up to 

about £75M/yr (~$93.4M/yr) were identified in the majority of the analysed scenarios, which 

equates to almost £1bn (~$1.25bn) in capitalised benefits of flexibility over the lifetime of a single 

plant. Moreover, the highest net benefit (i.e., the difference between total benefit and the cost of 

added flexibility of £42.7M/yr (~$53.4M/yr) for 1-h TES discharge duration) was observed in the 

net zero and high BESS scenarios, at £31.6-32.4M/yr (~$39.5-40.5M/yr) in the North system and 

£24.7-27.3M/yr (~$30.9-34.1M/yr) in the South system. Nevertheless, the value was found to vary 

considerably with system characteristics such as the composition of the low-carbon generation 

mix, carbon target, level of flexibility, and plant parameters such as SSRC duration. This suggests 

that the value of this technology will be system-dependent, and that system characteristics should 

be adequately considered when evaluating the benefits of different flexible nuclear plant 

configurations and choosing the most cost-effective designs and operational characteristics. 
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The results obtained and the main conclusion drawn from the investigated case study in this 

chapter provides adequate answers to Research Questions 2 and 3 and adequately fills the 

identified Research Gaps 2 and 3 that are listed in Section 2.8. Future work recommendations 

related to the presented study in this chapter are discussed in Section 8.3. 
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Chapter 7   

Design and operation of a hybrid nuclear-solar 

power plant 

7.1. Introduction 

Nuclear power plants (NPPs) with load following capabilities are currently required in the 

energy mix due to the high penetration of renewables that compete with nuclear power in 

providing baseload demand [249]. However, it is not economically favourable to run nuclear 

reactors at power levels below the full rated thermal power since it takes longer times to 

have positive economic returns. Several studies proposed combining NPPs with renewables 

(i.e., solar thermal power or wind) to create a hybrid system that allows NPPs to operate at 

constant full rated thermal power. The hybrid systems manage to meet the fluctuating 

energy demand and utilise the excess thermal energy from the combined resources for other 

heat applications [21]. Therefore, the hybridisation concept has the potential of delivering 

flexible power with improved NPPs capital investment return. 

Solar energy, in the form of concentrated solar power (CSP), is rapidly growing technology 

due to its capabilities of providing high temperature thermal power. However, the main 

disadvantage of CSP plants is their high dependence on weather conditions, which can be 

tackled by using thermal energy storage (TES) systems that are capable to store excess heat 

for a period of time and then discharge the stored heat to generate power during low or no 

sunlight periods. Still, the storage period might not be sufficient to deliver electricity in severe 

conditions when there are no sun rays for several days (i.e., cloudy days) [22]. Therefore, it 

is important to investigate the options of increasing the availability and the capacity factors 

of CSP plants. One option to do that is to hybridise CSP plants with other power plants that 

have high availability factors such as biomass or nuclear [23,24,250,251].  

In this context, the study presented in this chapter evaluates the option of combining nuclear 

reactor with solar power and integrate them with a TES system to form a hybrid nuclear solar 
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power plant. The main objectives of the study are: (i) investigating the load following 

capabilities of a hybrid nuclear-solar power plant while operating the nuclear reactor at full 

rated thermal power; (ii) assessing the potential of reaching higher power cycle efficiency by 

the hybridisation concept; and (iii) finding the optimal TES system capacity and solar field 

size for a specific geographical location. Specifically, the main novel contributions of the 

study discussed in this chapter include: 

• A technology-rich approach and cost-based design optimisation of a hybrid nuclear-solar 

power plant based on detailed thermodynamic modelling of various individual plant 

components (solar field, generators, turbines, two-tank molten salt TES tanks, feed pumps, 

condensers, feedwater heaters, etc.) and including consideration of part-load operation 

conditions during load following modes.  

• Optimisation of the thermodynamic performance of the designed hybrid nuclear-solar power 

plant configuration at load following modes (part-load conditions).  

• Parametric optimisation that determines the most profitable solar field size and the TES 

system capacity for a selected geographical location.  

• Cost estimation of all hybrid nuclear-solar power plant components using dedicated and 

comprehensive costing methods. 

• Comparison of the anticipated thermodynamic and economic performances between a 

nuclear-only power plant and the designed hybrid nuclear-solar power plant. 

• Profitability assessments of nuclear-only and hybrid nuclear-solar power plants for a range 

of electricity prices and different economic assumptions.  

The study presented in this chapter firstly describes in Section 7.2, the layouts of the nuclear-

only and the hybrid nuclear-solar power plant. The model inputs, the main assumptions and 

the design optimisation procedure are presented in Section 7.3. The thermodynamic and the 

economic evaluations of nuclear-only and the designed hybrid power plants are presented in 

Sections 7.4 and 7.5, respectively. The sizing of the solar field and TES system capacity are 

discussed in Section 7.6, while the operation of the designed hybrid power plant is presented 

in Section 7.7. The thermo-economic comparison and the profitability assessment of for the 

two power plants are discussed in Sections 7.8 and 7.9. Finally, the key findings and 

conclusions of the study are summarised in Section 7.10.  
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7.2. Description of selected power plant configurations 

The two selected power plant configurations (nuclear-only and hybrid nuclear-solar) are described 

in Sections 7.2.1 and 7.2.2, respectively. Both configurations share the same nuclear island (i.e., 

SMR and steam generator) components. The selected SMR design in this study is NuScale, which 

is a PWR that generates 250 MWth of thermal power using nuclear fission [114]. Although there is 

a wide range of SMR types and designs, the NuScale design is chosen in this study as it represents 

the PWR group that have limits in terms of temperatures and thermal efficiencies, which can be 

improved by the hybridisation concept. Moreover, the thermal power generation capacity of 

NuScale is comparable to most CSP plants in terms of output thermal power. Also, NuScale design 

is already approved and certified by the United States Nuclear Regulatory Commission (NRC) – 

first SMR approved by the NRC – and it is ready to get commercialised in the next few years [112]. 

The main operation parameters of NuScale are listed in Table 7.1 

Table 7.1. Main operation parameters of NuScale [11,117–119] 

Parameter Symbol Value 

Reactor thermal power (MWth) �̇�SG 250 

Steam generator inlet temperature (°C) 𝑇SG,in 149 

Steam generator outlet temperature (°C) 𝑇SG,out 306 

Steam generator inlet pressure (kPa) 𝑃SG,in 3800 

Steam generator pressure loss (kPa) ∆𝑃SG
loss 300 

Steam generator mass flowrate (kg/s) �̇�SG 108 

 

7.2.1. Nuclear-only power plant 

The layout of the studied nuclear-only power plant, illustrated in Figure 7.1, consists of typical 

nuclear power plants components such as: 

1) A nuclear power island that includes a PWR and a steam generator, which generates steam 

utilising nuclear thermal power. 

2) A power generation block that contains a steam turbine, a condenser, an electric generator, 

four closed feedwater heaters (CFWH), a deaerator, throttling valves, control valves, a 

condensate pump, a feed pump, a circulation pump, and a cooling tower. 
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Figure 7.1. Schematic diagram of nuclear-only (NuScale) power plant. 

Like in most nuclear power plants, the reactor is assumed to operate at full rated thermal power 

most of the time (without load following) in order to supply baseload demand and also to maximise 

the economic benefit of this capital-intensive energy source. The same assumption is applied in the 

hybrid nuclear-solar power plant in order to have a fair comparison and to investigate the potential 

of the achieving better thermodynamic and economic benefits during load following operations. 

7.2.2. Hybrid nuclear-solar power plant 

The layout of the proposed nuclear power plant, presented in Figure 7.2, consists of: 

1) A nuclear power island that includes a PWR and a steam generator, which generates steam 

utilising nuclear thermal power. 

2) A power generation block that contains a superheater, a reheater, a high-pressure steam 

turbine, a low-pressure turbine, a condenser, an electric generator, four CFWHs (two low 

pressure and two high pressure), a deaerator, throttling valves, control valves, a condensate 

pump, a feed pump, a circulation pump, and a cooling tower. 

3) A concentrated solar power field that contains a solar tower topped with an external receiver 

and surrounded by a field of heliostats. 

4) A two-tank molten salt TES system to store extra heat, which is discharged during low- or 

no-sun periods.  
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Figure 7.2. Schematic diagram of the proposed hybrid nuclear-solar power plant with two-tank 

molten salt thermal energy storage system. 

In this configuration, the reactor is also assumed to continuously operate at full rated thermal 

power to avoid power disturbance in the reactor and to maximise the economic benefits. In this 

context, most load following operations are achieved by controlling: (i) the rate of added heat 

in the solar superheater; (ii) the rate of added heat in the solar reheater; (iii) the steam mass 

flowrate bypassing the solar superheater (Stream b1, green dashed line in Figure 7.2); and 

(iv) the steam mass flowrate bypassing the solar superheater (Stream b2, green dashed line in 

Figure 7.2). This load following control method can be achieved to about 50-60% of nominal 

electrical power output, which is still acceptable since such hybridisation concept provides 

flexibility, to some degree, with continuous operation of the nuclear reactor. 

During nominal (full-load) operation mode where there is an adequate sunlight to operate the 

receiver or enough stored heat in the TES system, the generated steam in the steam generator flows 

into the superheater, get superheated, then expends in the high-pressure turbine, get reheated in the 

solar reheater, and then expands again in the low-pressure turbine to the condensing pressure, get 

condensed in the condenser, and then pumped and preheated in a series of pumps and CFWH until 

meeting the specified steam generator inlet condition. The TES system charging process is 

performed when there is extra heat in the solar receiver (Streams s1 and s2), which usually occurs 

during mid-day hours. The stored heat is then discharged during low/no sunlight periods or during 

peak demand periods, depending on the chosen operation method and type of electricity market.  
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7.3. Model inputs and optimisation procedure 

This section highlights the design and the optimisation procedure of the nuclear-only and the 

hybrid nuclear-solar power plants at nominal power output and part-load operating conditions.  

7.3.1. Nuclear-only power plant optimisation procedure and key assumptions 

The main NuScale operating parameters considered for the design of the power generation block 

of the nuclear-only power plant are summarised in Table 7.1. Not all the power generation block 

parameters (e.g., turbine side extraction pressures and mass flowrates) of NuScale are available in 

the literature as most attached power generation blocks are designed for several NuScale modules. 

Therefore, the design of power generation block for the nuclear-only power plant in this study was 

achieved by formulating an optimisation function (i.e., lowest specific investment cost (SIC)) as 

expressed in Equation (7.1). This optimisation function determines the turbine side extraction 

steam pressures and flowrates that gives the minimum SIC of the nuclear-only power plant while 

meeting the main reported parameters of the NuScale power plant such as net electric power 

output. This method allows to have a fair comparison with the hybrid nuclear-solar power plant 

(discussed in Section 7.3.2). The nuclear-only power generation block optimisation tasks were 

solved using MATLAB’s interior point algorithm fmincon [108]. This algorithm identifies local 

minima for a given initial point. Therefore, the optimisation task was performed multiple times for 

different set of initial conditions in order to find the global minimum. 

 
min{𝑆𝐼𝐶NO} 

𝑃T,SE(1,2,3,4,5), �̇�T,SE(1,2,3,4,5)
 (7.1) 

where 𝑆𝐼𝐶NO is the specific investment cost of the nuclear-only power plant, 𝑃T,SE(1,2,3,4,5) the 

pressures of the first, second, third, fourth and fifth turbine side extraction and �̇�T,SE(1,2,3,4,5) 

the steam mass flowrates of the first, second, third, fourth and fifth turbine side extraction. 

The objective function (Equation (7.1)) was formulated to solve the numerical quasi-steady 

power generation cycle model (i.e., detailed model description is covered in Section 3.4.1) 

while satisfying a set of non-linear constraints listed in Equations (7.2)-(7.6): 

 ∆𝑇pp,CFWH
in ≥ 5 °C (7.2) 

 ∆𝑇pp,CFWH
out ≥ 5 °C (7.3) 

 Δ𝑇LM,CFWH ≥ 5 °C (7.4) 
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 𝑃TV
out = 𝑃HL,CFWH

in  (7.5) 

 𝑥P
in ≤ 0 (7.6) 

where ∆𝑇pp,CFWH
in  and ∆𝑇pp,CFWH

out  are the inlet and outlet pinch-point temperature difference of 

all CFWHs, Δ𝑇LM,CFWH the logarithmic-mean temperature difference of all CFWH, 𝑃TV
out the 

throttling valve outlet pressure, 𝑃HL,CFWH
in  hot-leg inlet pressure of all CFWHs and 𝑥P

in the inlet 

steam quality of all pumps.  

The quasi-steady power generation cycle model was formulated based on the generic cycle 

assumptions that are listed in Section 3.4.1. All other specific parameters including component 

efficiencies, ambient conditions, etc., for this particular case study are listed in Table 7.2 

Table 7.2. Main nuclear-only power plant parameters and assumptions used in the power 

generation cycle model at the full rated electrical power. The numbers in the symbol subscript 

represent stream numbers as in Figure 7.1. 

Parameter Symbol Value Reference 

Turbine full-load isentropic efficiency (%) 𝜂T 87 [231] 

Condensing pressure (kPa) 𝑃7 8.5 [118] 

All pumps isentropic efficiency (%) 𝜂CP, 𝜂FP, 𝜂CiP 85 [231] 

CFWH heat-to-heat efficiency (%) 𝜂CFWH 95 [252] 

Generator mechanical efficiency (%) 𝜂gen 98 [232] 

Cooling water inlet temperature (°C) 𝑇30 25 [118] 

Cooling water outlet temperature (°C) 𝑇28 38 [118] 

Cooling water inlet pressure (kPa) 𝑃30 220 [118] 

Ambient pressure (kPa) 𝑃a 101 Assumed 

Pressure loss across all CFWHs (% of inlet pressure) ∆𝑃CFWH
loss  1 [252] 

 

7.3.2. Hybrid power plant design, optimisation procedure and key assumptions 

This section discusses the design and optimisation procedure of the hybrid nuclear-solar power 

plant at nominal (full-load) and part-load operation mode.  
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7.3.2.1. Design and sizing of hybrid nuclear-solar power plant 

The design procedure of the hybrid nuclear-solar power plant starts by executing an 

optimisation function that minimises the SIC of the entire hybrid power plant at full-load and 

without the consideration of the TES system cost. The optimisation function is expressed as: 

 
min{𝑆𝐼𝐶HNS} 

𝑇SH,out, 𝑇RH,out, 𝑃HPT,SE(1,2), �̇�HPT,SE(1,2), 𝑃HPT,out, �̇�DE, 𝑃LPT,SE(1,2), �̇�LPT,SE(1,2)
 (7.7) 

where 𝑆𝐼𝐶HNS is the specific investment cost of the hybrid nuclear-solar power plant, 𝑇SH,out 

the superheater cold-leg (i.e., working fluid) outlet temperature, 𝑇RH,out the reheater cold-leg 

(i.e., working fluid) outlet temperature, 𝑃HPT,SE(1,2), the pressures of the first and the second 

high-pressure turbine side extraction, �̇�HPT,SE(1,2) the steam mass flowrates of the first and the 

second high-pressure turbine side extractions, 𝑃HPT,out the outlet high-pressure turbine 

pressure, �̇�DE the mass flowrate of steam flowing into the deaerator, 𝑃LPT,SE(1,2), the pressures 

of the first and the second low-pressure turbine side extractions and �̇�LPT,SE(1,2) the steam mass 

flowrates of the first and the second low-pressure turbine side extractions. 

The total cost and the operation conditions of the nuclear island is the same as in the nuclear-only 

power plant (i.e., see Table 7.1 for NuScale operational parameters). However, the design and the 

cost of the solar field is variable as it depends on the ‘rate of’ needed heat in the solar superheater 

and the solar reheater. The rate of needed heat can be calculated based on the outlet steam 

temperature from the solar superheater and reheater, which consequently affect the size and the cost 

of the solar receiver and the heliostat field. Therefore, the cost of the solar field for each solar heat 

rate was calculated using the optimised solar field design (i.e., minimum investment cost). The cost 

of the optimised solar field design was performed using SAM software and assuming a solar 

multiple (SM) of 1.0, a design DNI of 600 W/m2, an inlet heat transfer fluid (HTF) temperature of 

310 °C and an outlet HTF temperature of 575 °C (i.e., see Section 3.2 for more details) [121]. The 

cost of the TES system was excluded at this stage as the TES system cost depends on the size and 

capacity of the TES system, which is usually determined by the operation mode and strategy.  

The optimisation objective function was formulated to solve the numerical quasi-steady power 

generation cycle model with the addition of solar superheater and reheater (i.e.., more details about 

the power generation cycle model can be found in Section 3.4.1) while satisfying the following 

constraints, in addition to the constraints listed in Equations (7.2)-(7.6): 
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 ∆𝑇pp,SH
in , ∆𝑇pp,SH

out ≥ 10 ° C (7.8) 

 ∆𝑇pp,RH
in , ∆𝑇pp,RH

out ≥ 10 ° C (7.9) 

 Δ𝑇LM,SH ≥ 10 °C (7.10) 

 Δ𝑇LM,RH ≥ 10 °C (7.11) 

where ∆𝑇pp,SH
in  and ∆𝑇pp,SH

out  are the inlet and outlet pinch-point temperature difference of the 

solar superheater, ∆𝑇pp,RH
in  and ∆𝑇pp,RH

out  are the inlet and outlet pinch-point temperature 

difference of the solar reheater, Δ𝑇LM,SH the logarithmic-mean temperature difference of the 

solar superheater and Δ𝑇LM,SH the logarithmic-mean temperature difference of the solar 

reheater. These values where assumed to allow sufficient heat transfer rate between the HTF 

and the working fluid (steam) while maintaining acceptable sizes of superheater and reheater.  

Similar to the nuclear-only power generation block, the optimisation tasks and model 

simulations are formulated and solved using MATLAB’s interior point algorithm fmincon with 

different sets of initial conditions in order to find the global minimum [108]. Furthermore, the 

steam cycle model of the hybrid system adheres to the same main assumptions of the nuclear-

only power generation cycle (Section 7.3.1) and mentioned in Section 3.4.1. All other power 

generation block parameters including component efficiencies, HTF temperature, ambient 

conditions, etc., for the hybrid system are listed in Table 7.3. 

The selected molten salt as HTF and storage medium is solar salt (60% NaNO3 + 40% KNO3) 

since it is widely used in many commercial CSP solar tower projects [49], and its 

thermophysical properties are listed in Table 3.5 in Section 3.3.3. The hot tank and the cold 

tank temperatures in the two-tank molten salt TES system are assumed to be 570 °C and 315 °C, 

respectively. It was also assumed that there is 5 °C temperature drop during TES charging and 

discharging process. This means that the solar receiver inlet and outlet temperatures are 

respectively 310 °C and 575 °C, and the inlet and outlet temperature of the hot-leg streams in 

the superheater and the rehears are 565 °C and 320 °C, respectively. The calculated charging 

and discharging efficiencies (𝜂TES,Ch and 𝜂TES,Dch) that correspond to the assumed charging 

and discharging temperature drops were both 96%. 
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Table 7.3. Main hybrid nuclear-solar only power plant parameters and assumptions used in the 

power generation cycle model at the full rated electrical power. The numbers in the symbol 

subscript represent stream numbers in Figure 7.2. 

Parameter Symbol Value Reference 

High-pressure turbine full-load isentropic efficiency (%) 𝜂HPT 87 [231] 

Low-pressure turbine full-load isentropic efficiency (%) 𝜂LPT 87 [231] 

Superheater and reheater hot-leg inlet temperature (°C) 𝑇SH,in
HL , 𝑇RH,in

HL  565 Assumed 

Superheater and reheater hot-leg outlet temperature (°C) 𝑇SH,out
HL , 𝑇RH,out

HL  320 Assumed 

Pressure loss across superheater (% of inlet pressure) ∆𝑃SH
loss 1 [252] 

Pressure loss across reheater (% of inlet pressure) ∆𝑃RH
loss 1 [252] 

Condensing pressure (kPa) 𝑃17 8.5 [118] 

All pumps isentropic efficiency (%) 𝜂CP, 𝜂FP, 𝜂CiP 85 [231] 

CFWH heat-to-heat efficiency (%) 𝜂CFWH 95 [252] 

Generator mechanical efficiency (%) 𝜂gen 98 [232] 

Cooling water inlet temperature (°C) 𝑇40 25 [118] 

Cooling water outlet temperature (°C) 𝑇38 38 [118] 

Cooling water inlet pressure (kPa) 𝑃40 220 [118] 

Ambient pressure (kPa) 𝑃a 101 Assumed 

Pressure loss across all CFWHs (% of inlet pressure) ∆𝑃CFWH
loss  1 [252] 

 

7.3.2.2. Optimisation of part-load operations 

The optimisation procedure of the part-load (off-design) operation modes was performed by 

formulating an optimisation function with the objective of maximising the cycle efficiency at 

each load as the power generation block is already designed at this stage (i.e., see 

Section 7.3.2.1 for details), the optimisation objective function can be expressed as: 

 
max{𝜂HNS

PL } 
�̇�SH
HL, �̇�RH

HL , �̇�HPT,SE(1,2), �̇�DE, �̇�LPT,SE(1,2)
 (7.12) 

where 𝜂HNS
PL  is the part-load cycle efficiency, �̇�SH

HL the superheater hot-leg (HTF) mass 

flowrate and �̇�RH
HL  the reheater hot-leg (HTF) mass flowrate.  

The superheater and the reheater hot-leg (HTF) mass flowrates were treated as free variables in 

the optimisation objective function (Equation (7.12)) as this allows controlling the rate of added 

heat in the superheater and the reheater. The formulated model calculates the available amount 

of heat to be transferred to the steam in the superheater and in the reheater. Consequently, this 
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determines the cold-leg (steam) mass flowrates and outlet temperatures while satisfying the 

designed superheater and reheater (i.e., heat exchanging areas) and the off-design overall heat 

transfer coefficients. Satisfying such constraints allows the model to calculate the mass 

flowrates of steam bypassing the superheater and the reheater for each desired power load while 

operating the nuclear-powered steam generator at fixed conditions. The superheater/reheater 

heat transfer constraints can be expresses as:  

 �̇�hot = �̇�cold = �̇�tran (7.13) 

 �̇�tran = 𝛼
OD 𝐴D Δ𝑇LM (7.14) 

where �̇�hot is the rate of heat released by the hot stream, �̇�hot the rate of heat absorbed by the 

cold stream, �̇�tran the rate of transferred heat between the hot and the cold streams, 𝛼OD the 

off-design heat transfer coefficient, 𝐴D the heat exchanging area of the designed heat exchanger 

and ∆𝑇LM the logarithmic-mean temperature difference between the two flows. 

The same heat transfer area constraints were applied to all CFWHs and also to the steam 

condenser (i.e., adjustment of cold-leg flow) during part-load operations. The off-design turbine 

efficiency correlation (Equation (3.85) of Section 3.4.2) for both, the HPT and the LPT, were 

was considered in the part-load cycle model. Furthermore, the change of steam pressure at the 

inlet and the outlet of each stage due to steam mass flowrate and temperature variations inside 

the turbine during part-load operation (i.e., Stodola’s ellipse law, Equation (3.86) of 

Section 3.4.2) were considered in the formulated model.  

7.3.3. Location and operation modes 

The selected location for the case study discussed in this chapter was Duqm (Latitude: 19.65°, 

Longitude: 57.66°), which is a city in the Sultanate of Oman, as shown in Figure 7.3. Duqm is a 

coastal city (i.e., preferred for nuclear reactor for cooling purposes), and it is not very highly 

populated city. It is mainly an industrial city that have many factories, a dry deck, and refineries. 

Moreover, Oman is currently investigating the investment opportunities in green and pink hydrogen 

to be shipped globally from Duqm, and the implementation of the nuclear-only or the hybrid 

nuclear-solar power plant will help supplying the needed electrical power for hydrogen production.  
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Figure 7.3. Location of the city of Duqm in the Sultanate of Oman [253]. 

Additionally, Duqm have an acceptable DNI profile for a coastal city (an average of 630 W/m2 at 

mid-day, as illustrated in Figure 7.4) which makes it attractive for solar project. The analysed 

Duqm DNI data was for the year of 2019 and extracted from the National Solar Radiation Database 

(NSRDB) supplied by the National Renewable Energy Laboratory (NREL) [254].  

 

Figure 7.4. Mean and standard deviation of the hourly averaged DNI data for a whole year 

(year of 2019) in Duqm, Sultanate of Oman [254]. 

The assumed operation mode of the analysed power plant is continuous operation of the nuclear 

reactor at full rated power and immediate utilisation of solar power or stored heat in the TES 

system whenever available. This operation mode is expected to deliver continuous electrical 

power at nominal power output to supply surrounded end users (factories or hydrogen plants) 

constant electrical power whenever possible.  
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7.3.4. Economic model inputs 

The main economic assumptions and parameters of the study presented in this chapter are 

listed in Table 7.4. The listed parameters were used as inputs to calculate the key economic 

performance indicators (i.e., discussed in Section 3.6) for both, the nuclear-only and the 

hybrid nuclear-solar power plants. It was also assumed that the costs of the balance of the 

plant and the piping are respectively 10% and 10% of the total cost of the power generation 

block components. Moreover, the study assumed a contingency cost that is equal of 10% of 

the total capital costs of the compared power plants in order to be conservative and to capture 

any non-considered costs (e.g., taxes, land, interest, etc.). 

Table 7.4. Economic analysis assumptions [163,178,179,181]. 

Parameter Symbol Value 

Nuclear fuel costs ($/MWhel) 𝐶fuel 14 

Fixed nuclear island O&M costs ($/kWel/year) 𝐶O&M,F 99.5 

Variable nuclear O&M costs ($/MWhel) 𝐶O&M,V,NI 3.2 

Variable solar O&M costs ($/MWhel) 𝐶O&M,V,SF 15.5 

Balance of plant cost ($) 𝐶BOP 10% of 𝐶PGB 

Power generation block piping cost ($) 𝐶Piping 10% of 𝐶PGB 

Contingency ($) 𝐶cont 10% of 𝐶PP 

Availability factor (%) 𝐹ava 90 

Lifetime of the system (years) 𝑛 40 

Discount rate (%) 𝑟 7 

 

The determination of the heat exchanger areas, 𝐴HX, for capital cost estimation was based on using 

the average overall heat transfer coefficients, 𝛼HX, listed in Table 7.5 and the following equation: 

 𝐴HX =
�̇�tran

𝛼HX ∆𝑇LM
 (7.15) 

 

Table 7.5. Assumed overall heat transfer coefficients for heat exchangers. 

Component Heat exchanger type 𝜶𝐇𝐗 (W/m2 K) Reference 

High-pressure CFWHs  U-tube 3150 [255] 

Low-pressure CFWHs  U-tube 2750 [255] 

Steam condensers  Fixed head 2800 [256] 

Solar superheater U-tube 1240 [257] 

Solar reheater U-tube 665 [257] 
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It is also assumed in this chapter that the generated electricity from both power plants will be 

sold based on power purchase agreement (PPA) as this is a common practice in Oman, 

especially for renewable projects [258]. 

7.4. Nuclear only (NuScale) at full rated power  

The main nuclear-only power plant thermodynamic and economic analysis results are presented 

and discussed in the following sections. 

7.4.1. Thermodynamic performance at full rated power 

The key results obtained for the optimised (lowest SIC) design of the power generation block 

of the nuclear-only power plant at full rated (i.e., nominal) power are listed in Table 7.6. The 

calculated net power output is 77.5 MWel and the corresponding cycle efficiency is 31%. These 

values are within 1% of the officially reported values by NuScale [117]. These errors are 

expected and acceptable since not all operating parameters were found in the literature. 

Table 7.6. Main results of the lowest SIC power generation block for nuclear-only power plant. 

Parameter Symbol Value 

Rate of heat addition in nuclear-powered steam generator (MWth) �̇�SG 250 

First inlet LP CFWH pinch-point temperature difference (°C) Δ𝑇pp,LFWH−1
in  27 

First outlet LP CFWH pinch-point temperature difference (°C) Δ𝑇pp,LFWH−1
out  33 

Second inlet LP CFWH pinch-point temperature difference (°C) Δ𝑇pp,LFWH−2
in  44 

Second outlet LP CFWH pinch-point temperature difference (°C) Δ𝑇pp,LFWH−2
out  50 

First inlet HP CFWH pinch-point temperature difference (°C) Δ𝑇pp,HFWH−1
in  42 

First outlet HP CFWH pinch-point temperature difference (°C) Δ𝑇pp,HFWH−1
out  67 

Second inlet HP CFWH pinch-point temperature difference (°C) Δ𝑇pp,HFWH−2
in  21 

Second outlet HP CFWH pinch-point temperature difference (°C) Δ𝑇pp,HFWH−2
out  55 

First LP CFWH logarithmic mean temperature difference (°C) Δ𝑇LM,LFWH−1 30 

Second LP CFWH logarithmic mean temperature difference (°C) Δ𝑇LM,LFWH−2 46 

First HP CFWH logarithmic mean temperature difference (°C) Δ𝑇LM,HFWH−1 54 

Second HP CFWH logarithmic mean temperature difference (°C) Δ𝑇LM,LFWH−2 36 

Condensing pump electrical power input (kWel) �̇�CP 220 

Feedwater pump electrical power input (kWel) �̇�FB 520 

Circulation pump electrical power input (kWel) �̇�CiP 430 

Turbine electrical power output (MWel) �̇�T 78.7 

Net electrical power (MWel) �̇�net 77.5 

Cycle thermal efficiency (%) 𝜂Cyc 31 
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The temperature-specific entropy (T-s) diagram showing the main thermodynamic processes of 

the steam Rankine cycle (power generation block) of the nuclear-only power plant at nominal 

load is shown in Figure 7.5. The heat addition process taking place in the nuclear-powered 

steam generator is indicated by the red lines, and the steam outflowing from the steam generator 

is superheated to a temperature of 306 °C. Once the superheated steam reaches the turbine, it 

expands to a condensing pressure of 8.5 kPa (indicated by the dotted blue line). Some amount 

of steam is extracted from the five turbine side extraction points for feedwater heating. The 

steam quality at the turbine outlet is 0.82, which is still above the acceptable minimum to avoid 

erosion and corrosion of the steam turbine blades [87]. Once the two-phase steam reaches the 

condenser, it gets fully condensed in the condenser (dashed green line). The condensed steam 

then flows through a series of pumps and CFWHs (dashed yellow line) and such process 

increases the pressure of the water/steam to 3.8 MPa and the temperature to 149 °C before 

entering the steam generator. The calculated steam thermodynamic properties of the optimised 

power generation block for each numbered flow stream in Figure 7.1 are listed in Table 7.7. 

 

Figure 7.5. Temperature-specific entropy, T-s, diagram showing the thermodynamic processes 

of the nuclear-only power plant (NuScale) at full rated power output.  
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Table 7.7. Calculated steam thermodynamic properties at full rated electrical power of the 

nuclear-only power plant. The stream numbers are the same as indicated in Figure 7.1. 

Stream number Mass flowrate (kg/s) Pressure (MPa) Temperature (°C) Quality (-) 

n1 822 13.8 321 subcooled 

n2 822 13.0 265 subcooled 

1 106 3.50 306 superheated 

2 8.5 0.81 171 0.98 

3 6.1 0.56 156 0.96 

4 3.1 0.14 109 0.90 

5 1.3 0.10 101 0.89 

6 1.3 0.04 77 0.86 

7 85.5 0.01 43 0.82 

8 88.1 0.01 43 0.80 

9 88.1 0.01 43 0 

10 88.1 0.16 43 subcooled 

11 88.1 0.15 50 subcooled 

12 88.1 0.14 57 subcooled 

13 106 0.13 86 subcooled 

14 106 4.22 86 subcooled 

15 106 4.00 113 subcooled 

16 106 3.80 149 subcooled 

17 8.5 0.76 168 0 

18 8.5 0.56 155 superheated 

19 14.5 0.56 155 superheated 

20 14.5 0.53 154 0 

21 14.5 0.14 109 superheated 

22 17.6 0.14 109 superheated 

23 1.3 0.10 99 0 

24 1.3 0.04 77 superheated 

25 2.6 0.04 77 superheated 

26 2.6 0.04 76 0 

27 2.6 0.01 43 superheated 

28 3100 0.19 38 subcooled 

29 3100 0.10 25 subcooled 

30 3100 0.22 25 subcooled 
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7.4.2. Economic performance at full rated power 

The total cost breakdown of the nuclear-only power plant and the power generation block are 

respectively shown in Figure 7.6(a) and (b). The estimated total capital cost of the SIC optimised 

nuclear-only power plant is $427M, in which 66% of the total costs is for the nuclear island, 21% 

for the power generation block and the rest for balance of plant, piping, and project contingency. 

The minimum SIC of the nuclear-only power plant that is achieved by the optimisation objective 

function is 5510 $/kWel. This minimum cost is comparable to the capital cost of currently 

constructed nuclear power plants around the world (2270-6920 $/kWel) [162]. The total cost of 

the power generation block is $89M and the corresponding power generation block SIC is 

1145 $/kWel. This power generation block SIC is higher than the average of similar sizes power 

generation blocks (918 $/kWel) as reported in Refs. [121,164,181,259]. This high cost can be 

considered as conservative, but it was anticipated with the recent high inflation rates (i.e., reaches 

10% in the UK in 2022 compared to 2021 prices [260]) that are reflected in the latest CEPC index 

of 817 for year 2022, where it was only 708 in 2021 [155]. 

 

Figure 7.6. Breakdown of capital costs of: (a) nuclear power plant and (b) power generation block. 

The key thermo-economic performance indicators of the designed nuclear-only power plant 

were calculated based on the listed assumptions in Table 7.4 and based on an electricity price 

(𝐸𝑃) of 100 $/MWhel throughout the entire lifetime (i.e., under the assumption of singing a 
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PPA). The expected amount of generated electricity is 611 GWhel which is achieved by running 

the reactor for 90% of the year at 100% (77.5 MWel) power load. The anticipated LCOE that is 

calculated based on an annual operation and maintenance cost of $9.5M and an annual fuel cost 

of $8.5M is 79.9 $/MWhel. The calculated LCOE is within the high end of the anticipated range 

(55-95 $/MWhel) for nuclear-only power plants that is reported in the most recent cost report 

issued by the Nuclear Energy Agency (NEA) [162]. Moreover, the calculated NPV is $160M, 

payback time is 19 years, and the expected IRR is 10%. These values represent a good 

investment opportunity when compared to similar size power generation projects. However, 

such economic indicators are very dependent on the assumed discount rate and average 

electricity prices. Therefore, these economic indicators are also analysed for different economic 

assumptions, which are discussed in detail in Section 7.9. 

7.5. Hybrid nuclear-solar power plant performance 

The thermodynamic and economic performance of the hybrid nuclear-solar power plant are 

discussed in the following sections. 

7.5.1. Performance at full rated power 

The key thermodynamic results obtained for the optimised (lowest SIC) design of the power 

generation block of the hybrid nuclear-solar power plant at full rated power output are 

summarised in Table 7.8. The calculated net power output resulted from hybridisation concept 

is 131.1 MWel, which corresponds to an increase of 69% of power capacity relative to the 

nuclear-only power plant. Such power capacity increase is achieved by the increase of the 

amount of heat addition in the solar superheater and the reheater. The total amount of heat 

addition in these two solar-powered components is 101 MWth, that is 57 MWth in the superheater 

and 44 MWth in the reheater. The calculated cycle efficiency of the hybrid power plant is 37.3%, 

which is 20% higher than the cycle efficiency of the nuclear-only power plant. This efficiency 

enhancement is due to the increase of the heat addition temperature and due to the reheating 

process. Moreover, the solar heat-to-electricity efficiency (i.e., ratio between the extra power 

generation due to the hybridisation and the rate of solar heat addition) is 53.5%, which is very 

competitive to the current cycle thermal efficiencies of operating CCGT power plants (45-60%). 
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Table 7.8. Main results of the lowest SIC power generation block of the hybrid power plant. 

Parameter Symbol Value 

Rate of heat addition in nuclear-powered steam generator (MWth) �̇�SG 250 

Rate of heat addition in solar superheater (MWth) �̇�SH 57 

Rate of heat addition in solar reheater (MWth) �̇�RE 44 

Solar superheater inlet pinch-point temperature difference (°C) Δ𝑇pp,SH
in  27 

Solar superheater outlet pinch-point temperature difference (°C) Δ𝑇pp,SH
out  14 

Solar reheater inlet pinch-point temperature difference (°C) Δ𝑇pp,RE
in  63 

Solar reheater outlet pinch-point temperature difference (°C) Δ𝑇pp,RE
out  20 

Solar superheater logarithmic mean temperature difference (°C) Δ𝑇LM,SH 14 

Solar reheater logarithmic mean temperature difference (°C) Δ𝑇LM,RE 37 

First LP CFWH inlet pinch-point temperature difference (°C) Δ𝑇pp,LFWH−1
in  5 

First LP CFWH outlet pinch-point temperature difference (°C) Δ𝑇pp,LFWH−1
out  34 

Second LP CFWH inlet pinch-point temperature difference (°C) Δ𝑇pp,LFWH−2
in  123 

Second LP CFWH outlet pinch-point temperature difference (°C) Δ𝑇pp,LFWH−2
out  21 

First HP CFWH inlet pinch-point temperature difference (°C) Δ𝑇pp,HFWH−1
in  33 

First HP CFWH outlet pinch-point temperature difference (°C) Δ𝑇pp,HFWH−1
out  38 

Second HP CFWH inlet pinch-point temperature difference (°C) Δ𝑇pp,HFWH−2
in  265 

Second HP CFWH outlet pinch-point temperature difference (°C) Δ𝑇pp,HFWH−2
out  54 

First LP CFWH logarithmic mean temperature difference (°C) Δ𝑇LM,LFWH−1 15 

Second LP CFWH logarithmic mean temperature difference (°C) Δ𝑇LM,LFWH−2 58 

First HP CFWH logarithmic mean temperature difference (°C) Δ𝑇LM,HFWH−1 35 

Second HP CFWH logarithmic mean temperature difference (°C) Δ𝑇LM,LFWH−2 133 

Condensing pump electrical power input (kWel) �̇�CP 260 

Feedwater pump electrical power input (kWel) �̇�FB 437 

Circulation pump electrical power input (kWel) �̇�CiP 550 

High-pressure turbine electrical power output (MWel) �̇�HPT 49 

Low-pressure turbine electrical power output (MWel) �̇�LPT 83 

Net electrical power (MWel) �̇�net 131 

Cycle thermal efficiency (%) 𝜂Cyc,nom 37.3 

 

The temperature-specific entropy (T-s) diagram illustrating the main thermodynamic processes 

of the power generation cycle of the hybrid nuclear-solar power plant at nominal load is 

presented in Figure 7.7. Similar to the nuclear-only power plant, the steam evaporation process 

is taking place in the nuclear-powered steam generator (i.e., illustrated by the red line in 

Figure 7.7), and the outlet steam condition is slightly superheated to a temperature of 306 °C. 
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This superheated steam is then flows through the superheater and gets superheated (i.e., dashed 

purple lines in Figure 7.7) to 538 °C using solar thermal power that is stored in the TES system. 

Afterwards, the steam expands in the high-pressure turbine to a pressure of 0.61 MPa as indicated 

by the dotted blue lines in Figure 7.7. Some amount of steam is extracted during the first 

expansion process to be directed to the high-pressure CFWH for feedwater heating purposes. 

Then, the steam gets reheated from 300 °C to 502 °C in the solar reheater (dashed purple lines) 

before entering the low-pressure steam turbine to get expanding to a condensing pressure of 

8.5 kPa (dotted blue lines) to generate electrical power. The steam condition at the main outlet of 

the steam turbine is still in superheated condition (i.e., not in the two-phase region as in the 

nuclear-only power plant) due to the addition of the superheating and the reheating processes in 

the hybrid power plant. Some amount of steam also gets extracted from the low-pressure turbine 

for feedwater heating purposes. The superheated steam then gets fully condensed in the condenser 

(dashed green line) before flowing through a series of pumps and CFWHs (dashed yellow line). 

The pumping and the feedwater heating processes increase the feedwater pressure and 

temperature to 3.8 MPa and 149 °C, respectively, before entering the steam generator. The 

calculated steam thermodynamic properties of the designed power generation block of the hybrid 

nuclear-solar power plant at nominal power are listed in Table 7.9. The stream numbers in 

Table 7.9 correspond to the same stream numbers that are illustrated in Figure 7.2.  

 

Figure 7.7. Temperature-specific entropy, T-s, diagram showing the thermodynamic processes of 

the designed power generation block (steam Rankine cycle) of the hybrid nuclear -solar power plant 

that corresponds to the minimum specific investment cost that satisfied the specified constraints. 
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Table 7.9. Calculated steam thermodynamic properties at full rated electrical power of the 

hybrid nuclear-solar power plant. The stream numbers are the same as indicated in Figure 7.2. 

Stream number Mass flowrate (kg/s) Pressure (MPa) Temperature (°C) Quality (-) 

n1 822 13.8 321 subcooled 

n2 822 13.0 265 subcooled 

1 106 3.50 306 superheated 

2 106 3.50 306 superheated 

3 106 3.47 538 superheated 

4 106 3.47 538 superheated 

5 106 3.47 538 superheated 

6 1.1 1.49 414 superheated 

7 1.1 0.92 350 superheated 

8 104 0.61 300 superheated 

9 1.1 0.61 300 superheated 

10 103 0.61 300 superheated 

11 103 0.61 300 superheated 

12 103 0.60 502 superheated 

13 103 0.60 502 superheated 

14 103 0.60 502 superheated 

15 10.3 0.08 254 superheated 

16 4.9 0.04 189 superheated 

17 88 0.01 60 superheated 

18 103 0.01 43 superheated 

19 103 0.01 43 0 

20 103 0.62 43 subcooled 

21 103 0.62 72 subcooled 

22 103 0.61 130 subcooled 

23 106 0.60 137 subcooled 

24 106 3.88 138 subcooled 

25 106 3.84 143 subcooled 

26 106 3.80 149 subcooled 

27 1.1 1.47 197 0 

28 1.1 0.92 176 0.05 

29 2.2 0.92 176 0.06 

30 2.2 0.91 175 0 

31 2.2 0.61 160 0.03 

32 3.2 0.61 160 0.4 

33 10.3 0.08 93 0 

34 10.3 0.04 77 0.03 

35 15.3 0.04 77 0.04 

36 15.3 0.04 77 0 

37 15.3 0.01 43 0.06 

38 3950 0.19 38 subcooled 

39 3950 0.10 25 subcooled 

40 3950 0.22 25 subcooled 

 



Chapter 7: Design and operation of a hybrid nuclear-solar power plant 

 

211 

 

7.5.2. Thermodynamic performance at different power loads 

The optimised (maximum) efficiencies for the 50% to 100% power loads (relative to nominal 

power load) of the hybrid nuclear solar power plants are shown on the left y-axis of Figure 7.8. 

The right y-axis of Figure 7.8 shows the thermal power input (i.e., purple area is for nuclear 

thermal power input and green area represents solar thermal power input) and the net power 

output from the hybrid power plant for 50% to 100% power loads. The maximum power load 

is the nominal power load that is discussed in detail in Section 7.5.1. The minimum power load 

is calculated when no steam is directed to the solar superheater and the reheater (all steam is 

bypassing the superheater and the reheater, Bypasses I and II in Figure 7.2), which represents 

no solar but only nuclear heat addition in the power generation cycle.  

The behaviour of the maximum cycle efficiency (blue line in Figure 7.8) is nonlinearly 

decreasing from 37.3% at 100% power load to 26.2% at 50% power load. The decrease in the 

cycle efficiency is because of two main reasons. The first reason is because at part-load 

operation, some steam is bypassing the superheater and/or the reheater, and this results in lower 

turbine inlet temperatures (i.e., lower heat addition temperature) compared to nominal load. 

The second reason is that most cycle components (e.g., steam turbines) are operating at off-

design conditions with lower efficiency and effectiveness compared to the design condition, 

thus, lower power output and lower cycle thermal efficiency. The effect of operating the 

turbines and other cycle components at off-design conditions can be clearly seen by the 

difference in efficiency and net power output of operating the hybrid nuclear-solar power plant 

using nuclear thermal power input only and of nuclear-only power plant (i.e.., discussed in 

Section 7.4.1). Although both power generation blocks have the same thermal power input 

(250 MWth), the nuclear-only power plant can deliver 77.5 MWel with a cycle efficiency of 

31%, while the hybrid power plant can only generate 65.6 MWel with a cycle efficiency of 

26.2% as a result of operating the cycle components at off-design conditions. Moreover, best 

fit correlation is obtained for part-load efficiency in order to estimate the amount of solar heat 

required for each power load during the operation analysis of the hybrid power plant. 
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Figure 7.8. Maximum and the best fit efficiencies (left y-axis) for electric loads from 50% to 100% 

of the nominal load of the designed hybrid nuclear-solar power plant. Parameter (𝑃𝐿) in the 

obtained best fit correlation (𝜂BF) is the hybrid system electric power load in %. The corresponding 

thermal power input (shaded purple area represent nuclear and shaded green area represents solar) 

and the corresponding electrical power output for each power load are illustrated on the right y-axis. 

The main optimised operation parameters of the hybrid power plant for different part loads are 

listed in Table 7.10. The listed results cover 100%, 90%, 80%, 70%, 60%, and 50% power 

outputs of the maximum power achieved by the hybrid power plant. 

Table 7.10. Main thermodynamic parameters of the efficiency optimised part-load operations 

(50% -100% of maximum power output) of the hybrid nuclear-solar power plant.  

Electric power load (%) 100 (max) 90 80 70 60 50 (min) 

Net electrical power output (MWel) 131.1 118.1 105 91.9 78.7 65.6 

Nuclear thermal power input (MWth) 250 250 250 250 250 250 

Solar thermal power input (MWth) 101 75.9 54.9 37.7 16.7 0 

Superheater molten salt mass flowrate (kg/s) 150 150 134 104 48 0 

Reheater molten salt mass flowrate (kg/s) 114 48 0 0 0 0 

Superheater bypass mass flowrate (kg/s) 0 0 11.8 33.4 73 106 

Reheater bypass mass flowrate (kg/s) 0 61 95.2 92 94 92 

Superheater steam outlet temperature (°C) 538 538 539 541 546 NA 

Reheater steam outlet temperature (°C) 502 516 NA NA NA NA 

High-pressure turbine inlet temperature (°C) 538 538 512 463 377 306 

Low-pressure turbine inlet temperature (°C) 502 384 274 216 155 144 

Optimised cycle efficiency (%) 37.3 36.2 34.8 31.9 29.5 26.2 
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The obtained results indicate as the power load decreases from 100%, it is more thermodynamically 

efficient to bypass the reheater (i.e., Bypass II in Figure 7.2) first and then bypass the superheater 

(i.e., Bypass I in Figure 7.2) until reaching the minimum load (50%). This behaviour can also be 

seen in the temperature-specific entropy (T-s) diagrams of 90%, 80%, 70%, 60% and 50% power 

loads illustrated in Figure 7.9. Such behaviour can be explained as the optimised efficiency is 

obtained by shifting the steam expansion line of the low-pressure turbine to the left (i.e., see LPT 

expansion line in Figure 7.7 for nominal load and LPT expansion lines in Figure 7.9 for lower 

power loads). The shift is a result of decreasing the amount of added heat in the reheater, leading to 

the main low-pressure turbine outlet steam to be at a lower superheating temperature compared to 

nominal or in the two-phase region. Reaching such conditions minimises the amount of wasted heat 

in the condenser. Thus, achieving higher cycle thermal efficiency with the desired power load.  

 

Figure 7.9. Temperature-specific entropy, T-s, diagrams showing the thermodynamic 

processes of the efficiency optimised power generation block of the designed hybrid nuclear-

solar power plant at: (a) 90%, (b) 82.7%, (c) 80%, (d) 70%, (e) 60% and (f) 50% power load. 

The 82.7% power load is achieved when all steam is flowing through the superheater and no 

steam is flowing through the reheater (i.e., no reheating process). 
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The shifting of the low-pressure expansion line can only be performed until all steam is 

bypassing the reheater (i.e., no reheating process is taking place), which corresponds to 82.7% 

power load, illustrated in Figure 7.9(b). After this point, the efficiency is maximised for each 

load by decreasing the amount of added heat in the superheater. This process is performed until 

reaching the minimum load corresponding to all the steam bypassing the superheater (i.e., no 

superheating process is performed). This control process can be seen by the decrease of the 

superheating temperature from 538 °C for the 82.7% power load, illustrated in Figure 7.9(b), 

to 306 °C at 50% power load, illustrated in Figure 7.9(f). 

It can be also seen in Figure 7.9 that the slope of lines representing the expansion processes 

varies for the different power loads. The slope becomes less steep with lower power loads 

because of lower off-design turbine isentropic efficiencies, which could be as low as 62% for 

some turbine stages at 50% power load.  

7.6. Sizing of solar field and TES capacity 

The selection of the optimum size of the solar field (i.e., solar receiver, tower, and heliostat 

field) and the optimum TES capacity was achieved by conducting a thermo-economic 

parametric optimisation study. The parametric optimisation analysis was performed for the 

designed hybrid power plant for a range of solar multiple (SM) and for different TES capacities. 

The SM is defined as the ratio of the solar power output of the installed solar field to the thermal 

power input required by the power generation block. This means if the solar multiple is higher 

than 1, there will be extra heat collected in the receiver than needed in the power generation 

block, and this extra collected heat can be stored in the installed TES system. In the parametric 

optimisation analysis, SMs of 1.0, 1.5, 2.0, 2.5 and 3.0 were considered, and the corresponding 

optimised solar field sizes that were obtained from SAM are summarised in Table 7.11 [121]. 

The considered TES storage capacities in this analysis are from 0 to 20 of full-load hours. The 

amount of TES capacity required for full-load operation hour is 105.2 MWth, which was calculated 

after considering a TES discharging efficiency of 96%. Like the nuclear-only power plant 

economic analysis, the parametric optimisation analysis was performed using the listed 

assumptions in Table 7.4 and an electricity price (𝐸𝑃) of 100 $/MWhel. Furthermore, the 

considered operation strategy of the hybrid power plant is the one that is discussed in Section 7.3.3. 
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Table 7.11. List of SAM optimised solar field and receiver parameters for different solar multiples. 

Solar multiple 1.0 1.5 2.0 2.5 3.5 

Receiver height (m) 10.64 12.32 13.67 15.67 17.53 

Receiver diameter (m) 8.72 10.70 12.09 13.45 15.08 

Tower height (m) 106.3 123.9 135.1 160.2 175.3 

Number of heliostats (-) 2409 3678 5024 6187 7409 

Single heliostat area (m2) 144 144 144 144 144 

Heliostat height (m) 12.2 12.2 12.2 12.2 12.2 

Reflective area (km2) 0.348 0.531 0.725 0.893 1.069 

Receiver area (m2) 291.3 413.9 519.1 661.8 830.4 

 

The amount of the total solar heat that is available from the solar field for the considered SMs 

and for a range of TES capacities are indicated by the coloured bars (left y-axes) in 

Figure 7.10(a), (b), (c), (d) and (e). The total amount of generated electricity from the hybrid 

system per year that corresponds to the same SMs and TES capacities are presented on the right 

y-axes of the same figures. Each bar of the total available solar heat is divided into three 

different categories, the unutilised (lost) heat is shown in red, the heat that goes from the solar 

receiver to the power generation cycle (through TES tanks but not stored) are presented in blue, 

and the stored amount of heat in the TES system that is discharged to the power generation 

cycle during night-time or low-sun periods is shown in green. The available solar heat increases 

with higher SMs due to ability to collect more solar heat in larger solar fields and receivers. For 

no storage (TES capacity of 0 h), the amount of unutilised heat is the maximum for all SMs as 

the extra collected heat cannot be stored. For SMs of 1.0, 1.5, and 2.0 (i.e., shown in 

Figure 7.10(a), (b), (c), respectively), the amount of unutilised heat diminishes as the size of 

the TES is increased. Moreover, the higher the SM, the higher the TES capacity that is required 

to utilise the total amount of the available solar heat. From the discussed figures, it can be said 

that the needed TES capacity are: 2 h for a SM of 1.0, 9 h for a SM of 1.5, and 14 h for a SM 

of 2.0. Furthermore, the annual generated electricity becomes almost flat (constant) after 

reaching the required storage capacities as a result of utilising all of the available solar heat and 

no further electricity can be generated from the hybrid power plant. 
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Figure 7.10. Total available solar heat from the solar field, left y-axes, and the total generated 

electricity from the hybrid nuclear-solar power plant, right y-axes, across a range of TES 

capacities and for solar multiples (SMs) of (a) 1.0, (b) 1.5, (c) 2.0, (d) 2.5 and (e) 3.0.  

For SMs of 2.5 and 3.0, the amount of unutilised heat is higher, with respect of smaller SMs, for 

all TES capacities but it also reduces with the increase of the installed TES capacity. Similar to 

lower SMs, the amount of stored heat for SMs of 2.5 and 3.0 increase with the increase of TES 

capacity until reaching TES capacities of 13 h or 14 h. The increase of stored heat beyond these 

points are very minimal as the amount of stored heat during the daytime are sufficient to 

continuously operate the hybrid power plant at full power capacity during night-time for most 

of days. The amount of unutilised heat for a SM of 3.0 (Figure 7.10(e)) is much higher than for 

a SM of 2.5 (Figure 7.10(d)) for all TES capacities, indicating that the solar field is over sized 

for the designed power generation block and for the considered geographical location. Although 

the presented results in Figure 7.10 indicate few reasonable solar field and TES sizes, the 

selection of the optimum size is yet to be determined based on other thermo-economic indicators.  
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The average power generation cycle efficiency (i.e., average of hourly data for the entire year) 

and the hybrid power plant capacity factor for the same range of SMs and TES capacities are 

shown in Figure 7.11 (a) and (b), respectively. The power plant capacity factor is defined as the 

ratio between the actual generated electricity and the total amount of electricity that could be 

generated if the power plant is operated at full load for the same period of time. The average cycle 

efficiency for most of the data are higher than that of the nuclear-only power plant. It is because 

the larger the sizes of the solar field and the TES system, the higher the amount of collected heat 

to be stored in the TES system. This results in operating the power plant at full load (higher cycle 

efficiencies) for longer times each day, which corresponds to higher capacity factors as well. The 

average cycle efficiency of the hybrid power plant for the smallest solar field (SM =1) and for all 

TES capacities are below the nuclear-only power plant baseline, meaning that the hybridisation 

concept with such sizes achieve no thermodynamic gains over the nuclear-only power plant. The 

presented results show that a hybrid power plant with the biggest solar field (a SM of 3.0) and 

with a TES capacity of 20 h have the highest average cycle efficiency and maximum capacity 

power among the considered sizes. Nevertheless, a hybrid power plant with such large solar field 

and TES capacity might not be the optimum option in terms of economics. 

 

Figure 7.11. (a) Average cycle efficiency and (b) power plant capacity factor of the of the hybrid 

nuclear-solar power plant for a range of TES capacities and different solar multiples (SM). 

The estimated total capital cost and the corresponding SIC of the hybrid nuclear-solar power plant 

for the examined solar field sizes and TES capacities are shown in Figure 7.12(a) and (b), 

respectively. The total capital cost ranges from $555M for the smallest solar field size with no TES 
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system to $754M for the largest solar field and with 20 h of TES capacity. This is expected as the 

cost increases with increasing the size of the solar field and the TES tanks. The SIC follows the 

same trend as of the total capital cost and most of the calculated SICs are below the nuclear-only 

baseline (5510 $/kWel). Yet, the optimum size cannot be determined based on such economic 

indicators as selecting a hybrid power plant with the minimum capital cost and SIC does not mean 

that it has the highest economic returns or the lowest LCOE among the examined sizes. 

 

Figure 7.12. (a) Calculated capital costs and (b) calculated specific investment costs (SIC) of the 

of the hybrid nuclear-solar power plant for a range of TES capacities and solar multiples (SM). 

The determination of the optimum solar field size and the optimum TES capacity is based on 

the obtained results that are shown in Figure 7.13. The calculated LCOEs, NPVs, IRRs and 

payback times of the hybrid nuclear-solar power plant for the examined range of solar field 

sizes and TES capacities are shown in Figure 7.13(a), (b), (c) and (d), respectively. Each 

coloured curve in Figure 7.13 represents different size of solar field (i.e., different SM). The 

calculation of these economic indicators was performed using the same discount rate, power 

plant lifetime electricity price and availability factor (i.e., listed in Table 7.4) that were used in 

the economic analysis of the nuclear-only power plant. It can be seen in Figure 7.13(a) that the 

LCOE decreases with the increase of TES capacity until reaching a minimum point and then 

starts increasing again. These lowest LCOE represent the optimum TES capacity for each solar 

field size and implies that installing larger TES system increase the total costs of the power 

plant with little extra gains in terms of income and discharged electricity. Moreover, the results 

show that a hybrid power plant with SMs of 2.0, 2.5 or 3.0 and with TES capacities between 
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11 h and 20 h have lower LCOE compared to nuclear-only power plant. The lowest LCOE is 

76.9 $/MWhel which corresponds to a SM of 2.5 and a TES capacity of 14 h. This minimum 

LCOE is about 4% lower than the projected LCOE of the nuclear-only power plant. 

 

Figure 7.13. (a) Calculated levelised cost of electricity (LCOE), (b) calculated net present value 

(NPV), (c) calculated internal rate of return (IRR), and payback time of the of the hybrid 

nuclear-solar power plant for a range of TES capacities and different solar multiples (SM). 

In terms of the predicted NPVs that are shown in Figure 7.13(b), the highest NPV is achieved 

when the LCOE is the lowest. However, this is not always the case as the calculation of the 

NPV depends on the assumed electricity prices, and the optimum solar field size and TES 

capacity that have the highest NPV could be different for higher or lower electricity prices. The 

calculated NPV that corresponds to the lowest LCOE is $287M. This NPV is 79% higher than 

the one anticipated for the nuclear-only power plant. Such big increase is due to the ability to 

receive more income for selling extra amount of electricity at a given price. Furthermore, the 
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IRR and the payback time prediction curves (Figure 7.13(c) and (d)) indicate that the optimum 

solar field and the optimum TES capacity are the same as the ones that have the lowest LCOE, 

which are 10.2% and 19.1 years. These values are respectively 2% higher and 4% shorter 

relative to the ones obtained for the nuclear-only power plant.  

In this thermo-economic analysis, the optimum size of the solar field and the TES system is 

selected based on the lowest LCOE as it is independent on electricity prices and cashflows like 

the other economic indicators (i.e., NPV, IRR and payback time). Therefore, the optimum design 

of the hybrid nuclear-solar power plant is when the solar field is designed based on a SM of 2.5 

and integrated with a TES system that have a storage capacity of 14 h. The economic performance 

of the chosen hybrid nuclear-solar power plant design and the nuclear-only power plant will be 

compared for a range of electricity prices and different discount rates in Section 7.9. 

 

Figure 7.14. Breakdown of capital costs of: (a) hybrid nuclear-solar power plant, (b) designed 

power generation block, (c) designed solar field at a SM of 2.5, and (d) designed TES system 

with a storage capacity of 14 h.  

The total capital cost breakdown of the selected design of the entire hybrid nuclear-solar power 

plant, the solar field, the power generation block, and the TES system are respectively shown 

in Figure 7.14(a), (b), (c) and (d). The estimated total capital cost of the hybrid power plant 

with the designed power generation block and the optimum solar field and TES system sizes is 
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$709M, in which 41% of the total costs is for the nuclear island, 25% for the solar field, 7% for 

the 14-h TES system, 18% for the power generation block and the rest for balance of plant, 

piping, and project contingency. The calculated SIC of the hybrid power plant is 5410 $/kWel, 

which is about $100 lower than the one calculated for the nuclear-only power plant.  

7.7. Hybrid power plant operation 

The utilisation of individual components of the designed hybrid nuclear-solar power plant for 

selected DNI profiles on an hourly basis and for two separate weeks are illustrated in 

Figure 7.15 and Figure 7.16. The example shown in Figure 7.15 represents a randomly selected 

week that have continuous and high DNI profile (high DNI-profile week), while the one shown 

in Figure 7.16 represents a randomly selected week that have low and highly fluctuating DNI 

profile (low DNI-profile week). In both figures, the DNI profile inputs are shown in (a), the 

available nuclear and solar thermal power are illustrated in the left y-axes of (b), the amount of 

stored heat in the TES system are presented in the right y-axes of (b), the power plant electrical 

power output profiles are shown in left y-axes of (c), while the corresponding cycle thermal 

efficiencies are illustrated in the right y-axes of (c).  

For the high DNI-profile week example that is shown in Figure 7.15, the daily DNI profile is 

high enough to provide the required thermal power to operate the power generation block (i.e., 

blue bars in Figure 7.15(b)) and to fill in the installed TES tanks (i.e., green bars in 

Figure 7.15(b)) during the daytime of each day. The stored heat is then discharged to the power 

generation cycle (i.e., yellow bars in Figure 7.15(b)) once the sun goes down or when there is 

insufficient thermal power in the solar receiver. It can be seen in Figure 7.15(c) that installing 

a TES system with a storage capacity of 14 h guarantees that the hybrid power plant is 

continuously operating at maximum power output with maximum cycle efficiency throughout 

the entire week, providing that the daily DNI profile is high and consistent. 



Chapter 7: Design and operation of a hybrid nuclear-solar power plant 

 

222 

 

 

Figure 7.15. (a) DNI profile inputs, (b) available nuclear and solar thermal power, left y-axis, 

and amount of stored heat in the TES system, right y-axis, and (c) electrical power output, left 

y-axis, and corresponding cycle efficiency, right y-axis, of the hybrid nuclear-solar power plant 

for an arbitrary selected week that represent a day-continuous and high DNI profile in Duqm. 

For the low DNI-profile week example shown in Figure 7.16 that have low and highly 

fluctuating DNI profile, the performance of the hybrid power plant is very different compared 

to the example shown in Figure 7.15. In the first day (Hours 1 to 24), some amount of heat is 

stored in the TES tanks, but it is not even sufficient to run the hybrid power plant at maximum 

power output until the early morning hours of the next day (i.e., minimum power generation 

between Hours 27 and 32). For the middle five days (Hour 25 to Hour 144), the performance 

of the hybrid power plant is almost dependent on the available solar power in the solar receiver, 

and very small amount of heat is stored in the TES tanks. The stored heat during these five days 

is barely sufficient to run the power generation block at maximum power output for about 8 h, 

whereas it was almost 60 h in the high DNI-profile week example illustrated in Figure 7.15.  
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Figure 7.16. (a) DNI profile inputs, (b) available nuclear and solar thermal power, left y-axis, 

and amount of stored heat in the TES system, right y-axis, and (c) electrical power output, left 

y-axis, and corresponding cycle efficiency, right y-axis, of the hybrid nuclear-solar power plant 

for a randomly selected week that represent a highly fluctuating and low DNI profile in Duqm. 

7.8. Nuclear-only vs. hybrid nuclear-solar power plants  

The key thermodynamic and economic indicators of the nuclear-only and the hybrid nuclear-

sola power plant are summarised in Table 7.12. The listed economic performance indicators 

were calculated assuming a project lifetime (𝑛) of 40 years, a discount rate (𝑟) of 7%, an 

availability factor (𝐹a) of 90% and an electricity price (𝐸𝑃) of 100 $/MWhel. The hybrid 

nuclear-solar power plant has: (i) a solar field that is designed based on a DNI of 600 W/m2 and 

a SM of 2.5 and (ii) a TES system that can store up to 14 h of heat that is required to operate 

the hybrid power plant at maximum electrical power load. The hybridisation of nuclear with 

solar power increases the maximum power output by 69%, from 77.5 MWel to 131 MWel, and 

enhances the power generation cycle efficiency by 15%, compared to nuclear-only power plant. 

This efficiency improvement is due to the addition of the superheating and the reheating 

processes in the power generation cycle performed by the solar superheater and reheat. 
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Table 7.12. Key thermodynamic and economic indicators of the considered nuclear-only power 

plant and the designed hybrid nuclear-solar power plant. All listed results are obtained assuming 

a project lifetime (𝑛) of 40 years, a discount rate (𝑟) of 7%, an availability factor (𝐹a) of 90% 

and an electricity price (𝐸𝑃) of 100 $/MWhel throughout entire lifetime. 

Parameter Nuclear-only Hybrid Difference (%) 

Net power output (MWel)  77.5 131.1 69.2 

Average cycle efficiency (%) 31 35.6 14.8 

Total cost of power generation block ($M) 88.7 121 36.4 

Total cost of nuclear island ($M) 282 282 0 

Total cost of solar field ($M) NA 168.3 NA 

Total cost of TES system ($M) NA 48.4 NA 

Estimated cost of piping ($M) 8.9 12.1 36 

Estimated cost of balance of plant ($M) 8.9 12.1 36 

Contingency ($M) 38.8 64.4 66 

Total power plant cost ($M) 427 709 66 

Total generated electricity per year (GWhel) 611 950 55.5 

Specific investment cost ($/kWel) 5510 5410 -1.8 

Specific investment cost of the power block ($/kWel) 1145 926 -19.1 

Annual operation and maintenance cost ($M/year) 9.6 14 45.8 

Annual fuel cost ($M/year) 8.5 8.5 0 

Levelised cost of energy ($/MWhel) 79.9 76.9 -3.8 

Net present value ($M) 160 287 79.4 

Internal rate of return (%) 10 10.2 2.0 

Payback time (years) 19.9 19.1 -4.0 

 

In terms of economics, the total capital cost of the hybrid power plant is 66% higher than the 

nuclear-only power plant, which is expected due to the increased size of the power plant. 

However, the SIC of the hybrid power plant and the SIC of the designed power generation block 

for the hybrid plant are respectively 1.8% and 19% lower than those of the nuclear-only power 

plant. Additionally, the calculated LCOE of the hybrid plant is 3.8% lower than that of the 

nuclear-only power plant. Assuming an electricity price of 100 $/MWhel, the anticipated NPV, 

and the payback time for the hybrid power plant are respectively 79% higher and 4% shorter 

relative to the those estimated for the nuclear-only power plant.  

In conclusion, besides the capability of the hybrid power plant to provide flexible power output 

(i.e., 50-100% of maximum power output) with continuous operation of the nuclear reactor at 



Chapter 7: Design and operation of a hybrid nuclear-solar power plant 

 

225 

 

full rated thermal power, the hybrid power plant can achieve enhanced cycle efficiencies and 

higher economic returns relative to the nuclear-only power plant. 

7.9. Economic performance of both plants for different electricity prices 

The economic performances of the nuclear-only and the hybrid nuclear-solar power plants for a 

range of reasonable electricity prices, from 50 $/MWhel to 120 $/MWhel, and for different 

discount rates (3%, 5%, 7% and 10%) are presented in Figure 7.17(a), (b), (c) and (d), 

respectively. The left y-axes of all figures compare the projected NPVs, while the right y-axes 

compare the projected IRRs for the same range of electricity prices. The curve of the calculated 

IRRs at different electricity prices are similar for all considered discounted rates as the IRR is 

independent of the discount rate. Taking Figure 7.17(a) as an example to compare the IRRs, the 

higher the electricity price, the higher the IRR is. Such increase is due to the ability to receive 

more income (revenues) from selling the same amount of electricity at higher prices (i.e., positive 

impact on the undiscounted cashflows). Moreover, the anticipated IRRs of the hybrid power plant 

are always higher than those of the for the examined range of electricity prices.  

 

Figure 7.17. Comparison of the projected NPV and the projected IRR of the nuclear-only and 

the hybrid nuclear-solar power plants for electricity prices from 50 $/MWh to 120 $/MWhel and 

for discount rates (𝑟) of: (a) 3%, (b) 5%, (c) 7% and (d) 10%. 
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Furthermore, the calculated LCOEs (i.e., written inside the figures) of the hybrid power plant 

are always lower than those calculated for the nuclear-only power plant for the examined 

discount rates. In terms of anticipated NPVs, the hybrid power plant can achieve higher 

positive NPVs relative to those of the nuclear-only power plant, notably when the electricity 

prices are higher than the calculated LCOE for all examined discount rates. However, for 

electricity prices lower than LCOE, the anticipated NPVs of the hybrid power plant are more 

negative (i.e., higher losses) than those of the nuclear-only one as a result of higher capital 

costs and higher operation and maintenance costs for the hybrid power plant. Either way, the 

investment decision of both compared power plants should not be made unless the anticipated 

NPVs are positive, and the hybrid power plant has an economic advantage on that. In 

conclusion, the hybrid power plant seems to have extra economic benefits over the nuclear-

only power plant for the examined range of electricity prices and discount rates. 

7.10. Summary and conclusions  

The option of combining a small modular nuclear reactor (NuScale) with concentrated solar 

power (solar tower) integrated with two-tank molten salt thermal energy storage (TES) system 

to form a hybrid nuclear-solar power plant was explored and investigated in this chapter. The 

aim of the study was to assess the degree of added flexibility offered by the hybridisation concept 

and to perform comprehensive thermodynamic and economic analyses on the nuclear-only and 

the hybrid nuclear-solar power plant configurations. The study involved cost-based design 

optimisation of the power generation blocks for both configurations. The off-design performance 

of the power generation block components during part-load operations was also considered in 

the analysis. Furthermore, parametric optimisation and sizing of solar field and TES system were 

performed taking the city of Duqm in the Sultanate of Oman as a location for case study. 

The power generation block of the nuclear-only power plant was designed based on minimum 

specific investment cost (SIC) that satisfied a list of technical constraints. The estimated SIC and 

total capital cost of the designed nuclear power plant are 5510 $/kWel and $427M, respectively. 

Moreover, the designed power plant has a net power capacity of 77.5 MWel with a cycle thermal 

efficiency of 31%, and both values are within 1% of the officially declared numbers by NuScale.  

The design of the power generation block of the hybrid power plant was executed using the same 

procedure as in the design of the nuclear-only power plant. The designed hybrid power plant is 
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able to deliver a net electrical power of 131 MWel and attain a cycle thermal efficiency of 37.3%. 

For part-load operations, the determination of the power generation cycle operation parameters 

(i.e., steam pressure, turbine side extraction mass flowrate, etc.) was based on maximising the 

efficiency at each part load until no heat is added in the solar superheater and the reheater (i.e., 

operation of the hybrid power plant is solely based on nuclear thermal power input). The obtained 

results revealed that the hybrid system can be flexible between 50% and 100% of its maximum 

power output, with a constant operation of the nuclear reactor at full rated thermal power. 

However, the thermodynamic price of such flexible operation was the diminishing cycle efficiency 

caused by the operation of power generation block components at off-design conditions. The cycle 

thermal efficiency could reach as low as 26.2%, which occurs when the hybrid power plant is 

operated at 50% power load with no heat addition from the solar field or the integrated TES system. 

The sizing of the solar field (i.e., size of solar receiver, tower, and heliostat field) and the attached 

TES system was conducted by considering a range of solar multiples (SMs) and different full-load 

storage capacities (0 h to 20 h). From 105 of different combinations of solar field and TES system 

sizes, the optimum sizes that give the lowest levelised cost of electricity (LCOE) of the hybrid 

nuclear-solar power plant (76.9 $/MWhel) correspond to a SM of 2.5 and a TES capacity of 14 h.  

The thermodynamic and the economic performances of the nuclear-only and the designed 

hybrid power plants were compared, and the comparisons revealed the following remarks: 

• The maximum turbine inlet temperature reaches 538 °C in the hybrid power plant while the 

maximum is 306 °C for the nuclear-only power plant due to the addition of the solar 

superheater and reheater in the hybrid configuration. This increase in temperature and heat 

addition resulted in enhancing the cycle efficiency by 15% and increasing the net power 

output by 69% relative to those of the nuclear-only power plant.  

• The calculated SIC and LCOE for the designed hybrid power plant were respectively 2% 

and 4% lower than those anticipated for the nuclear-only power plant. 

• With a capital cost difference of $282M (i.e., cost of solar field, TES system and power 

generation block modification), the designed hybrid power plant is expected to achieve 

better economic returns than the nuclear-only power plant. For example, using the same 

economic assumptions, the projected net present value (NPV) increased from $160M to 

$287M, the internal rate of return (IRR) increased from 10% to 10.2%, and the payback 

time decreases from 19.9 years to 19.1 years as a result of the hybridisation concept. These 
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economic return improvements are mainly due to the ability of generating extra amount of 

electricity (i.e., extra income) at enhanced thermodynamic performance. 

• The designed hybrid power plant is also expected to achieve higher positive NPVs and 

higher IRRs for discount rates between 3% and 10% and for electricity prices ranging from 

50 $/MWhel to 120 $/MWhel. 

The key results of this chapter showed that combining nuclear reactor with a solar tower CSP 

technology and a TES system could offer great amount of flexible power (50% to 100% of 

maximum power), while maintaining the reactor operation at full rated thermal power output. The 

hybrid power plant could be treated as a reliable (due to having nuclear power), clean (no carbon 

emissions), flexible (due to having TES system) and reasonably cost-effective source of energy.  

The main conclusions of the investigated case study in this chapter gives a sufficient answer 

to Research Question 4 and adequately fulfil, to some extent, the identified Research Gap 4, 

which are listed in Section 2.8. Future work recommendations related to the case study 

discussed in this chapter are expressed in Section 8.3. 
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Chapter 8   

Conclusions 

Achieving low or net-zero greenhouse emissions requires substantial and comprehensive global 

efforts. The decarbonisation of the electricity generation sector is vital to reach these ambitious 

targets, especially with the increasing demand of electricity resulting from the increasing global 

population and the electrification of other sectors (e.g., transportation and domestic heating). 

Nuclear and solar power, in the form of concentrated solar power (CSP), play a major role in 

providing carbon-free electricity, but still, both power generation technologies need further 

research investigations in the effort to increasing their flexibility and thermal efficiency. The 

aim of the research presented in this thesis was to explore and thermo-economically assess the 

available options of upgrading the flexibility and enhancing the thermal efficiency of nuclear 

and concentrated solar power generation as well as the thermal energy storage (TES) 

technologies. The thesis included development and validation of various thermodynamic and 

economic models that were utilised to achieve the overall aim of this research.  

The formulated modelling tools helped investigating the options of extending the TES system 

that is used in most conventional direct steam generation (DSG) CSP plants in order to achieve 

higher thermal efficiency levels. Moreover, the option of upgrading the flexibility of the current 

and future UK’s fleet of nuclear power plants were also thermodynamically and economically 

investigated and analysed, both from technology and whole-electricity system perspectives. 

Finally, the developed models were utilised to design a hybrid nuclear-solar power plant with 

the aim of achieving higher thermal efficiency and flexibility levels at reasonable costs.  

8.1. Thesis findings 

In the efforts of assessing and investigating the thermo-economic characteristics and the load 

following operations of large-scale carbon-free thermal power plants (nuclear and CSP) and TES 

technologies, several thermodynamic and economic computational models were developed. These 

formulated thermo-economic models enabled to identify the optimum design and operation of 

several flexible nuclear power plant configurations (i.e., through the integration with TES systems 
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and secondary generators or/and with CSP technologies) and also to evaluate the option of 

extending the steam-accumulation TES system in DSG CSP plants. The developed power 

generation cycle systems models were formulated to capture, to some extent, the off-design 

performance of the cycle components during part-load operations. Moreover, the research included 

formulation of a whole-system electricity model that enabled quantification of the system economic 

benefits that could be gained from replacing conventional nuclear power plants with added 

flexibility ones in future decarbonised electricity grids that have high shares of variable renewables. 

In Chapter 4, two steam-accumulation TES options for DSG CSP plants were compared, taking 

the Khi Solar One power plant in South Africa as a case study. The compared TES options 

were: (i) the existing TES system in Khi Solar One, which consists of two groups of steam 

accumulators (SAs) and a superheater; and (ii) an extended TES system that consists of one 

group of SAs and concrete blocks for higher-temperature heat storage. The two configurations 

were thermodynamically and economically analysed using the same existing solar tower field 

and the same power generation cycle components as deployed in Khi Solar One. The study 

included the determination of the initial water filling ratio (WFR) of the base SAs that 

maximises profitability. It was found that base SAs with initial WFRs of 0.75 give the lowest 

levelised cost of electricity (LCOE) of 256 $/MWhel. Moreover, the study involved the sizing 

of the concrete blocks in the extended configuration. It was found that installing five 10-m long 

concrete blocks with 3600 equally-spaced tubes offers the lowest LCOE of 241 $/MWhel.  

The performance of Khi Solar One with the existing and with the extended TES systems were 

also compared for the same 24-h hourly direct normal irradiance (DNI) input. The obtained 

results showed that: (i) the extended configuration can store an extra 177 MWhth of heat using 

the same number of SAs as the existing configuration and the additional concrete blocks. This 

is due to the ability of the extended configuration to utilise the current SAs to store steam at 

a higher temperature and pressure, which is then used to superheat the steam to higher 

temperature during discharging mode. Further, (ii) the extended configuration can achieve 

a higher average cycle thermal efficiency than the existing TES configuration, 13% higher, as 

the inlet temperature can reach up to 453 °C while the maximum is 286 °C in the existing TES 

system configuration. Additionally, (iii) with an estimated additional investment cost of $4.2M 

(i.e., cost of concrete blocks), the extended TES system configuration could decrease the LCOE 

of Khi Solar One by 6%, from 256 $/MWhel to 241 $/MWhel; and (iv) extending the existing 
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TES configuration increases the projected net present value (NPV) of Khi Solar One by 73%, 

from $41M to $71M, if the generated electricity is sold at 280 $/MWhel. The key results of the 

case study covered in Chapter 4 revealed that combining concrete blocks with SAs as a TES 

option have greater thermodynamic and economic potential than using SAs only. 

In Chapter 5, an energy management system (EMS) with the aim of achieving economically 

enhanced flexible operations of the current UK’s fleet of nuclear power plants (i.e., advanced gas-

cooled reactor (AGR) based power plants operated by EdF with an electrical power capacity of 

670 MWel) was proposed. The enhanced flexibility of the proposed EMS was achieved through 

combining the AGR with phase change material (PCM)-based TES tanks and secondary organic 

Rankine cycle (ORC) power generation systems. In the proposed EMS, steam is extracted from 

the primary power generation system of the power plant during off-peak demand times to charge 

the TES tanks. At a later time and when it is economically favourable (i.e., peak demand with 

high electricity prices), these charged TES tanks act as heat sources to the evaporators of the 

designed secondary ORC systems. Such integration allowed the proposed EMS to generate extra 

electrical power (i.e., additional 152 MWel on top of the 670 MWel generated by the primacy 

system) during peak demand, thus resulting in higher revenues from electricity sales. 

Furthermore, the economic profitability of the proposed EMS was analysed considering UK 

hourly prices in the wholesale electricity market during the years of 2019 to 2022. It was 

demonstrated that the economics of the EMS, especially in terms of the NPV, are determined 

by: (i) the size of the ORC systems (i.e., smaller sizes mean lower additional investment costs 

but higher discharging duration); (ii) the number of charge/discharge cycles per day; and 

(iii) the ratio and difference between off-peak and peak electricity prices. It can be also 

concluded, for the best analysed case, that flexible operation of AGRs can be profitable if the 

UK’s off-peak/peak electricity price ratio decreases slightly, by about 15% relative to levels 

observed over the period from 2019 to 2022 and the peak/off-peak price difference increases to 

about 200 £/MWhel (~250 $/MWhel). The main conclusions of the case study presented in 

Chapter 5 indicated that profitable flexible operation of AGRs is possible under certain 

scenarios but there is a need to identify the optimum (TES and ORC) system sizes, the optimum 

TES discharging duration and the frequency of TES charge/discharge cycles per day. 
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A combined thermodynamic and economic analysis of upgrading the flexibility of a nuclear power 

plant, European pressurised reactor (EPR), through the integration with PCM-based TES tanks 

and secondary power generators was presented in Chapter 6. The performed analysis involved 

quantification of the cost benefits of operating such flexible nuclear power plants in future low-

carbon electricity systems. The thermodynamic modelling and optimisation framework presented 

in Chapter 6 allowed to identify the optimal operating conditions of the primary steam Rankine 

cycle (PSRC) during nominal load and part-load operations as well as to determine the technical 

design constraints of the proposed modular TES and secondary steam Rankine cycle (SSRC) 

systems. Moreover, the formulated whole-system electricity model enabled a quantification of the 

system value of the enhanced flexibility that such nuclear plants can offer in the context of 

decarbonising the electrical power grid that have high shares of variable renewables.  

The obtained thermodynamic results revealed a maximum PSRC thermal efficiency of 36% at 

100% power load, which decreased to 34% at 50% power load during the TES charging process, 

mainly due to the reduced turbine isentropic efficiencies at off-design conditions. Moreover, 

performance predictions showed that the proposed configuration of adding flexibility through 

the coupling with PCM-based TES and SSRC systems can increase the overall power output 

during peak load by 32% (from 1610 MWel at nominal load to 2130 MWel at peak load) during 

full TES discharge mode, with an overall roundtrip efficiency of 64%.  

The whole-system economic benefit of such flexible nuclear plants was also quantified by 

estimating the reduction in total system electrical infrastructure cost resulting from replacing 

conventional with the proposed flexible nuclear plants for several scenarios in the context of 

the UK’s national electricity system. Two generic systems, North and South, that have different 

wind and solar PV capacity factors and different seasonal demand variations were considered. 

Economic benefits of up to about £75M/yr (~$93.4M/yr) were projected in the majority of the 

analysed scenarios. Furthermore, the highest net benefit, which is defined as the difference 

between total benefit and total cost of added flexibility, was observed in the net zero and high 

battery energy storage system (BESS) scenarios, at £31.6-32.4M/yr (~$39.5-40.5M/yr) in the 

North system and £24.7-27.3M/yr (~$30.9-34.1M/yr) in the South system. Nonetheless, the net 

system benefit was found to vary significantly with different system characteristics such as the 

composition of the low-carbon electricity generation mix, carbon target, level of flexibility, and 

nuclear power plant parameters such as SSRC system discharging duration. This suggests that 
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the value of added flexibility is system-dependent, and that system characteristics should be 

adequately considered when evaluating the benefits of different flexible nuclear plant 

configurations and choosing the most cost-effective designs and operational characteristics. 

The concept of hybridising a small modular reactor (NuScale) with solar tower CSP integrated 

with two-tank molten salt TES system with the aim of achieving economically enhanced 

flexibility and higher thermal efficiency levels was investigated in Chapter 7. The study involved 

design (i.e., based on lowest specific investment cost (SIC)) of the power generation blocks of 

a nuclear-only and a hybrid nuclear-solar power configuration including the consideration of 

off-design performance of power generation block components during part-load operations. 

Furthermore, parametric optimisation and sizing of solar tower field and TES system were also 

performed for the hybrid nuclear-solar power plant taking the city of Duqm in the Sultanate of 

Oman as a location. The designed power generation block for the nuclear-only configuration 

(i.e., lowest SIC of 5510 $/kWel) has an electrical power capacity of 77.5 MWel with a cycle 

thermal efficiency of 31%. On the other hand, the designed hybrid power plant with the lowest 

SCI of 5410 $/kWel was able to deliver 131 MWel of net electrical power with a cycle efficiency 

of 37.3%. Based on the thermal efficiency-based optimisation of part-load operations, the hybrid 

configuration can be operated between 50% and 100% of the maximum power output, only by 

regulating the solar heat input and without disturbing the nuclear reactor.  

The sizing of the solar field and the TES system in the hybrid configuration was performed 

considering a range of solar multiples (SMs) and different TES capacities (i.e., 0 h to 20 h of full-

load electrical power output). It was observed that a hybrid nuclear-solar power plant with a solar 

field designed at a SM of 2.5 and integrated with a 14-h TES system have the lowest LCOE of 

76.9 $/MWhel. The thermodynamic and the economic performances of the nuclear-only and the 

designed hybrid power plants were also compared, and the following observations were made: 

(i) the maximum turbine inlet temperature is 538 °C in the hybrid power plant while the maximum 

is 306 °C for the nuclear-only power plant due to the addition of the solar superheater and reheater 

(extra heat) in the hybrid plant. This increase in temperature and heat addition resulted in 

enhancing the cycle thermal efficiency in the hybrid configuration by 15% and increasing the total 

power output by 69% relative to the nuclear-only power plant. Further, (ii) the calculated SIC and 

LCOE for the hybrid power plant were respectively 2% and 4% lower than those of the nuclear-

only power plant; and (iii) the hybrid power plant could achieve higher positive NPVs, higher 
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internal rates of return (IRR) and shorter payback times for different economic assumptions and 

electricity prices, when compared to nuclear-only power plant. The main conclusions of the study 

presented in Chapter 7 demonstrated that combining nuclear with CSP and a TES system could 

offer great amount of flexibility (50% to 100% of maximum power capacity), while maintaining 

the reactor operation at full rated thermal power output. The hybrid power plant can be considered, 

to some extent, as a reliable, clean, flexible, and cost-competitive source of energy. 

In conclusion, the results obtained in this research provide evidence that efficient and economic 

load following operations of nuclear power plants can be achieved, from technology and whole-

electricity system perspectives, through the integration with CSP and TES technologies and 

with secondary power generation cycle systems. 

8.2. Summary of outcomes 

The main outcomes of the conducted research to date are the following: 

• Thermodynamic computational models of: (i) power generation cycle systems including the 

estimation of off-design performance of the cycle components during part-load operations 

(e.g., turbines and heat exchangers); (ii) TES technologies including steam accumulators, solid 

heat storage blocks and molten salt tanks; and (iii) solar tower CSP technology.  

• A set of detailed component-costing and economic models that can be utilised to estimate 

the investment costs and analyse the economics of power generation and TES technologies. 

• Cost-based and efficiency-based optimisation tools that can be used to identify the optimum 

design and operation of power generation cycle and TES systems. 

• Four journal papers on the subject of flexible nuclear, concentrated solar power, and thermal 

energy storage. 

• Four peer-reviewed conference papers across three global conference series. 

8.3. Future work recommendations 

Several areas of future work related to this research were identified following the observations 

made from the obtained results.  

The TES options of DSG CSP plants case study presented in Chapter 4 was limited to considering 

thermodynamic and economic sensitivity analysis of semi-defined concrete block and tube 
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dimensions with no size optimisation and with a reduced-order concrete TES model. Therefore, 

future work related to this particular study should include: (i) concrete block size optimisation in 

terms of concrete block dimensions, tube diameter and thickness, and diameter of the surrounded 

concrete mixture; (ii) thermodynamic performance evaluation of the transient operation of the 

DSG CSP plant with the two TES options for the entire year instead of selected days only; 

(iii) formulation and analysis of a transient 3-D computational model for the concrete blocks for 

more accurate results; and (iv) economic evaluation of constructing similar size DSG CSP plants 

in other geographical locations or countries that have different electricity market structures. 

For the thermodynamic and economic assessment of upgrading the flexibility of current fleet of 

UK’s nuclear power plants (i.e., covered in Chapter 5), it would be very interesting to investigate 

additional EMS strategies for the provision of ancillary services in transmission networks of smart 

electricity grids. Such strategies should be considered along with the investigation of increasing 

the thermal efficiencies of the secondary power plants during peak demand. The requirements for 

fast-start operation of power generation plants to provide ancillary services to the grid are 

becoming more and more important, and the trade-offs between costs of fast response operating 

modes and revenues from ancillary electricity market sales should be carefully investigated, in 

order to assist investment and management decisions [261]. Moreover, fast start of secondary 

power plants with aggressive hot starts (which can be, reportedly, within 10 min, and down to 

10 s when the plants are at temperature) should also be investigated. Such improvements can offer 

significant benefits to utilities in terms of primary and secondary frequency responses, and 

consequently higher profitability in ancillary markets and value to the overall energy system. 

Future work related to the proposed flexible nuclear power plant configuration and the 

quantification of whole-system economic benefits that are discussed in Chapter 6 should include: 

(i) investigation of other technically applicable steam extraction points from the PSRC system for 

charging the TES system; (ii) consideration of different working fluids for the secondary power 

generation cycles; (iii) detailed modelling and sizing of the PCM tanks including thermodynamic 

analysis of TES system charge/discharge cycle; (iv) investigation of the feasibility for multiple 

uses of the stored heat to match heating demand and operate thermally driven processes for 

hydrogen storage, water splitting or synthetic fuels production; and (v) cost-optimisation of the 

size of individual components (i.e., TES tanks and SSRC systems) from the system perspective. 
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The investigated concept of hybridising nuclear and solar power that is presented in Chapter 

7 was limited to considering light water reactors, pressurised water reactor to be specific, one 

technology of CSP, two-tank molten salt TES system, and power generation block that is 

based on steam Rankine cycle. Therefore, future work related to this study should include: 

(i) design and analysis of several configurations of hybrid nuclear-solar power plants that 

have different types of nuclear reactors, CSP technologies, TES systems and power 

generation cycles (e.g., supercritical CO2 Brayton cycle); (ii) consideration of several 

locations that have different DNI profiles and different electricity market structures; and 

(iii) performance of operation optimisation with the aim of maximising economic returns of 

the hybrid power plant for different wholesale electricity market structures.
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Appendix A   

Design of thermal tanks  

A.1. Thermal Tank 1 

For the calculation of the heat exchange area, 𝐴, and tube length, 𝐿, of Thermal Tank 1, the 

following set of assumptions are made: 

1. The vapour density is much lower than the liquid density as the following: 

 
𝜌L ≪ 𝜌V , 𝐹f ≈ 1 , 𝛿F ≪ 𝐷tube (A.1) 

where 𝜌L and 𝜌V are the vapour-phase (steam) and condensate/liquid-phase (water) densities, 

𝐹f is the waviness correction factor of the film flow, 𝛿F is the film thickness, and 𝐷tube is the 

heat exchange tube diameter. Here, we use a number of standard type 316 stainless steel tubes 

with a diameter 𝐷tube = 102 mm and a tube thickness 𝑑 = 6 mm. 

2. The velocity of the liquid phase is negligible compared to the velocity of the vapour phase, 

and the shear stress throughout the vapour phase is negligible. 

3. The desuperheating length/area is negligible compared to the condensation length/area. 

Given a variable distance 𝑧 along the heat-exchanger tube of total length 𝐿 (i.e., inlet at 𝑧 = 0 

and outlet at 𝑧 = 𝐿) inside the tank, we define local dryness (mass) fractions at points: �̇�1 = 0.99, 

�̇�2 = 0.90, �̇�3 = 0.50, �̇�4 = 0.1, �̇�5 = 0.01, �̇�6 = 0.001, where for example for the local value �̇�2: 

 
𝑧2 = 0.1 𝐿 corresponds to �̇�2 = 1 −

𝑧2
𝐿
= 0.9 (A.2) 

In this case, the local value of the dryness fraction, e.g., �̇�2 = 0.90 here, is linked to the local 

liquid-phase mass flowrate �̇�L,z and vapour-phase mass flowrate �̇�V,z through its definition: 

 �̇�2 =
�̇�V,z2

(�̇�L,z2 + �̇�V,z2)
=
�̇�V,z2

�̇�V,z=0
 (A.3) 
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where conservation of mass was used to replace the local mass flowrates with the vapour mass 

flowrate of the extracted steam before the reheater at the inlet to Thermal Tank 1, �̇�V,z=0, since 

the inlet liquid mass flowrate is zero, �̇�L,z=0 = 0. 

The local distribution of the vapour and liquid phases in the pipe can be described by the 

volumetric vapour-phase fraction 휀 = 𝑉V/(𝑉V + 𝑉L), with 𝑉V and 𝑉L the local vapour and liquid 

volume phase-fractions, which is given as a function of the flow parameter, 𝐹, from the relation: 

 휀 = 1 −
1

1 +
1

8.48 𝐹

 
(A.4) 

where F is given by: 

 
𝐹 =

max {(2 𝑅𝑒L,z)
0.5
;  0.132 𝑅𝑒L,z

0.9 }

𝑅𝑒V,z
0.9  

𝜇L
𝜇V
√
𝜌V
𝜌L

 (A.5) 

and where the two Reynolds numbers, one for each fluid phase, are defined as: 

 𝑅𝑒L,z =
�̇�L,z
𝜋 𝑑 𝜇L

 (A.6) 

 𝑅𝑒V,z =
�̇�V,z
𝜋 𝑑 𝜇V

 (A.7) 

with 𝜇L and 𝜇V are the liquid and vapour dynamic viscosities, respectively. 

The local heat transfer coefficient in the condensate liquid-film flow is described by a 

dimensionless Nusselt number. In the laminar film-flow region near the pipe inlet, this can be 

found from the correlation: 

 

𝑁𝑢L,z,La =
𝛼L,z 𝛬

𝑘L
= 0.693 (

1 −
𝜌V
𝜌L

𝑅𝑒L,z
)

1 3⁄

 (A.8) 

whereas in the turbulent region after the transition/entrance length, it can be found from the 

correlation: 

 𝑁𝑢L,z,Tu =
𝛼L,z 𝛬

𝑘L
=

0.0283 𝑅𝑒L,z
7/24

 𝑃𝑟L
1/3

1 + 9.66 𝑅𝑒L,z
−3/8

 𝑃𝑟L
−1/6

 (A.9) 

in both cases based on a characteristic (Nusselt film height) length scale of the film flow: 
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 𝛬 = (
𝑢L
2

𝑔
)

1/3

 (A.10) 

Based on the above, a total Nusselt number, 𝑁𝑢L,z, can be evaluated: 

 𝑁𝑢L,z = √𝑁𝑢L,z,La
2 +𝑁𝑢L,z,Tu

2  (A.11) 

The local heat transfer coefficient, 𝛼L,𝑧, is defined as: 

 𝛼L,z =
𝑞z
′

(𝑇Ph − 𝑇w,z)
 (A.12) 

with 𝑞z
′  the local heat flux on the vertical tube wall, 𝑇Ph the temperature at the film free-surface 

and 𝑇w,z the tube wall temperatures, which from the above is given by: 

 𝛼L,z =
𝐾 𝑁𝑢L,z 𝑘L

𝛬
 (A.13) 

that uses a correction factor for shear stress: 

 𝐾 = (
𝜏V

𝜌L 𝑔 𝛿L
)
1 3⁄

 (A.14) 

where 𝑔 is gravitational acceleration, and 𝜌L and 𝑘L the density and thermal conductivity of water. 

The overall heat transfer coefficient 𝛼 at the local point 𝑧2 is: 

 
1

𝛼z2
=

1

𝛼L,z
+
𝑤

𝑘
 (A.15) 

where 𝑘 is the thermal conductivity of 316 stainless steel. It is worth noting that the outer surface 

temperature of the 316 stainless steel tube is assumed to be equal to the PCM melting temperature 

of 250 °C. Furthermore, the overall heat transfer coefficient between the two local points is: 

 �̅�z1,2 =
𝛼z1 + 𝛼z2

2
 (A.16) 

The necessary tube length between these two local points is given by: 

 ∆𝐿1,2 =
∆𝑚L,z1,2 ∆ℎv

𝜋 𝑑 �̅�z1,2  ∆𝑇
 (A.17) 
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Beyond the transfer of latent heat from the condensing steam, sensible heat is also transferred in a 

section of the tank. For the calculation of the heat transfer in this section, instead of the phase-

change enthalpy, the total difference of the specific enthalpies of steam and saturated water is used: 

 
∆ℎ = ∆ℎvap + 𝑐pV (𝑇V − 𝑇sat) = ∆ℎv + 𝑐p,V ∆𝑇Ü (A.18) 

The condensation area required is: 

 𝐴Ü = 𝐴(1 +
𝑐p,V ∆𝑇Ü
∆ℎvap

) (A.19) 

where 𝑐p,V is the specific heat capacity of the steam and ∆𝑇Ü the superheated temperature 

difference. Full details and a procedure from solving these equations are given in Ref. [205]. 

Since we have evaluated the heat exchange area 𝐴 and the tube length 𝐿, we have to check these 

values against the pressure drop and the number of tubes in the condenser. These calculations 

are based on an iterative method by setting arbitrarily the number and the length of the tubes 

until the pressure drop gives satisfactorily results. 

For the calculation of the pressure drop, the shear stress, 𝜏V, is given by: 

 𝜏V =
𝜉r
8
 𝜌V 𝑢V

2  (A.20) 

where 𝜉r is a friction factor for rough pipes that can be found from: 

 𝜉r = 𝜉g(1 + 850 𝐹) (A.21) 

and 𝜉g is the friction factor for smooth pipes that can be evaluated from the correlation: 

 𝜉g = 0.184 𝑅𝑒V,z
−0.2 (A.22) 

Furthermore, the velocity, 𝑣V, is given by: 

 𝑣V =
4 �̇�V,z

𝜌V 𝜋 (𝑑 − 2 𝛿F)2
 (A.23) 

where the film thickness 𝛿F is found from: 

 
𝛿F =

1 − 휀

4
 𝑑 (A.24) 

for ε ≥ 0.67. 
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The pressure drop between these two points is: 

 ∆𝑃1,2 =
𝜏V1 + 𝜏V2

2

4 ∆𝐿

𝑑 − (𝛿F1 + 𝛿F1)
 (A.25) 

Therefore, the total length of the tubes is given by: 

 ∆𝐿 = ∆𝐿0,1 + ∆𝐿1,2 + ∆𝐿2,3 + ∆𝐿3,4 + ∆𝐿4,5 + ∆𝐿5,6 (A.26) 

The heat exchange surface area is: 

 𝐴s = 𝜋 𝑑 ∆𝐿 (A.27) 

and the total pressure drop is: 

 ∆𝑃 = ∆𝑃0,1 + ∆𝑃1,2 + ∆𝑃2,3 + ∆𝑃3,4 + ∆𝑃4,5 + ∆𝑃5,6 (A.28) 

Seeking a solution with a pressure drop less than 100 Pa, an acceptable solution is found with 

a tube length of 120 m and a pressure drop of 67 Pa. 

Finally, the required volume of PCM in Thermal Tank 1 for heat transfer to the tank over 1 h, 

which amounts to a thermal energy storage capacity of 107 MWh, is found from: 

 
𝑄TT−1 = 𝜌PCM 𝑉TT−1 ∆ℎPCM =

𝜋 𝐷TT−1
2  𝐿

4
 𝜌PCM ℎPCM (A.29) 

where 𝜌PCM is the density of the PCM, ℎPCM the phase-change enthalpy of the PCM, 𝑄TT−1 the 

heat storage of 107 MWh, 𝑉TT−1 the required volume and 𝐷TT−1 the diameter of the PCM in 

the tank. The total volume of Thermal Tank 1 is the sum of the volume of the tubes in the tank 

plus the volume of the PCM in this store and is given by: 

 
𝑉TT−1 =

𝜋

4
 𝐷TT−1
2  𝐿 +

𝜋

4
 𝑑ο,ΤΤ−1
2  𝐿 (A.30) 

where 𝑑o,TT−1 is the outer diameter of the 316 stainless steel tubes, which is 114 mm. 

A.2. Thermal Tank 2 

The calculation of the dimensionless numbers in the heat transfer equations requires knowledge 

of the properties of water. These, however, are temperature dependent and therefore the problem 

of the design of this thermal tank is solved by iteration. The steps of this procedure are as follows: 
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1. Calculation of the Reynolds number Re: 

 
𝑅𝑒 =

𝑣L 𝑑i
𝜈L

 (A.31) 

where 𝑣L is the bulk water velocity in the tubes, 𝐷i the internal diameter of the tubes, and 𝜈L the 

kinematic viscosity of water. In our design, we have used 316 stainless steel tubes with an 

internal diameter of 76 mm and a wall thickness of 1 mm. We have also assumed that the flow 

in the pipes of Thermal Tank 2 is such that the flow is turbulent. 

2. Calculation of the mean Nusselt number 𝑁𝑢̅̅ ̅̅  from the Gnielinski correlation for heat transfer 

in turbulent flows through tubes: 

 

𝑁𝑢̅̅ ̅̅ =
(𝑓/8) 𝑅𝑒 𝑃𝑟

1 + 12.7 √𝑓/8 (𝑃𝑟2/3 − 1)
[1 + (

𝑑i
𝐿
)
2 3⁄

] (A.32) 

where 𝑃𝑟 is the Prantdl number and: 

 𝑓 = (1.8 log 𝑅𝑒 − 1.5)−2 (A.33) 

within the following ranges of validity: 

 104 ≤ 𝑅𝑒 ≤ 106, 0.1 ≤ 𝑃𝑟 ≤ 1000,
𝐷i
𝐿
≤ 1 (A.34) 

3. Calculation of the average convective heat transfer coefficient �̅� over a length of a tube based 

on the mean Nusselt number 𝑁𝑢̅̅ ̅̅  from Equation (A.32): 

 
𝑁𝑢̅̅ ̅̅ =

�̅� 𝑑i

𝑘L
 (A.35) 

where 𝑘L is the thermal conductivity of the water. 

4. Calculation of the total heat transfer rate to the thermal tank/heat exchanger 𝑄TT−2: 

 
𝑄TT−2 = �̅� 𝑛 𝐴s ∆𝑇LM = 2 𝑛 𝜋 𝑑i 𝐿 �̅� ∆𝑇LM (A.36) 

where 𝑛 is the number of the tubes, 𝐴s the heat-transfer area of a single tube, and ∆𝑇LM is the 

logarithmic mean temperature difference which is defined as: 

 
∆𝑇LM =

(𝑇w − 𝑇in) − (𝑇w − 𝑇out)

ln (
𝑇w − 𝑇in
𝑇w − 𝑇out

)
 

(A.37) 
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where 𝑇in and 𝑇out are the inlet and outlet temperatures of the saturated (inlet) and subcooled 

(outlet) water respectively, and 𝑇w the tube surface temperature which is assumed to be uniform 

and equal to the PCM melting temperature at 142 °C. 

5. Calculation of the pressure drop associated with fully developed flow in each tube [202]: 

 
∆𝑃 = 𝑓 

𝜌L 𝑢L
2

2 𝑑i
 𝐿 (A.38) 

where 𝜌L is the density of the liquid water, and 𝜉 the friction factor that is obtained from: 

 
𝑓 = (0.790 ln 𝑅𝑒 − 1.64)−2 (A.39) 

valid in the range: 

 
3 × 103 ≤ 𝑅𝑒 ≤ 5 × 106 (A.40) 

6. Calculation of the feed pump power associated with this pressure drop: 

 
�̇� =

𝑛 ∆𝑃 �̇�

𝜌L
 (A.41) 

where �̇� is the mass flowrate of water in a single tube. 

7. Calculation of physical properties of water at the mean temperature �̅� = 𝑇in + 𝑇out 2⁄ . The 

iteration above is repeated by increasing or decreasing the length of the tubes 𝐿 and number of 

tubes 𝑛 until the calculated heat transfer to the tank is almost equal to 26 MWth. 

8. Calculation of the required volume of PCM for storing 26 MWth in Thermal Tank 2 over 1 h 

leads to a thermal energy storage capacity of 26 MWh, is performed using: 

 
𝑄TT−2 = 𝜌PCM 𝑉TT−2 ℎPCM =

𝜋 𝐷TT−2
2  𝐿

4
 𝜌PCM ℎPCM (A.42) 

where 𝑄TT−2 the thermal energy storage capacity of Thermal Tank 2, i.e., 26 MWh, 𝜌PCM the 

density of the PCM, 𝑉TT−2 the required volume of the PCM in tank, ℎPCM the phase-change 

enthalpy of the PCM, and 𝐷TT−2 the diameter of the tank. 

9. Finally, the total volume of the thermal tank is the sum of the volume of the tubes in the 

thermal tank plus the volume of the PCM and is given by: 

 
𝑉TT−2 =

𝜋

4
 𝐷TT−2
2  𝐿 +

𝜋

4
 𝑑o,TT−2
2  𝐿 (A.43) 

 


