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ABSTRACT 

Conventional concentrating solar power (CSP) plants typically have a very high levelised cost of 

electricity (LCOE) compared with coal-fired power stations.  To generate 1 kWh of electrical 

energy from a conventional linear Fresnel CSP plant without a storage application, costs the 

utility approximately R3,08 (Salvatore, 2014), whereas it costs R0,711 to generate the same 

amount of energy by means of a highly efficient supercritical coal-fired power station, taking 

carbon tax into consideration.    

This high LCOE associated with linear Fresnel CSP technology is primarily due to the massive 

capital investment required per kW installed to construct such a plant along with the relatively 

low-capacity factors, because of the uncontrollable solar irradiation.  It is expected that the 

LCOE of a hybrid plant in which a concentrating solar thermal (CST) station is integrated with a 

large-scale supercritical coal-fired power station, will be higher than that of a conventional 

supercritical coal-fired power station, but much less than that of a conventional CSP plant.  The 

main aim of this study is to calculate and then compare the LCOE of a conventional supercritical 

coal-fired power station with that of such a station integrated with a linear Fresnel CST field. 

When the thermal energy generated in the receiver of a CST plant is converted into electrical 

energy by using the highly efficient regenerative Rankine cycle of a large-scale coal-fired power 

station, the total capital cost of the solar side of the integrated system will be reduced 

significantly, compared with the two stations operating independently of one another for 

common steam turbines, electrical generators and transformers, and transmission lines will be 

utilised for the integrated plants.   

The results obtained from the thermodynamic models indicate that if an additional heat 

exchanger integration option for a 90 MW (peak thermal) fuel-saver solar-augmentation 

scenario, where an annual average direct normal irradiation limit of 2 141 kWh/m2 is considered, 

one can expect to produce approximately 4,6 GWh more electricity to the national grid annually 

than with a normal coal-fired station.  This increase in net electricity output is mainly due to the 

compounded lowered auxiliary power consumption during high solar-irradiation conditions.  It is 

also found that the total annual thermal energy input required from burning pulverised coal is 

reduced by 110,5 GWh, when approximately 176,5 GWh of solar energy is injected into the 

coal-fired power station’s regenerative Rankine cycle for the duration of a year. Of the total 

thermal energy supplied by the solar field, approximately 54,6 GWh is eventually converted into 

electrical energy.  Approximately 22 kT less coal will be required, which will result in 38,7 kT 

less CO2 emissions and about 7,6 kT less ash production. 
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This electricity generated from the thermal energy supplied by the solar field will produce 

approximately R8,188m in additional revenue annually from the trade of renewable energy 

certificates, while the reduced coal consumption will result in an annual fuel saving of about    

R6,189m.  By emitting less CO2 into the atmosphere, the annual carbon tax bill will be reduced 

by R1,856m, and by supplying additional energy to the national grid, an additional income of 

approximately R3,037m will be due to the power station. The annual operating and 

maintenance cost increase resulting from the additional 171 000 m2 solar field, will be in the 

region of R9,71m.  

The cost of generating 1 kWh with the solar-augmented coal-fired power plant will only be     

0,34 cents more expensive at R0,714/kWh than it would be to generate the same energy with a 

normal supercritical coal-fired power station. 

If one considers that a typical conventional linear Fresnel CSP plant (without storage) has an 

LCOE of R3,08, the conclusion can be drawn that it is much more attractive to generate 

electricity from thermal power supplied by a solar field, by utilising the highly efficient large-scale 

components of a supercritical coal-fired power station, rather than to generate electricity from a 

conventional linear Fresnel CSP plant. 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

For the last decade, Eskom’s electricity network has been under immense pressure, which has 

eventually resulted in load shedding and a number of expensive load managing/reduction 

projects. This electricity shortfall is attributable mainly to an inadequate increase in generation 

capacity and the fast-growing electricity demand from its consumers.  This also has a major 

impact on the maintenance schedules of the existing power stations, which may snowball into 

an even greater electricity supply shortfall. 

As the literature clearly indicates, renewable energy sources have a relatively poor availability 

compared with conventional coal-, gas- and nuclear-based power generation methods.  But, 

electricity generation via renewable energy sources has two very important advantages that 

contribute significantly to the financial feasibility of such projects: 

Firstly, the fuel or energy resource is free of charge for renewable energy methods (with the 

exception of some hydro schemes).  This means that a power station utilising such resources 

will not have a fuel cost incorporated in its levelised cost of electricity calculation. 

Secondly, there are no harmful emissions to the environment, which means that no carbon tax 

and environmental penalty costs are considered.   At this stage (May 2014), no green credits or 

tradable renewable energy certificates (TRECs) have a major impact on the South African 

renewable energy industry.  Even though TRECs are not yet in full effect in South Africa, the 

potential incorporation thereof is considered in this study. 

Renewable energy does, however, also have a huge downside: it has a very high levelised cost 

of electricity generation.  This is mainly because of low capacity factors and high capital and 

maintenance costs associated with these plants. 

Fuel-based (coal, gas, nuclear) electricity generation methods have high capacity factors, but 

also have a high fuel cost and discharge harmful emissions (SOx, NOx, CO2, nuclear waste) to 

the environment.  On the other hand, renewable energy power generation methods have low 

capacity factors, zero fuel costs and zero harmful emissions. 

The augmentation concept, specifically solar augmentation, marries the abovementioned 

methods of power generation.  In this hybrid concept, an existing coal-fired power station is 

integrated with a solar thermal plant, specifically concentrating solar thermal (CST).  By doing 

so, the thermal heat produced by the CST field is fed into the Rankine cycle of the existing coal-

fired power station. By doing so, one can either keep the electricity production rate constant and 



1-2 

save fuel, or one can boost/increase the electricity output capacity of the coal-fired station.  

Except for the fact that the capital cost of the solar field will be very low compared with a 

conventional CSP plant (because the coal station’s turbines, generators, transformers, 

switchgear and transmission lines are utilised), both these operating modes have their own 

advantages as well:   

In boosting mode, the fuel consumption and harmful emissions levels will not necessarily 

decrease, but more electricity can be generated and will be available to the constrained grid. 

In fuel-save mode, no additional electricity will be generated, but less coal will be burned, less 

harmful gases will be emitted, and less ash will have to be handled.  This mode can also reduce 

the operating cost of the power station (fuel-cost decrease, carbon-tax decrease, income from 

TRECs, own electricity consumption decrease, etc). 

1.2 Problem statement  

It is expected that the LCOE of the hybrid plant will be greater than that of a conventional coal-

fired power station, but much less than that of a conventional concentrating solar power (CSP) 

plant.  If the addition of electricity generated from solar power to the national generation mix is a 

primary objective, will it be more feasible to invest in a conventional CSP plant, or will it be more 

feasible to invest in a solar augmentation scenario, where solar energy is injected into a coal-

fired power station? 

1.3 Objectives 

The main objective of this study is to compare the LCOE of a normal supercritical coal-fired 

power station with that of a solar-augmented scenario, where a solar field is integrated with 

such a coal-fired station.  The levelised cost of such a hybrid plant can then also be compared 

with that of a conventional CSP plant. 

1.4 Research methodology   

A thermodynamic model of an 800 MW supercritical coal-fired power station, in which all major 

input and output variables are calculated, was developed with Engineering Equation Solver 

(EES), a thermodynamic software package.  A thermodynamic model of the same power station 

was then developed with ThermoFLEX, which is also a thermodynamic software package, to 

verify the EES model’s input and output parameters. These parameters are then used to 

calculate the LCOE of this stand-alone coal-fired power station in Microsoft Excel. Henceforth, 

this stand-alone power station will also be referred to as the base-case scenario. 
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A thermodynamic model of a scenario, where thermal energy generated in a solar field is 

injected into the regenerative Rankine cycle of the base-case scenario, was then developed in 

EES. Actual data collected from Eskom’s linear Fresnel pilot and demonstration plant at 

Rosherville was used to calculate an accurate “solar to thermal” efficiency for such a CST 

technology. This efficiency was then used as an input parameter to calculate the amount of 

thermal energy available to the coal-fired power station, from the solar field in the solar 

augmentation models. 

Parametric tables, in which the direct normal irradiation was varied according to typical 

irradiation days, were then developed in EES, in which the major input and output parameters 

were calculated on a five-minute basis. This data was then used to calculate summarised 

annual parameters that were then used to calculate the LCOE of the solar augmented scenario. 

 

1.5 Scope of work and limits   

The scope of work for this study will include the following tasks: 

• Base-case thermodynamic model with EES 

• Base-case thermodynamic model with ThermoFLEX 

• Base-case model verification exercise 

• Rosherville linear Fresnel plant performance analysis 

• Base-case LCOE calculation with Excel 

• Fuel-saver solar augmentation thermodynamic model in EES 

• Different irradiation day parametric tables in EES: 

o No solar 

o Mostly cloudy day 

o Very cloudy day 

o Slightly cloudy day 

o Cloudless day 

• Solar augmentation LCOE calculation in Excel 

• Summary of results 

Only annualised calculations were conducted for the fuel-saver scenario that is integrated by 

means of an additional heat exchanger bypassing the high-pressure heaters. No other solar- 

field integration scenarios or other operating modes (boosting mode), are considered in this 

study. 
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1.6 Paper layout 

This paper consists of eight chapters, of which the first provides an introduction to this study.  

The second chapter includes a literature review of all the relevant thermodynamic and financial 

principles used in the power-generation sector. This literature review also includes sections 

about solar-power technologies, solar-radiation parameters and existing hybrid systems. 

In Chapter 3, the project approach is discussed in detail. This chapter provides the working 

method for the thermodynamic and financial models for the base-case and hybrid-case 

scenarios.  All the assumptions made for both scenarios can also be seen in Chapter 3. 

The thermodynamic and financial input and output parameters obtained from the EES models 

for the base-case scenario are discussed in Chapter 4. The model verification results obtained 

by comparing the EES and ThermoFLEX models are also reflected in this chapter. 

Chapter 5 refers to the EES parametric table results obtained from the solar-augmentation 

scenario for the different solar irradiation days considered, as well as the full-year input and 

output analysis. The financial implications of such a hybrid plant are also discussed in this 

chapter. 

In Chapter 6 the annual results for the base-case and solar-augmented case scenarios are 

compared with regard to the major input and output parameters, as well as the expected LCOE 

deviation, after which the summary of this study is documented in Chapter 7. 

The bibliography and references are documented in Chapter 8, after which the Appendixes 

containing all parametric table data and program codes follow. 

 

______________________________ 
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CHAPTER 2: LITERATURE STUDY AND EXISTING TECHNOLOGI ES 

2.1 Relevant thermodynamic properties and definitio ns 

2.1.1 Specific heat capacity 

The specific heat capacity (C) of a substance is the amount of heat (Q) required to increase the 

temperature of 1 kg of the substance by 1 °C. 

� = �
�	∆		      2.1 

Where:  

Cv   = Specific heat capacity at constant volume [J/kg.K] 

Cp   = Specific heat capacity at constant pressure [J/kg.K] 

m  = Mass [kg] 

Q  = Heat [J] 

∆T  = Change in temperature [K] 

2.1.2 Enthalpy 

The enthalpy (h) of a substance may be defined as the total energy in the substance, ie the 

work the substance is capable of, plus the internal energy of the substance. The change in 

enthalpy of a substance is also equal to the specific heat capacity of the substance, under 

constant pressure, multiplied by the substance’s change in temperature. 


ℎ = ��
	      2.2 

Where: 

∆T  = Change in temperature [K] 

Cp   = Specific heat capacity at constant pressure [J/kg.K] 

∆h  = Change in enthalpy [J/kg] 
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2.1.3 Entropy 

The entropy (s) of a substance is used as an absolute reference for the flow of heat at a certain 

temperature for any substance in any process. This means that a change in entropy indicates a 

flow of heat at a certain temperature and can be calculated with the following equation:  


� = ��
	       2.3 

Where: 

∆s  = Change in entropy [J/kg.K] 

T  = Temperature [K] 

∆q  = Heat transfer rate [J/s or W] 

2.1.4 Heat  

The heat flux (q’’), is the rate, per metre squared, at which heat is transferred from one medium 

to another. The heat flux may be multidirectional and is illustrated in [W/m2].   

The heat rate (q) is the total rate at which heat is transferred from one medium to another, and 

is illustrated in [W].  

2.1.5 Saturated and subcooled liquid 

When a substance exists in a liquid phase, only (x = 0) at the saturation temperature for the 

substance at a specific pressure, the substance is in a saturated liquid phase and is called a 

saturated liquid. 

When the temperature of a liquid substance is below the saturation temperature of the 

substance for a specific pressure, the substance is called a subcooled liquid or compressed 

liquid. 

2.1.6 Saturated and superheated vapour 

When a substance exists in a vapour phase, only (x = 1) at the saturation temperature of the 

substance at a specific pressure, the substance is in a saturated vapour phase and is called a 

saturated vapour or dry saturated vapour. 

When the temperature of a substance is above the saturation temperature of the vapour for a 

specific pressure, the substance is called a superheated vapour. 



2-3 

2.1.7 Critical point 

The critical point of a substance is found at the temperature and pressure of the substance, 

where the saturated liquid and saturated vapour states are identical. There is also no constant 

temperature vaporisation process at the critical point of a substance, which means that a two- 

phase state cannot exist. The temperature and pressure at the critical point of a substance are 

called the critical temperature and the critical pressure of the substance. For steam it is:       

Tcritical = 374,14 °C and P critical = 22,09 MPa. 

When the pressure of a substance is above its critical pressure, but below its critical 

temperature, the substance is in a subcooled or compressed liquid state. 

When the pressure of a substance is above its critical pressure, and the temperature of the 

substance is above its critical temperature, the substance may be referred to as a supercritical 

substance. 

 

2.2 Thermodynamic laws  

2.2.1 The zeroth law of thermodynamics 

The zeroth law of thermodynamics states that when two bodies have equality of temperature 

with a third body, they in turn have equality of temperature with each other (Sonntag et al., 

2003).  

2.2.2 First law of thermodynamics   

As a control mass undergoes a change of state, energy may cross the boundary as either heat 

or work, and each may be positive or negative. The net change in the energy of the system will 

be exactly equal to the net energy that crosses the boundary of the system. The energy of the 

system may change in any of three ways – by a change in internal energy, in kinetic energy or 

in potential energy (Sonntag et al., 2003). This can also be called the law of conversion of 

energy and mass.  If all the heat in the process is transformed to work: 


� = 
�      2.4 

Where: 

∆Q  = Change in heat [J] 

∆W  = Change in work [J] 
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2.2.3 Second law of thermodynamics 

There are two classical statements of the second law, known as the Kelvin-Planck statement 

and the Clausius statement (Sonntag et al., 2003). 

The Kelvin-Planck statement:  It is impossible to construct a device that will operate in a 

cycle and produce no effect other than the raising of a weight and the exchange of heat 

with a single reservoir. 

The Clausius statement:  It is impossible to construct a device that operates in a cycle 

and produces no effect other than the transfer of heat from a cooler body to a hotter 

body. 

 

2.3 Relevant thermodynamic processes  

2.3.1 Heat transfer 

Heat (q) will always flow from a higher temperature to a lower temperature environment, until 

the two environments are equal in temperature. Heat transfer may occur in three different 

modes, namely 

• conduction 

• convection 

• radiation 

2.3.1.1 Conduction 

The transfer of energy (heat) within a stationary medium that can be either a solid or a liquid, is 

called conduction. A basic illustration of a one-dimensional conduction process can be seen in 

Figure 2-1.   
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Figure 2-1:  Basic illustration of conduction 

The heat flux for conduction may be calculated with the following equation: 

��� = � 	��	�
� = � �	

�       2.5 

Where: 

q’’  = Heat flux [W/m2] 

k  = Thermal conductivity [W/mK] 

T1  = Warmer temperature [K] 

T2  = Cooler temperature [K] 

L  = Substance thickness [m] 

The heat rate (q) through conduction may then be calculated by multiplying the heat flux (q’’) by 

the area (A) of the conduction plane. 

� = ����      2.6 

Where: 

q  = Heat rate [W] 

A  = Area of conduction [m2] 

 



2-6 

2.3.1.2 Convection  

Convection takes place when heat (q) flows to/from a surface with temperature (Ts), from/to a 

moving fluid with temperature (T∞). If the movement of the fluid is induced by an external 

source, such as a fan or a pump, the process is known as forced convection, but when the 

movement of the fluid is self-induced by means of buoyancy forces, for example, the process is 

known as free convection. A basic illustration of the convection process can be seen in     

Figure 2-2. 

 

Figure 2-2:  Basic illustration of convection 

If it is assumed that the surface temperature is warmer than the temperature of the moving fluid, 

the convective heat flux (q’’) may be calculated with the following equation: 

��� = ℎ(� − �)      2.7 

Where: 

q’’  = Convective heat flux [W/m2] 

h  = Convection heat transfer coefficient [W/m2K] 

TS  = Surface temperature [K] 

T∞  = Moving fluid temperature [K] 
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2.3.1.3 Radiation 

The energy emitted by gases, solids and fluids, which is at a nonzero temperature, is called 

radiation. According to (Incropera, 2007), the energy of the radiation field is transported by 

electromagnetic waves or photons. 

 

Figure 2-3:  Basic illustration of radiation 

The heat flux (q’’) emitted by a real surface at a certain temperature is given by the following 

equation: 

 = !"�#      2.8 

Where: 

W  = Emissive power [W/m2] 

ε  = Emissivity of the surface [0 ≤ ε ≤ 1] 

ϭ  = Stefan Boltzmann constant [5.67x10-8W/m2K4] 

TS  = Surface temperature [K] 

 

2.3.2 Constant volume process 

In a constant volume process, the temperature and pressure may vary but the volume stays 

constant. The constant volume process is also called an isovolumetric process.   
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Figure 2-4:  Basic illustration of an isovolumetric process 

If heat is added through the system boundary in Figure 2-4 above, the temperature and 

pressure will increase, but no work can be done through this process. 

 

2.3.3 Constant pressure process 

In a constant pressure process, the temperature and volume of the system may change, but the 

pressure must stay constant. 

 

Figure 2-5:  Basic illustration of an isobaric process    

When heat is supplied to the system in Figure 2-5, the system volume has to increase for the 

pressure to stay constant. This will result in the piston moving from one position (1) to another 
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(2) eg positive work will be obtained from the system. The constant pressure process is also 

called an isobaric process. 

2.3.4 Isothermic process 

In a constant temperature process, the volume and pressure may change but, the temperature 

of the system will stay constant. 

 

Figure 2-6:  Basic illustration of an isothermic process 

When work is added to the system to move the piston from position 2 to position 1 in Figure 2-6, 

the temperature of the system will rise. This heat will then move though the cylinder walls by 

means of conduction to keep the temperature inside the cylinder constant. Heat (Q) will be 

rejected from this process. 

 

2.3.5 Adiabatic process 

When the cylinder in Figure 2-6 is insulated and work is added to move the piston from    

position 2 to position 1, no heat can be rejected from this process, which means that the 

pressure, temperature and volume of the system will change. The heat transfer in an adiabatic 

process is zero. 
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2.3.6 Isentropic process  

When an adiabatic process takes place without any losses, an isentropic process takes place.   

 

Figure 2-7:  Basic illustration of an isentropic process 

In the case where work is added to the system to move a piston from one position to another, 

no heat flow across the system boundary is allowed and the whole process is without losses, 

the piston will return to the exact same initial position when it is released; and by doing so, the 

same amount of work will be done as was initially added to the system.  Because there is no 

heat flow across the boundary of the system, the entropy will stay constant throughout the 

process. This process is also called the reversible adiabatic process.   

 

2.3.7 Throttling process 

In a throttling process the temperature and pressure may vary, but the enthalpy of the working 

fluid stays constant throughout the process.  Practical examples of the throttling process are the 

throttling of steam through a valve and the flashing off of steam in a flash box. 
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2.4 Rankine cycle 

The Rankine cycle is used in most steam-power stations across the world and is used to 

generate approximately 90% of the entire world’s electricity. This thermodynamic cycle is 

named after Professor William John Macquorn Rankine from Glasgow University. 

 

2.4.1 Basic Rankine 

The basic Rankine cycle, shown in Figure 2-8, consists of a four-steady-state-process, of which 

the first state is saturated liquid and the third state is either saturated vapour or superheated 

vapour.  The four stages of the basic Rankine cycle can be defined as 

1. an isentropic pumping process (1–2) 

2. a transfer of heat from the boiler in an isobaric process (2–3) 

3. an isentropic expansion process (3–4) and 

4. a transfer of heat to the condenser in an isobaric process (4–1) 

 

Figure 2-8:  Illustration of a basic Rankine cycle 

The circulation pump requires external power (W_Pump) to pressurise the working fluid from state 

one to state two.  In the ideal cycle, this is a reversible adiabatic process, which means that the 

entropy of the working fluid remains constant (s1 = s2). 

External heat (Q_Boiler) is then introduced to the working fluid in the boiler.  In die ideal Rankine 

cycle, this heat exchange takes place under constant pressure (P2 = P3).  The heat is normally 
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contracted through the combustion of carbon-based substances, but can also be obtained from 

any other applicable heat source. 

As mentioned in the first paragraph, the working fluid can now be either in a saturated vapour or 

in a superheated vapour phase, depending on the amount of heat introduced to the cycle. The 

energetic working fluid can now be expanded in a reversible adiabatic process (s3=s4) where 

power (W_Turbine) can be extracted from the cycle. 

After the fluid has been expanded, it can be either in a saturated vapour or a two-phase state.  

Heat (Q_Condenser) must now be extracted from the cycle to condense the working fluid back to a 

saturated liquid state, so that it can be recirculated by the pump. The heat extracted from the 

cycle is normally released to the atmosphere by cooling towers or air-cooled condensers (ACC). 

 

Figure 2-9:  T-s diagram of the basic Rankine cycle (Sonntag et al., 2003)  

In the scenario where saturated vapour is produced by the steam generator the cycle path 1 – 2 

– 3 – 4 – 1 will be followed on the temperature versus entropy (T-s) diagram shown in Figure 

2-9. When superheated vapour is produced, the cycle path 1 – 2 – 3 – 3’ – 4’ – 1 will be 

followed on the T-s diagram. 
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The power required by the pump can be calculated by multiplying the mass flow of the working 

fluid by the difference between the pump’s inlet and outlet enthalpies. If a non-ideal pump is 

considered, the ideal power rating must be divided by the isentropic efficiency of the pump. 

��$�� = �� (%��%�)
&'()'

      2.9 

Where: 

WPump  = Power required by the pump [kW] 

m  = Mass flow of the working fluid [kg/s] 

h1  = Specific enthalpy of the working fluid entering the pump [kJ/kg] 

h2  = Specific enthalpy of the working fluid leaving the pump [kJ/kg] 

η  = Mechanical efficiency of the pump [%] 

 

The heat introduced to the boiler may be illustrated by the area: a – 2 – 2’ – 3 – 3’ – c – a in the 

T-s diagram and the heat rejected by the cycle through the condenser can be illustrated by the 

area: a – 1 – 4’ – c – a.  This may also be calculated from the thermodynamic properties of the 

working fluid: 

�*+,-./ = �� (ℎ0 − ℎ1)      2.10 

Where:  

Q_Boiler  = Thermal power injected by the boiler [kWt] 

m  = Mass flow of the working fluid through the boiler [kg/s] 

h3  = Enthalpy of the working fluid leaving the boiler [kJ/kg] 

h2  = Enthalpy of the working fluid entering the boiler [kJ.kg] 

 

As with a pump, the power produced by the turbine may be calculated by multiplying the mass 

flow of the working fluid by the difference between the turbine’s inlet and outlet enthalpies.  
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If a non-ideal turbine is considered, the ideal turbine power rating must be multiplied by the 

turbine’s isentropic efficiency.  

�2$/*,3. = �� (ℎ0 − ℎ#). 52$/*,3.    2.11 

Where: 

WTurbine  = Power produced by the turbine [kW] 

m  = Mass flow of the working fluid [kg/s] 

h3  = Specific enthalpy of the working fluid entering the turbine [kJ/kg] 

h4  = Specific enthalpy of the working fluid leaving the turbine [kJ/kg] 

η  = Mechanical efficiency of the turbine [%] 

 

The heat extracted from the cycle, through the condenser, can be calculated by multiplying the 

mass flow of the fluid by the difference between the fluid’s inlet and outlet enthalpies.  Note that 

the fluid, at the condenser outlet must be in a saturated liquid state. 

�6+37.38./ = �� (ℎ# − ℎ9)     2.12 

Where: 

Q_Condenser  = Thermal power extracted by the condenser [kWt] 

m   = Mass flow of the working fluid through the condenser [kg/s] 

h4   = Enthalpy of the fluid entering the condenser [kJ.kg] 

h1 = Entropy of the fluid leaving the condenser [kJ/kg]   

The net power (W_Net) produced by the cycle is the output power produced by turbine, minus 

the input power required to drive the electrical pump and may be illustrated as the area: 1 – 2 – 

2’ – 3 – 3’ – 4’ - 1 in the T-s diagram. This may also be calculated from the thermodynamic 

properties of the working fluid. 
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The overall efficiency of this basic cycle can be calculated by dividing the net power output of 

the cycle by the total heat input to the furnace by combusting pulverised fuel. The gross cycle 

efficiency is calculated by dividing the gross power output or generator power by the heat added 

to the cycle by the boiler, while the net cycle efficiency is calculated by dividing the net power 

output of the station by the heat added to the cycle by the boiler. The net power output is the 

power supplied by the generator minus the total auxiliary power requirement. 

 

5+:./;-- = <=>?
�@(A=BC>

     2.13 

56D8-.	E/+FF = <GAHII
�JHKL>A

     2.14 

56D8-.	M.2 = <=>?
�JHKL>A

     2.15 

Where: 

5+:./;--   = Overall efficiency [%] 

56D8-.	E/+FF  = Gross cycle efficiency [%] 

56D8-.	M.2  = Net cycle efficiency [%] 

�3.2   = Net power output [kW] 

�N$/3;8.  = Heat added in furnace [kW] 

�E/+FF   = Gross power or generator power [kW] 

�O+,-./   = Heat added to cycle by boiler [kW] 

�3.2   = Net power output 

 

2.4.2 Reheat Rankine cycle 

In the reheat cycle, the main steam (3) is expanded to a certain pressure (4) in the first stages 

of the turbine. The steam is then reheated (isobaric process) in the boiler’s reheaters to the 

required temperature. Normally the reheated steam temperature is equal to the main steam 

temperature (T4 = T3). The reheated steam is then expanded further in the later stages of the 

turbine. According to (Sonntag et al., 2003), the reheat cycle has been developed to take 
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advantage of the increased efficiency with higher pressures, and yet avoid excessive moisture 

from forming in the low-pressure stages of the turbine. An illustration of a basic reheat cycle is 

seen in Figure 2-10, while the T –s diagram of such a cycle is illustrated in Figure 2-11. 

 

Figure 2-10:  Reheat Rankine cycle 

 

 

Figure 2-11:  T - s diagram of the Reheat Rankine cycle (Sonntag et al., 2003) 

2.4.3 Regenerative Rankine cycle 

In the regenerative Rankine cycle, steam tapped off from certain turbine interstages, is used to 

preheat the boiler feedwater to a certain extent. By doing so, less heat is required from the 

furnace to heat the main steam to its specified temperature. 
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From the regenerative Rankine cycle illustrated in Figure 2-12, one can note that steam with a 

mass flow of x times the mass flow of that in section 5 (x. �5�  or �6� ) is being tapped off from a 

turbine interstage to power the feedwater heater. In this particular case, an open feedwater 

heater is used where the bleed steam is mixed with the feedwater. In effect, the turbine inlet 

steam flow is equal to the heater outlet water flow and is equal to the bleed steam flow plus the 

heater inlet water flow (�5� = �3� = �2� +	�6� ). 

 

Figure 2-12:  Regenerative Rankine cycle 

As shown in the T-s diagram in Figure 2-13, line 6-3 illustrates how the bleed steam is 

condensed in the feedwater heater and line 2-3 illustrates how the feedwater is pre-heated in 

the heater.  The feedwater and condensed bleed steam are mixed at point 3.  

 

Figure 2-13:  T-s diagram of the regenerative Rankine cycle (Sonntag et al., 2003). 
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2.5 Conventional coal-fired power generation  

Modern coal-fired power stations make use of a complex regenerative Rankine cycle.  Normally 

this cycle consists of a steam generator system in which heat is added to the cycle, a turbine 

train system in which mechanical work is extracted from the cycle, condensers in which the 

saturated steam is condensed to a saturated liquid state, a number of feedwater preheaters, 

and the feedwater pumping system. 

According to (Zhang, 2013), the efficiency of the Rankine power cycle is normally limited by the 

working fluid, the turbine entry temperature and the condenser temperature. The turbine entry 

temperature is typically around 560 °C, and is limi ted by the creep limit of the stainless steel 

used in the turbine components. The condenser temperature is normally around 26 °C and is 

limited by the cooling method and ambient conditions.  

In order to increase the efficiency of a given Rankine cycle, one has to increase the main steam 

pressure and temperature or decrease the condenser temperature. 

Coal-fired power stations may also be subclassified into the following categories, and can be 

seen in Table 2-1: 

• Subcritical power plant 

• Supercritical (SC) power plant 

• Ultra-supercritical (USC) power plant 

Table 2-1:  Technology comparison of three steam cycles (Zhang, 2013) 

 

From Table 2-1 above it can be seen that ultra-supercritical plants outperform subcritical and 

supercritical power stations with regard to the overall cycle efficiency and CO2 emissions.   

Thomas Edison’s Pearl Street Station was the first coal-fired power station in the United States 

(US). The New York based power station supplied its first electricity to its initial 85 customers on  

4 September 1882. Almost forty years later (1920s), pulverised-coal or pulverised-fuel (PF) 

power stations started to come into operation. The first reheat cycle was also introduced in the 

same decade, after which the main steam temperature was increased to 538 °C in the 1930s. 
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In 1957, the Ohio based, Philo Unit 6 was the first commercial supercritical (SC) power 

generator, with main steam conditions of 31 MPa and 621 °C.  In 1960, the 325 MW Eddystone 

Unit 1, with an even higher main steam pressure of 35 MPa, came into operation.  According to 

(Narula et al., 2013) the knowledge gained from the successful operation of both Eddystone 1 

and  Philo 6 made them models for the SC stations that followed.  

According to (Zhang et al., 2013), the supercritical coal-fired boilers have been successfully put 

into commercial operation with a maximum capacity of 1 100 MW. 
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2.5.1 Coal and emissions 

2.5.1.1 Coal   

According to (IEA and CIAB, 2010), coal is the world’s most abundant fossil fuel, with reserves 

for all types of coal estimated to be about 990 billion tonnes. This reserve is enough for 

approximately 150 years at the current consumption (2010).  Globally, approximately 42% of all 

electricity production is generated by burning coal. According to (IEA and CIAB, 2010), coal is 

likely to remain a key component of the fuel mix for power generation, especially as a result of 

the growing demand in developing countries. 

According to (Sonntag et al., 2003), coal consists of the remains of vegetation deposits of a past 

geological age. These vegetation deposits are subjected to biochemical actions, high pressure, 

temperature and submersion for extended periods. Coal characteristics vary significantly with 

location, and, in some cases the quality of the coal from the same mine may also vary.  

Raw coal can also be broken down into the following groups: 

• Volatile matter  

• Surface moisture 

• Inherent moisture 

• Fixed carbon 

• Ash 

The volatile matter component of coal normally contains hydrogen, mercury (Hg), carbonates 

(Cx) and methane (CH4), which means that a typical coal sample will contain mainly the 

following chemical elements: 

• Nitrogen (N)  

• Carbon (C) 

• Sulphur (S) 

• Mercury (Hg) 

• Oxygen (O)  

• Hydrogen (H) 

The ultimate analysis may be given on an “as-received” basis, which includes the surface and 

inherent moisture on an “air-dried” basis, which does not include the surface moisture, or on a 

“dry basis”, which does not include any moisture.  The pie charts below (Figure 2-14) show coal- 

sample analyses for Lethabo and Matimba power stations. 
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The term “heating value” represents the heat transferred from the furnace during combustion at 

constant temperature. The higher heating value (HHV) or gross calorific value (GCV) of coal is a 

characteristic that illustrates the heat transfer with liquid water in the coal, while the lower 

heating value (LHV) is the heat transfer with vapour water products in the coal (Sonntag et al., 

2003). 

The bulk of the coal in South Africa used for power generation has a GCV value of between 20 

and 26 MJ/kg. South Africa’s higher-quality coal is normally reserved for export, steel 

production, fuel production, etc. Kendal and Matimba power stations burn coal with a heating 

value of 18–21 MJ/kg, while Lethabo power station burns very low-quality coal, with a heating 

value of between 14 and 16 MJ/kg. 

  

Figure 2-14:  Air-dried coal analysis for Lethabo (left) and Matimba (right) power stations 

2.5.1.2 Emissions 

When raw coal goes through a combustion process with air, pollutants such as NOx and SOx 

are formed (Moretti and Jones, 2012). 

NOx refers to the cumulative emission of NO, NO2 and small quantities of other nitrogen species 

created during combustion. The most harmful effects come from NO2, which forms from the 

reaction of NO and O2 (Moretti and Jones, 2012).  

SOx refer to the cumulative emission of SO2 and SO3. When sulphur-containing coal is burned 

in the furnace, the sulphur combines with oxygen to form SO2, after which some of the SO2 

oxidises to SO3 (Moretti and Jones, 2012). SO2 is a throat, eye and nose irritant that is 

associated with respiratory illness and acid rain.  
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The formation of SO2 during the combustion process can be seen in the reaction below:  

U + V1 = UV1      2.16 

According to (Moretti and Jones, 2012), the SO2 content in the flue gas can be managed by 

selecting a fuel with a lower sulphur content or by utilising a flue gas desulphurisation (FGD) 

technology to remove the SO2 from the flue gas. 

A number of FGD technologies are available, including dry and wet FGD (Figure 2-15), spray 

dryer absorber (SDA), circulating dry scrubber (CDS) and dry sorbent injection (DSI).  Wet FGD 

is most commonly used, with limestone as the reagent and gypsum as the by-product. 

The SO2 extraction process begins as the hot flue gas enters the FGD absorber tower where it 

is cooled and saturated by the limestone slurry. The flue gas then flows upward through the 

absorber spray zone, where the slurry is sprayed counter-current to the flue gas flow, 

completing the SO2 removal process. Typically, the SO2 removal process also includes a 

forced-oxidation system where calcium sulphite (CaSO3) formed by the SO2 removal process is 

converted into calcium sulphate (CaSO4) or gypsum.  Limestone forced-oxidation systems have 

achieved SO2 removal efficiencies as high as 98%. The overall SO2 extraction process can be 

seen in the chemical reaction below:  

�W�V0 + UV1 + (0.5)V1 + 2Y1V → �WUV#	[	2Y1V + �V1  2.17 

 

Figure 2-15:  Picture of a typical wet flue-gas desulphurisation plant (Everett et al., 2012c). 
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According to (Moretti and Jones, 2012), particulates are very small-diameter solids or liquids 

that remain suspended in the flue gas. The solids are typically made up of non-combustible ash 

or partially combusted soot.  

Particulate control equipment is designed to remove the fly ash and other particulates from the 

flue gas. There are a number of particulate control technologies available, eg fabric filter plant 

(FFP), electrostatic precipitators (ESP), mechanical collectors and venture scrubbers (Moretti 

and Jones, 2012). In the FFP, the flue gas passes through a woven fabric, where the 

particulates in the flue gas are not allowed to pass through the filters and are deposited on the 

filter surface. In a pulse-jet FFP, the ash is collected on the outside of the filter bags and is 

removed by a reverse pulse of high-pressure air while the compartment is online.  FFPs have 

high collection efficiencies throughout the particle size range, high reliability and a good 

resistance to flow inconsistencies. (Moretti and Jones, 2012).  An illustration of a pulse-jet fabric 

filter plant can be seen in Figure 2-16. 

 

Figure 2-16:  Pulse-jet fabric filter plant (Moretti and Jones, 2012) 

An ESP comprises a series of parallel vertical plates through which the flue gas passes. The 

ash particles in the flue gas are charged with a strong electric field, which makes them adhere 

to the vertical plates. From there the ash is released into hoppers and transported to the ash 

dumps. 
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Figure 2-17:  Electrostatic precipitator plant (Moretti and Jones, 2012) 

Carbon dioxide (CO2), a major role-playing greenhouse gas, is also a significant by-product of 

coal’s combustion process. The formation of CO2 can be seen in the reaction below:  

� + V1 = �V1      2.18 

The clean development mechanism (CDM) is a project-based mechanism between mostly 

developing and developed countries that are signatories to the Kyoto protocol (Volschenk, 

2013). In effect CDM allows companies to trade in certified emission reductions, sometimes 

called carbon credits. 

When determining the emissions offset a CDM project delivers, one needs to compare the 

base-case emissions with the emissions after the implementation of a CDM. 
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Figure 2-18:  Emissions reduction with a clean development mechanism 
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2.5.2 Supercritical and ultra-supercritical generat ion 

Supercritical power stations operate at parameters above the working fluid’s critical point 

Typical SC plants operate at pressures between 22 and 24 MPa, with temperatures ranging 

between 597–657 °C.  These power stations can reach  cycle efficiencies of up to 45%, which is 

significantly higher than the efficiency of a typical subcritical power station. 

Ultra-supercritical power plants operate at much higher pressures (25–34 MPa) and 

temperatures of up to 760 °C. Their plants can reac h efficiencies approaching 50%. Table 2-2 

gives a good indication of where supercritical power stations are already in operation around the 

world. Eskom Holdings SOC Limited are currently (2014) in the process of constructing two 

supercritical power stations, Medupi and Kusile. Medupi is situated on the outskirts of 

Lephalale, in the Limpopo province, while Kusile is situated in the Nkangala District of the 

Mpumalanga province.  Both these stations have 6 units with rated capacities of 800 MW each. 

Table 2-2:  Worldwide distribution of supercritical power plant (Zhang, 2013) 

 

Even though supercritical and USC plants have higher efficiencies and lower CO2, NOx and SOx 

emissions, the operating and maintenance (O&M) requirements of such plants are much more 

intensive. These plants also require advanced, more expensive materials for the turbines and 

boiler components to withstand these extreme steam conditions.   
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2.5.3 Relevant cycle components condensers  

According to (Everett et al., 2012e), the condenser is one of the steam cycle power plant’s main 

components. The condenser receives low-pressure steam from the last stages of the low- 

pressure turbines. By rejecting heat from the steam it is then condensed back to a liquid stage, 

which can then be recirculated through the Rankine cycle. According to (Everett et al., 2012e), 

there are three main condenser types: 

• Direct-contact condensers  

• Surface condensers 

• Air-cooled condensers 

When the steam is fully condensed, the liquid water occupies only a fraction of the space the 

steam requires, which causes a vacuum in the condenser. This low pressure in the condenser 

reduces the back pressure on the turbines, which increases their efficiency. 

 

2.5.3.1.1 Direct-contact condensers 

In direct-contact condensers, the cooling water is sprayed directly into the exhaust steam 

leaving the LP turbines. By mixing the exhaust steam with the cold cooling water, the steam 

condenses to liquid water. 

 

2.5.3.1.2 Surface condensers 

According to (Everett et al., 2012e), surface condensers are basically shell and tube heat 

exchangers. The low-pressure turbine exhaust steam condenses on the exchanger’s shell side, 

while the cooling water flows through the tubes. A series of baffles and plates supports the 

tubes and distributes the flow of the exhaust steam, directs the non-condensable gas such as 

O2 and CO2 to the outlet and minimises flow-induced vibrations, which could result from high 

steam velocities. An illustration of a typical surface condenser can be seen in Figure 2-19. 

Water boxes are normally located on each end of the tube bundle and distribute the cooling 

water through the tubes. Most condensers receive steam from the top as the steam leaves the 

exhaust end of the turbines (Everett et al., 2012e). 
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According to (Everett et al., 2012e), the cooling medium and the exhaust steam remain 

separate in a surface condenser. Surface condensers offer the following features (Everett et al., 

2012e): 

• The vacuum in the condenser maximises the plant’s thermal efficiency and reduces the 

heat rate. 

• Because the working fluid in the power cycle is not in direct contact with the cooling 

medium, high-quality demineralised (demin) water may be reused. 

• The condensate is deaerated, which minimises the potential for corrosion.  

• A condenser serves as a collection point for condensate drains. 

 

Figure 2-19:  Typical power plant surface condenser (Wordpress, 2014) 

2.5.3.1.3 Air-cooled condensers 

Air-cooled condensers are normally used in regions where water is not freely available, in 

regions where there are limits to the amount of water that may be discharged from a plant and 

in regions where the vapour plume, associated with wet-cooling towers, is not permitted (Everett 

et al., 2012e). ACC may be subcategorised as direct-acting and indirect-acting condensers. 

Direct-acting ACC operates like the cooling radiator of a diesel engine. The exhaust steam flows 

through thin, externally finned tubes.  Atmospheric air is then forced over these tubes, via large 
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electrically driven fans, to extract heat from the steam. This heat extraction causes the steam 

inside the ACC tubes to condense to liquid water, after which it flows to the condensate storage 

tank.  An illustration of a direct-acting ACC system is shown in Figure 2-20. 

 

Figure 2-20:  Illustration of a direct-acting air-cooled condenser system. 

With the indirect-acting ACC, the turbine exhaust steam is condensed by a cooling-water loop in 

a conventional surface condenser. The cooling water then rejects heat to the atmosphere in a 

dry cooling tower by means of air flowing across external finned tubes (Everett et al., 2012e). An 

illustration of an indirect ACC system is shown in Figure 2-21. 
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Figure 2-21:  Illustration of an indirect-acting air-cooled condenser system 

According to (Everett et al., 2012e), direct-acting ACC is the design more often used in 

conventional power generation. 

 

2.5.3.2 Pumps 

According to (Everett et al., 2012d),  a number of pumps are found in each power plant, but, the 

regenerative Rankine cycle only includes a minimum of three pumps: 

• Boiler feed pump (BFP) 

• Condensate pump 

• Circulation pump 

In the case of a direct-acting dry-cooling system with ACC, the circulation pump will not be 

required. 
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2.5.3.2.1 Boiler feed pumps 

The boiler feedwater pumps are responsible for circulating the working fluid through the 

Rankine cycle. They are normally situated between the deaerator storage tank (DST) and the 

first high-pressure heaters. 

Large-scale power stations typically make use of a number of electrically driven, multistage 

centrifugal pumps to circulate the feedwater through the cycle. Typically, large power plants 

have four pump sets that consist of a booster pump and a high-pressure pump in series. The 

main function of a booster pump is to create the required inlet pressure at the high-pressure 

pump inlet to avoid cavitation. In most cases, three pump sets are in service, while the fourth is 

on standby. In some stations, steam-turbine driven pumps are utilised. An illustration of a BFP 

can be seen in Figure 2-22. 

The height to which a fluid can be pumped is influenced by the fluid’s temperature and 

atmospheric pressure.   

According to (Everett et al., 2012d), the required total head developed by the pump is normally 

called the total dynamic head and is made up of the following important parameters: 

• The total static head of discharge above the level of the suction water 

• The required pressure at the point of discharge 

• The friction losses in the pipes and fittings 

 

Figure 2-22:  Radially split, double-case diffuser multistage boiler feedwater centrifugal pump 

(Everett et al., 2012d).  
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2.5.3.3 Feedwater heaters 

According to (Everett et al., 2012a), the feedwater preheaters have two main functions in a 

power station: 

1. To increase the feedwater temperature before it enters the boiler 

2. To minimise the thermal effects on the boiler 

The feedwater preheaters use steam from different turbine-extraction points to preheat the 

feedwater. Low-pressure feedwater heaters are situated between the condenser and BFPs, 

while the high-pressure feedwater heaters are found between the BFPs and the boiler’s 

economiser. According to (Everett et al., 2012a), feedwater preheaters can be categorised as 

open feedwater heaters and closed feedwater heaters. 

2.5.3.3.1 Open feedwater heaters 

In open feedwater heaters, the bleed steam from the turbines and the feedwater mix. This 

enables the heater to heat the feedwater to a certain extent and to remove gases, which could 

cause corrosion of equipment and piping systems from the feedwater (deaerating effect).  

These heaters are also generally less expensive and have better heat-transfer characteristics 

than closed feedwater heaters.   

Eskom power stations mainly make use of the tray-type and the stork-type deaerators. 

 

Figure 2-23:  Stork-type deaerator 
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Figure 2-24, shows the working principles of spray- and spray-scrubber type deaerators.  

The condensate formed in the high-pressure heaters is also reintroduced into the feedwater at 

the deaerator. When it is assumed that the feedwater outlet temperature is equal to the 

saturation temperature of the extraction steam, the following equation may be used to calculate 

the amount of extraction steam required. 

�� \ = (�� H%H)	](	�� K%K)	](	�� ^%^)
%_

     2.19 

With: 

me  = Mass flow of the extraction steam [kg/s] 

mi  = Mass flow of the feedwater entering the deaerator [kg/s] 

mo  = Mass flow of the feedwater leaving the heat deaerator [kg/s] 

md  = Mass flow of condensate from the high-pressure heaters [kg/s] 

ho  = Enthalpy of the feedwater leaving the deaerator [kJ/kg] 

hi  = Enthalpy of the feedwater entering the deaerator [kJ/kg]  

he  = Enthalpy of the extraction steam entering the deaerator [kJ/kg] 

hd  = Enthalpy of the condensate from the high-pressure heaters [kJ/kg] 

 



2-34 

 

Figure 2-24:  (a) Spray-type deaerator, (b) Spray-scrubber deaerator (Everett et al., 2012a) 

2.5.3.3.2 Closed feedwater heaters 

Unlike in an open feedwater heater, the bleed steam and feedwater do not mix in a closed 

feedwater heater. According to (Everett et al., 2012a), closed feedwater heaters are specialised 

shell and tube heat exchangers. The distillate formed in the heaters can either be pumped via 

the drain pumps into the main feedwater line or it can be introduced, via a trap, to another 

lower-pressure heater or to the main steam condenser. 

 

Figure 2-25:  Basis illustration of closed feedwater heater scenarios 
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If it is assumed that the heater can increase the temperature of the feedwater to the 

temperature of the condensate formed, the following equation may be used to calculate the 

amount of extraction steam required: 

�� . = �� K(%H�%K)
(%>�%C)

      2.20 

Where: 

me  = Mass flow of the extraction steam [kg/s] 

mi  = Mass flow of the feedwater [kg/s] 

ho  = Enthalpy of the feedwater leaving the heat exchanger [kJ/kg] 

hi  = Enthalpy of the feedwater entering the heat exchanger [kJ/kg]  

he  = Enthalpy of the extraction steam entering the heat exchanger [kJ/kg] 

hc  = Enthalpy of the condensate leaving the heat exchanger [kJ/kg] 

The low-pressure closed feedwater heaters are normally situated between the condenser 

extraction pumps (CEP) and the deaerator storage tank (DST), while the high-pressure closed 

feedwater heaters are found between the EFP and the economiser. 

In some closed feedwater heaters, the feedwater pressure is higher than the bleed steam 

pressure, which may result in feedwater flowing back into the turbines if a tube leak occurs.  For 

this reason, feedwater heater tube leaks must be avoided at all costs. 

 

2.5.3.4 Steam generator 

Steam generators are responsible for transferring the energy released when combusting a fuel, 

to the working fluid, as efficiently as possible. Modern steam-generator systems consist of a 

number of components, depending on the type of boiler: 

• Boiler wall 

• Drum 

• Superheaters 

• Reheaters 

• Economiser 
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The main types of firing systems used in coal-fired boilers used in the power-generation sector 

are the entrained-flow pulverised fuel (PF) or pulverised-coal (PC) combustion method and the 

circulating fluidised-bed (CFB) method. The CFB method will not be discussed further in this 

study. The more popular of the two is the PC method, where the coal is ground into a fine 

powder in the mills, after which it is injected into the furnace through a number of burners. This 

very fine PF is then blown into the furnace with a calculated amount of air, where it burns at 

temperatures in excess of 1 300 °C.   

PC boilers may now be subdivided into the two-pass boiler type and the tower-boiler type 

(Figure 2-26). 

  

Figure 2-26:  Two-pass boiler type (left) and tower-boiler type (right) (Zhang et al., 2013) 

The two-pass configuration is more commonly used in modern subcritical to ultra-supercritical 

steam generators, therefore only the two-pass configuration will be discussed in more detail 

during this study. 
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2.5.3.5 Attemperator spray 

According to (Everett et al., 2012b), attemperator systems are predominantly used to control 

steam temperatures at the boiler’s superheater and reheater heat exchangers.  If a superheater 

or reheater is designed large enough to produce the desired steam temperature at low loads, it 

will in effect give a steam temperature higher than the desired temperature at higher loads.  If a 

temperature-control system can lower the temperature to the desired temperature during higher 

load conditions, a constant temperature over the range of loads may be obtained.  

Temperature-control mechanisms include, attemperation spray, flue gas and flue-gas 

recirculation systems. 

In the spray-type attemperation method, relatively colder water is sprayed directly into the steam 

line. This water will then evaporate as its temperature increases, while the temperature of the 

initial steam will decrease until equilibrium is reached. The amount of spray water injected into 

the steam determines the amount of cooling. 

The attemperator spray water is normally tapped from the feedwater cycle at a certain BFP 

interstage or after the high-pressure heaters. 

 

Figure 2-27:  Basic illustration of an attemperator spray-water system 

The amount of spray water required to cool the steam to a specified temperature may be 

calculated with the following equation: 

�� F` = �� ab(%ab�%cde)
(%cde	�	%If)

      2.21 

Where: 

msw  = Mass flow of the spray water [kg/s] 
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hsw  = Enthalpy of the spray water [kJ/kg] 

min  = Mass flow of the steam before cooling [kg/s] 

hin  = Enthalpy of the steam before cooling [kJ/kg] 

hout  = Enthalpy of the steam, after cooling [kJ/kg] 

 

2.5.3.6 Steam turbines 

The turbines are designed to allow the steam to expand to a certain extent, which causes the 

velocity of the steam to increase. In general, there are two principles according to which the 

steam turbine converts the velocity energy into mechanical energy.   

In the case where a stream of water is directed on a glass sheet at a 90° angle, the sheet will be 

subjected to a considerable force because of the impulse of the water. A turbine that makes use 

of the impulsive force of high-velocity fluid is known as an impulse turbine. 

The reactionary force exerted on the nozzle by the water is in the opposite direction of the flow 

of water. A turbine that utilises the reaction force produced by the flow of a fluid through a 

nozzle can be classified as a reaction turbine. 

According to (Everett et al., 2012e), in all commercial turbines, a combination of impulse and 

reactive forces is utilised. Both impulse and reaction blading on the same shaft must be utilised 

to extract mechanical energy more efficiently than one alone does.  An illustration of impulse 

and reaction forces can be seen Figure 2-28. 
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Figure 2-28:  Illustration of (a) impulse and (b) reaction forces (Everett et al., 2012e) 

Steam turbines can be categorised as condensing, non-condensing, reheat-condensing and 

extraction and induction turbines. 

 

2.5.3.6.1 Condensing steam turbine 

According to (Everett et al., 2012e), condensing steam turbines are mainly used in the power- 

generation sector and exhaust the steam to the plant’s condenser below atmospheric pressure.  

An illustration of a 100 MW condensing turbine is shown in Figure 2-29. 
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Figure 2-29:  Condensing steam turbine (Everett et al., 2012e) 

2.5.3.6.2 Non-condensing steam turbine 

These types of steam turbines are commonly used in a process plant where the exhaust steam 

is controlled by a regulating station to supply the process steam to the rest of the plant at a 

specific pressure (Everett et al., 2012e).  An illustration of a non-condensing steam turbine can 

be seen in Figure 2-30. 

 

Figure 2-30:  Non-condensing steam turbine (Everett et al., 2012e) 
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2.5.3.6.3 Reheat-condensing turbine  

Reheat-condensing turbines are also most commonly used in the power-generation sector.  

According to (Everett et al., 2012e), the main steam exhausts from the high-pressure stages of 

the turbine, after which it is returned to the boiler for reheating. The reheated steam, which is at 

a lower pressure, is then returned to the intermediate-pressure and/or low-pressure stages of 

the turbine for further expansion.  

2.5.3.7 Fans 

A large-scale coal-fired power station makes use of a number of fans for the following key tasks 

in the balanced-draft operating mode: 

• Supplying the correct amount of air/oxygen required in the combustion process 

• Removing the flue gas from the furnace 

• Delivering the PF from the mills to the burners 

• Circulating furnace gases for better heat transfer 

Figure 2-31 gives a schematic illustration of a large-scale axial-flow fan typically used in modern 

coal-fired power stations. 

 

Figure 2-31:  Illustration of an axial-flow fan (Choudhury) 
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2.6 Relevant economic parameters 

2.6.1 Capacity factor  

The capacity factor (CF) of a plant gives an indication of the degree of utilisation of the plant.  A 

100% CP means that a plant has been in operation for an entire year, at its peak generating 

capacity, without any downtime. The higher the CF of a power station, the more electricity is 

generated and the shorter the payback period becomes. The CF can be calculated with the 

following equation: 

�g = <B
(hH(?	]	0ij	]	1#)

      2.22 

Where: 

CF  = Capacity factor [%] 

Wa  = Annual electrical energy output [kWh] 

Pout  = Rated power output [kW] 

2.6.2 Levelised cost of electricity  

The LCOE illustrates the cost of generating one unit of electricity in kWh or MWh and can be 

used to measure the relative cost competiveness of different generating technologies. The 

LCOE can also be used to show how key factors, such as interest rates, fuel cost, etc, affect the 

cost of different technologies (Allan et al., 2011).  

According to (Allan et al., 2011), there are two methods commonly used to calculate the LCOE: 

the “annuitising” method and the “discounting” method. In the discounting method the yearly 

costs and electricity production for the life of the plant is discounted back to the present value 

(PV) or year 0. The following formula can be used to calculate the LCOE with the discounting 

method: 

k�V = 	+2;-	7,F8+$32.7	.]�.3F.F
	+2;-	7,F8+$32.7	�+`./	�/+7$82,+3 =	
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(�nA)?

=
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   2.23 

Where: 

n = Plant lifetime [years] 

t = Relevant year [year] 
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r = Discount rate [%] 

C = Total yearly expenses [R] 

E = Total yearly energy production [kWh or MWh] 

 

2.7 Concentrating solar power 

According to Plutarch, a Greek historian, Archimedes used the power of the sun as early as  

216 BC to destroy an invading Roman fleet before they could attack Syracuse. Legend has it 

that Archimedes used polished shields to concentrate the sunlight on the approaching wooden 

ships, which eventually set them alight. True or not, CSP is already mentioned in the Greek 

mythology. 

Concentrating solar power plants make use of mirrors and/or other reflecting surfaces to 

concentrate sunlight (radiation) on a smaller focus point. By doing so, intense heat can be 

acquired at this point, which may be used to energise a working fluid.   

According to (Gevorkian), a French scientist, Augustin Mouchot used the concentrated power of 

the sun to create steam for the first steam engine in 1866.  As seen in Figure 2-32, one of the 

first applications for solar power was to power a printing press. 

 

Figure 2-32:  Historical use of solar power in printing press (Gevorkian) 
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There are a number of different techniques to transfer the solar radiation into electricity. In some 

instances a working fluid, such as bromide with special heat-absorbing properties is used, which 

heats up very rapidly. In other instances, a working fluid is circulated through the solar receiver 

by means of pumps. The different CSP technologies are discussed in section 2.7.2 below. 

In recent years, thermal storage applications were also introduced to the CSP environment, in 

which thermal energy is stored in the form of heat to enable a plant to generate electricity during 

night time or low solar irradiation conditions. Molten slats or compressed steam is normally 

stored in a well-insulated reservoir until needed.   

According to (Gevorkian), the major benefits of CSP electricity generation is the fact that no 

greenhouse gases, such as nitrogen oxides (NOx) and sulphur oxides (SOx), or CO2/CO2 

equivalent gases are produced. Large-scale CSP technologies have also proved that it is 

compatible and reliable to feed stable electricity into a grid. The fact that CSP has a storage 

element associated with it, means that expensive polluting backup systems such as open-cycle 

gas turbines (OCGT) are no longer required to produce a stable power output. 

At the end of 2013, the global CSP generating capacity was about 3 000 MW, which is expected 

to increase to about 10 GW by the end of 2015 (Cau and Cocco, 2014). 

The only significant role-playing disadvantage of CSP electricity generation is the fact that it is 

still expensive, one has no control over the resource availability and the fact that the footprint 

per kW is very large compared to fossil-fuel power stations. 

 

2.7.1 Solar resource 

The irradiation emitted from the sun is caused by an extremely violent fusion process in the 

sun’s core, where hydrogen and helium atoms are fused together in a nuclear reaction, which, 

in turn, gives off an enormous amount of energy (Dekker et al., 2012).  According to (Munzhedzi 

and Sebitosi, 2009), it is calculated that the amount of irradiation emitted from the sun’s surface 

is approximately 63 000 000 W/m2. By using the conservation of energy principles and energy 

flux density formulas and by incorporating known facts, such as the distance from the earth to 

the sun, scientists were able to calculate that approximately 1 368 W/m2 of the initial 63 MW/m2 

reaches the surface of the earth’s atmosphere (Dekker et al., 2012). This figure is known as the 

solar constant.  Because the earth rotates on its own axis and revolves around the sun in an 

ecliptic plane, the solar radiation received at a specific point on the surface of the earth 

constantly varies.   
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It is a well-known fact that the earth moves around the sun in an elliptical orbit. It takes the earth 

approximately 365,24 days to complete one full revolution. In Figure 2-33 below, the orbit of the 

earth in relation to the sun, the two equinoxes, the two solstices, the aphelion, the perihelion 

and the position of the smallest distance between the sun and earth can be seen. 

 

Figure 2-33:  The motion of the earth around the sun (Kambezidis, 2012) 

In the equinox positions, the length of the day and night are exactly equal. Equinox occurs twice 

with every revolution the earth makes around the sun, the first occurrence being on                  

20 - 21 March (vernal equinox) and then again on 22-23 September (autumnal equinox). 

Solstice is the point on the earth’s path around the sun, at which the day is the longest (summer 

solstice, 20-21 June) or the shortest (winter solstice, 21-22 December). Aphelion (3-6 July) is 

the point where the distance of the earth from the sun is the greatest (1 52.2 x 106 km), while 

perihelion (2-4 January) is the point where this distance is the smallest (147,3 x 106 km). The 

mean distance (149 598 x 106) between the earth and the sun is called and astronomical unit 

(AU), and occurs twice a year on 3 to 5 April and on the 4 to 6 October (Kambezidis, 2012). 

One may also imagine a celestial sphere with the earth at its centre and the sun revolving 

around it (Figure 2-34). The angle between the lines joining the centres of the sun and the earth 

to the equatorial plane is called the solar declination angle (δ). According to (Kambezidis, 2012), 

this angle changes constantly and can vary between +23,5° (summer solstice) and -23,5° 

(winter solstice).   
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Figure 2-34:  The apparent daily path of the sun in the sky for a certain place on the earth 

(Kambezidis, 2012) 

The solar declination angle may be calculated with the following equation (Kambezidis, 2012): 

q = (0.006918 − 0.399912uv�w + 0.070257�yzw − 0.006758uv�2w + 0.000907�yz2w −
0.002697uv�3w + 0.00148�yz3w) |9}~� �     2.24 

Where M is called the day angle and is given by: 

w = 1��
0ij       2.25 

With: 

M  = Day angle 

D  = Day number of the year 

To describe the sun’s path across the sky, as shown in Figure 2-34, one needs to know two 

parameters (a) the angle of the sun relative to a line perpendicular to the earth’s surface (Zenith 

angle, ϴZ) and (b) the sun’s position relative to the observer’s north-south axis (Azimuthal angle, 

Ψ), (Kambezidis, 2012). 
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By using the abovementioned angles, one can accurately determine where the sun will be, 

relative to the earth at any given point in time.  

According to the physics principle of conservation of energy, the earth’s radiation budget 

represents the accounting of the balance between incoming radiation, which is almost entirely 

solar radiation, and outgoing radiation, which is partly reflected solar radiation and partly 

radiation emitted from the earth system, including the atmosphere (Directorate, 2010).  Should 

this budget be out of balance (Figure 2-35), it can cause the heating or cooling of the 

atmosphere, which will eventually cause global warming or cooling. 

 

Figure 2-35:  Basic illustration of earth's radiation components (Directorate, 2010) 
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2.7.1.1 Parameters affecting the solar resource on the earth’s surface  

Three main atmospheric processes influence the amount of radiation that will eventually hit the 

surface of the earth.  These processes are known as: 

• Scattering 

• Insolation 

• Reflection 

 

2.7.1.1.1 Scattering 

According to (Pidwirny, 2006) the scattering process is, in fact, responsible for our daytime blue 

skies that would be pitch black if no scattering occurred. Scattering is also responsible for 

phenomena such as rainbows, where the light from the sun is redirected in water droplets in the 

atmosphere. 

 

Figure 2-36:  Basic illustration of the scattering process 

This process (Figure 2-36) occurs when small atmospheric particles and gas molecules diffuse 

part of the incoming solar radiation into random directions without changing the wavelength of 

the electromagnetic energy. As a result of the scattering process, a significant amount of 

radiation is redirected back to space, which means that less of the incoming radiation will reach 
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the surface of the earth. The magnitude of the scattering process is dependent on the 

wavelength of the incoming radiation and the size of the scattering particle or gas molecule. 

2.7.1.1.2 Insolation 

Some particles in the atmosphere have the ability to absorb the incoming radiation. The energy 

is then retained by the substance and converted into heat energy. According to (Pidwirny, 

2006), the absorption of solar radiation by substances within earth’s atmosphere results in 

temperatures no higher than 1 800 °C.   

 

Figure 2-37:  Basic illustration of the insolation process 

By incorporating Wien’s displacement law (Fu, 2006), one can note that substances at these 

temperatures will emit their radiation in the long-wave band (Figure 2-37). The long-wave 

radiation is emitted into all directions from the substance, which means that a significant portion 

of it is sent back to space (Pidwirny, 2006) 

 

2.7.1.1.3 Reflection 

During the reflection process (Figure 2-38); the incoming solar radiation is redirected at a 180° 

angle by atmospheric particles, which means that 100% of the incoming energy is lost in this 

process. According to (Pidwirny, 2006), most of the sunlight is reflected by liquid of solid water 

particles in the clouds. 
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Figure 2-38:  Basic illustration of the reflection process 

2.7.1.2 Components of solar irradiation 

The solar radiation that eventually reaches the surface of the earth may be subcategorised into 

three main components, namely: 

• Global horizontal irradiation (GHI) [W/m2] 

• Direct normal irradiation (DNI) [W/m2] 

• Diffuse horizontal irradiation (DHI) [W/m2] 

 

2.7.1.2.1 Direct normal Irradiation 

The DNI is the rate of solar energy received on a surface perpendicular to the rays directly from 

the sun. The DNI is typically measured in W/m2 with a pyrheliometer mounted on a sun tracker 

system. Because the DNI is the direct (straight line) solar energy rate, it is absolutely dependent 

on a clear line of sight to the sun, which means that cloud cover has a massive effect on the 

magnitude of this figure. 

This solar quality is of particular interest to CSP plants, because only the direct sunlight can be 

accurately reflected to the plant’s thermal receivers. 
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Figure 2-39:  Typical pyrheliometer with tracking system 

2.7.1.2.2 Global horizontal irradiation 

The GHI is measured in W/m2 and can be defined as the total amount of shortwave radiation, 

per metre squared, received from the sun by a surface horizontal to the surface of the earth.  

This figure is of particular interest to photovoltaic (PV) installations and includes both the DNI 

and DHI. The GHI is typically measured with a pyranometer (Figure 2-40), but if not measured, 

the GHI may be calculated with the following equation: 

�Y� = ��� cos � + �Y�    2.26 

Where: 

ϴ  = Zenith angle [°] 

GHI  = Global horizontal irradiation [W/m2] 

DNI  = Direct normal irradiation [W/m2] 

DHI  = Diffuse horizontal irradiation [W/m2] 
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Figure 2-40:  Typical pyranometer. 

2.7.1.2.3 Diffuse horizontal irradiation 

The DHI is the component of the GHI, and may be defined as the amount of solar radiation 

(W/m2) on a horizontal surface that has been scattered by atmospheric particles and does not 

come directly from the sun (direct beam).  As with the GHI, the DHI component of the radiation 

is also typically measured with a pyranometer (Figure 2-40), but with the direct sunlight (DNI) 

blocked from entering the sensor.  In effect, the GHI is measured in the shade. 

The sun is normally blocked by a ball or disc (Figure 2-41) which only removes the 5° cone 

around the sun.  A tracking system must be utilised to continually shade only the sensor of the 

pyranometer. 

 

Figure 2-41:  Complete solar radiation measurement station  
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2.7.2 Concentrating solar power technologies  

According to (Gordon and Society, 2001), direct solar conversion is probably the single largest 

renewable energy resource, and the solar thermal technology is potentially one of the lowest 

cost options for extracting electricity from this resource. 

As already mentioned, CSP technologies make use concave reflective surfaces to concentrate 

the solar radiation of a large area onto a relatively smaller area to produce vast amounts of 

heat. The amount of light concentration achieved by a these collectors is called the 

concentration ratio (CR) and is represented by [C]. The CR of flat plate collectors with no 

reflectors is equal to 1, where C>1 for any application where sunlight is concentrated on a 

receiver (Kalogirou, 2012a).   

 

Figure 2-42:  Schematic of the sun and a concentrator on earth (Kalogirou, 2012a) 

According to (Kalogirou, 2012a), if one considers an aperture with area (Aa) and a receiver with 

area (Ar) located a distance (D) from the centre of the sun, as illustrated in Figure 2-42, and if it 

is assumed that the sun is a sphere with radius (R), then, as seen from earth, the sun has a half 

angle θs, which is called the sun acceptance half-angle and is equal to 0,265°. 

If a perfect collector and tracking system is considered, the maximum CR (Cmax) is only 

dependent on the sun’s acceptance half-angle (Kalogirou, 2012a). For single-axis tracking 

systems, Cmax is calculated with the following equation (Kalogirou, 2012a): 

��;] = 9
����I

= 216     2.27 

For a two-axis tracking system, Cmax is calculated with (Kalogirou, 2012a): 

��;] = 9
���� �I

= 46	747    2.28 

A solar field or solar thermal array is like any other heat source and may be used as a 

substitution in the place of a fossil-fuel furnace or nuclear reactor. For this reason, the same 
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thermodynamic cycles used in the power-generation sector may be utilised to extract electricity 

for solar radiation. 

 

Figure 2-43:  Basic illustration of a solar thermal energy conversion system (Kalogirou) 

The thermal efficiency (ηth) of a CSP plant represents the percentage of the total DNI available 

to the collectors, which is eventually converted into thermal energy in the plant’s receiver. The 

thermal efficiency can be calculated with the following equation: 

52% = �
\�ba

      2.29 

Where: 

Q  = Heat production per unit of absorber area [W/m2] 

EDNI  = Total DNI collected [W/m2] 

The total efficiency (ηtot) is the percentage of the available solar radiation collected by the   

plant’s collectors, which is eventually converted into electricity. The total efficiency may be 

calculated with the following equation: 

52+2 = 52% 	[	58+3:     2.30 

Where: 

ηconv  = Conversion efficiency of the power cycle (0 – 50%) 
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The overall efficiency may also be calculated by dividing the net annual electricity output by the 

annual incident solar energy (Li et al., 2014).  

52+2 = M.2	�33$;-	\-.82/,8,2D	�$2�$2	[�<%]
�33$;-	�38,7.32	�+-;/	\3./�D	[�<%]     2.31 

According to (Gordon and Society, 2001), the total amount of solar energy that is converted to 

electricity is usually between 10% and 20%. The typical loss path of a large-scale STE plant can 

be seen in Figure 2-44. 

 

Figure 2-44:  Loss path for a 100 MW central receiver plant (1993) (Gordon and Society, 2001) 

According to (Gordon and Society, 2001) CSP systems can be subcategorised into point focus 

systems in which sunlight is concentrated on a certain point and line focus systems. 

Line focus systems normally utilise one-dimensional tracking where the sun’s energy is 

concentrated on a fluid-filled tube/pipe, situated in the focal line of a parabolically shaped 

collector. 

Point focus systems, on the other hand, normally make use of two-dimensional tracking 

systems to track the sun on the x and y planes as it moves across the sky. These systems use 

multiple large reflectors to concentrate the sun’s energy onto a single target/receiver.  

For point focus systems, heliostat field collectors (HFCs) or central receiver collector (CRC), 

Fresnel lens collectors (FLCs) or parabolic dish collectors (PDCs) are normally used, whereas 
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for line focus systems, parabolic trough collectors (PTCs) and linear Fresnel collectors (LFCs) 

are normally used. PDCs are not discussed in more detail, as they are not relevant to this study. 

The peak solar efficiency, solar to electric efficiency, land requirement, concentration ratios and 

capacity ranges for the different CSP technologies can be seen in the table below. 

Table 2-3:  Performance characteristics of various CSP technologies (Lovegrove and Stein, 

2012) 

 

Up to date (April 2014) the largest CSP plant ever built, is BrightSource’s Ivanpah Solar Electric 

Generating System (Figure 2-45) in California’s Mojave Desert, which started operation in 2013.  

This plant has a net generating capacity of 377 MW (392 MWGross) and comprises three central 

receiver units, which has a footprint of about 14,2 km2 (BrightSource, 2013). 

 

Figure 2-45:  Photograph of BrightSource's Ivanpah STE plant in the Mojave Desert 

(BrightSource, 2013). 
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2.7.2.1 Parabolic trough 

Normally the linear receiver of a PTC solar thermal electricity (STE) system is placed along the 

focal line of the parabolic collector to form an external surface receiver, which normally has a 

total length of between 25 to 150 m (Kalogirou). The receiver is normally plated with a selective 

coating that has a high absorbance for solar radiation but a low emittance for thermal radiation 

loss and is surrounded by a glass tube cover, to minimise convection losses.   

 

Figure 2-46:  (Left) - Receiver detail (Right) – Illustration of the reflector, receiver and supporting 

pedestals of a PTC module (Kalogirou, 2012b) 

PTCs are usually built in modules (Figure 2-46) and are supported by pedestals on either side.  

These collectors only require single-axis-tracking, and therefore long collector modules are 

produced.  

These modules may be oriented in an east-west direction in which the sun is tracked from north 

to south, or it can be oriented in a north-south direction in which the sun is tracked from east to 

west (Kalogirou, 2012b). The advantages of the east-west oriented troughs are that only a small 

collector adjustment is required during the day, and the full aperture always faces the sun in the 

middle of the day, but the collector performance during early mornings and late afternoons is 

greatly reduced because of large incidence angles (cosine loss). On the other hand, north-south 

orientated plants have their highest cosine loss at noon and the lowest loss in the early 

mornings and late evenings. Over a 24-month period, a horizontal north-south field normally 

collects slightly more energy than a horizontal east-west plant.  However, the north-south field 

collects a lot of energy in summer and a significant amount less in the winter months.  The east-

west field collects more energy in winter than a north-south field and less in summer, providing 

a more constant annual output (Kalogirou, 2012b). 
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Figure 2-47:  Graphical illustration of a parabolic trough STE plant (Gevorkian) 

The tracking systems of all CSP plants are of the utmost importance, as they play a vital role in 

the performance of a plant, as well as in various safety and protection systems. The tracking 

system is responsible for accurately following the sun, as it moves across the sky, to keep a 

constant focal point on the plant’s receiver. The tracking system is also normally programmed to 

rotate the collectors to a safe position, should storm or harmful conditions be detected (eg 

strong winds, hail, heavy rain, etc.) 

According to (Kalogirou), the PTCs contain the most advanced technology to generate heat for 

STE generation and for process heat applications, and can reach temperatures in excess of   

400 °C. 

The largest application for PTC, STE systems are the southern California power plants known 

as solar electric generating systems (SEGS) (Figure 2-48) that already had a total installed 

capacity of 354 MWe back in 1992 (Kalogirou). 
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Figure 2-48:  A photograph of the SEGS plant in southern California (Alnaser et al., 2006) 

2.7.2.2 Linear Fresnel 

The LFC technology was first utilised by Giorgio Francia, who developed linear and two-axis 

tracking Fresnel reflector systems at Genoa, Italy in the 1960s (Kalogirou, 2009b). 

According to (Kalogirou, 2013), the Fresnel CSP technology utilises two variations of collectors 

(Figure 2-49), namely linear Fresnel collector technology and Fresnel lens collector (FLC) 

technology. The FLC is normally made of a plastic material that is shaped in such a manner that 

the solar rays passing through the material is focused on a central point. The LFC relies on a 

number of linear mirror rows to concentrate the solar radiation onto a linear receiver.  
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Figure 2-49:  (a) Fresnel lens collector, (b) Linear Fresnel collector (Kalogirou) 

The Fresnel reflector can be imagined as a massive parabolic trough reflector, but each smaller 

section has a parabolic shape and can have its own tracking system (Kalogirou, Kalogirou, 

2009b). 

 

Figure 2-50:  Illustration of an element of a linear Fresnel CSP system (Kalogirou, Kalogirou, 

2009b). 

To minimise shading of one reflector by another, the spacing between the mirrors lines must be 

increased, which will also increase the plant’s physical footprint. The blocking effect, where the 

reflected beams are blocked from the receiver, by other mirrors can be avoided by increasing 

the receiver height. 

The tracking system for the LFC technology incorporates mainly one-axis tracking only and is 

very similar to that of PTC. 
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Eskom’s Research Testing and Demonstration Department (RT&D) has constructed a           

150 kWt, pilot and demonstration, linear Fresnel concentrated solar thermal (CST) plant for 

research purposes ( Figure 2-51). 

 

Figure 2-51:  Eskom's linear Fresnel pilot and demonstration plant 

2.7.2.3 Central receiver  

This technology, where a number of flat or slightly concave mirrors/heliostats are used, is 

utilised to obtain extremely high inputs of radiant energy on a central point (Kalogirou, 2009b).  

According to (Gordon and Society, 2001) the CRC or power-tower technology was proposed by 

the Russians in 1957. The basic CRC principle can be seen in Figure 2-52. 
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Figure 2-52:  Schematic of a central receiver system (Kalogirou, 2009b) 

According to (Gevorkian), “Solar One” was the first large-scale power-tower plant and generated 

about 10 MW of power in the mid-1980s. This plant was built in southern California and used 

water/steam in as the working fluid.   

In 1992, it was decided to retrofit this plant (“Solar Two” project) to accommodate a storage 

application that can increase the CF to about 65%. The working fluid of the solar cycle was also 

changed from water to molten salt (Gevorkian).   

In this specific storage system, the molten salt was pumped from a relatively cold tank at       

288 °C through the central receiver, where it was h eated to about 565 °C, and then pumped into 

the hot storage tank (Gevorkian). This “hot” molten-salt was then utilised as the heat source in 

the steam generator where steam was produced for a conventional Rankine cycle. This plant 

had a three-hour storage capacity. 

According to (Kalogirou, 2009a) a CRC plant without storage can achieve CFs of about 25%, 

depending on the solar resource, where a plant with a 15-hour, molten-salt, storage capacity 

can reach capacity factors of up to 74%. 

Solar Two’s heliostat field consisted of 1 818 individually oriented reflectors made of back-

silvered glass (Kalogirou, 2009a). The field had a total mirror area of about 71 100 m2. The 

plant’s receiver is a single-pass superheated boiler consisting of 24 elements. Six of these 

elements are used as feedwater preheaters, and the rest are used as boilers (Kalogirou, 

2009a).  
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Figure 2-53:  Schematic of a central receiver system (Solar Two), with a molten-salt storage 

application (Kalogirou, 2009a) 

According to (Kalogirou, 2009b), central receivers have several advantages:  

• All solar energy is transferred to a single receiver, which minimises thermal transport 

requirements. 

• These plants can achieve CRs of 300 to 1 500, which enable them to achieve 

temperatures of 800 °C to 100 °C, which make them h ighly efficient. 

• Thermal energy can be stored, which will increase the plant’s CF significantly.  

• They are generally quite large and can benefit from economies of scale. 

Each heliostat of a CRC field normally tracks the sun on two axes to enable it to keep a single 

focal point throughout the day. 

 

2.7.3 Overview 

According to (IRENA, 2012), if no storage is assumed, an annual capacity factor of  22-24% can 

be expected from the linear Fresnel technology, 25-28% from the parabolic-trough technology 

and approximately 10-25% from a central receiver technology. The annual solar-to-electricity 
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efficiency for the linear Fresnel technology is expected to be in the region of 13%, while one can 

expect 11-16% from the parabolic-trough technology and 7-20% from the solar tower 

technology. A high-level breakdown of some important parameters of the linear Fresnel, 

parabolic trough and solar tower technologies can be seen in Table 2-4. 

Table 2-4:  Concentrating solar tower technology overview (IRENA, 2012) 

 

According to a study conducted by Bloomberg New Energy Finance (Salvatore, 2014), the 

LCOE of a central receiver CSP plant with storage is approximately R2,42/kWh, while one can 

expect to pay about R2,92/kWh to generate electricity from a parabolic trough CSP plant (with 

storage). The LCOE of a typical linear Fresnel plant without storage is in the region of 

R3,08/kWh.  

The estimated LCOE’s and capacity factors for some other renewable energy technologies, as 

determined by Bloomberg New Energy Finance (Salvatore, 2014), can be seen in Table 2-5. 
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Table 2-5:  Typical renewable energy technology capacity factor and LCOE estimates 

(Salvatore, 2014). 
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South Africa  
 
South Africa is the southern- most African country and is situated along the tropic of Capricorn.  

As can be seen from the DNI map in Figure 2-54, South Africa has a relatively good solar 

resource compared to the rest of the world.  

 

Figure 2-54:  World map of direct normal irradiation(SolarGIS, 2013b). 

As can be seen from Figure 2-55, the Northern Cape province has the highest DNI, with 

average annual radiation levels of up to 3 000 kWh/m2/year at some sites. Unfortunately, the 

Mpumalanga province, where all the major coal-fired power stations are situated, does not have 

a very good solar resource compared with the Northern Cape, but still receives an annual solar 

irradiation of approximately 2 250 kWh/m2/year.  
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Figure 2-55:  Direct normal irradiation map of South Africa (SolarGIS, 2013a) 

2.7.4 Eskom Holdings SOC Limited      

Eskom Holdings SOC Limited (Eskom) was established in South Africa in 1923 as the Electricity 

Supply Commission. Eskom is now a hundred percent state-owned electricity utility, strongly 

supported by the South African government. This power giant supplies 94% of South Africa’s 

electricity and approximately 45% of all electricity used on the African continent (Eskom, 

2014a).   

Eskom has a wide-ranging generation mix, which includes coal-fired, nuclear, hydroelectric, 

wind (in construction) and concentrated solar power (to be built), power stations with open- 

cycle gas turbines (OCGTs) and conventional pumped storage schemes to satisfy the peak and 

emergency demands. The utility’s net maximum generating capacity is approximately 42 GWe, 

of which about 85% is generated by combusting pulverised coal (Eskom, 2013a). Eskom's 

generating capacity breakdown can be seen in Figure 2-56 below. 
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Figure 2-56:  Eskom's generating capacity breakdown (Eskom, 2013a) 

From Figure 2-57 below, it is very clear that the bulk of all electricity generated from coal in 

South Africa comes from the coal-rich Mpumalanga province, with the exception of Lethabo 

power station in the Free State and Matimba power station in Limpopo. Eskom’s two new 

supercritical coal-fired power stations, Medupi and Kusile, are situated in Limpopo and 

Mpumalanga respectively, and are expected to come online in the next few years. 

Most of Eskom’s peaking stations OCGTs and pumped storage are situated in the Western 

Cape province, with the exception of the Port Rex OCGT station in the Eastern Cape and the 

Drakensberg and Ingula pumped storage schemes in Kwazulu-Natal. 

Eskom is currently (April 2014) constructing the 100 MW Sere wind-farm near Vredendal in the 

Western Cape province and in the advanced planning stages of the Solar One, CSP plant near 

Upington in the Northern Cape province.  
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Figure 2-57:  Eskom power stations map (Eskom, 2013b) 

Because of the enormous amount of coal-fired electricity generation, it comes as no surprise 

that Eskom is responsible for a huge percentage of South Africa’s harmful emissions. In the 

2012/2013 financial year alone, Eskom released about 228 x 106 tonnes of carbon dioxide 

(CO2), 965 x 103 tonnes of nitrogen oxide (NOx) and about 1 843 x 103 tonnes of sulphur oxide 

(SOx) into the atmosphere.  More details regarding emissions and water usage can be seen  

in Table 2-6.  

Table 2-6:  Eskom atmospheric emissions (Eskom, 2013a) 
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As mentioned above, Eskom is currently constructing two supercritical coal-fired power stations, 

Medupi and Kusile. Because these two stations are relevant to this specific study, more details 

about them are supplied in the sections below. 

2.7.4.1 Medupi – supercritical coal-fired power sta tion 

According to (Eskom, 2014b), Medupi is a greenfield coal-fired power-plant project located west 

of Lephalale, Limpopo province, South Africa. Medupi is the fourth dry-cooled, base-load station 

built in 20 years by Eskom after Kendal, Majuba and Matimba power stations. The name 

“Medupi” is a Sepedi word which means “rain that soaks parched lands, giving economic relief”.  

The power station will be the fourth largest coal plant in the southern hemisphere, and will be 

the biggest dry-cooled power station in the world. The planned operational life of the station is 

50 years. 

Medupi power station will comprise six supercritical units with a gross nominal capacity of      

800 MW each, resulting in a total installed capacity of 4 800 MW. 

 

Figure 2-58:  Medupi power station construction site (Eskom, 2014b). 
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2.8 Solar augmentation 

The solar augmentation or solar-assisted power generation (SAPG) concept integrates the 

advantages of a concentrating solar thermal plant with the advantages of a coal-fired power 

station. Basically explained, the thermal energy generated in a solar field’s collectors is injected 

at strategic integration points of a coal-fired power station’s regenerative Rankine cycle and is 

not directly used for power generation.   

According to (Pierce et al., 2013), the annual electricity produced by the solar thermal energy 

injected into a coal-fired power station is more than 25% greater than can be expected from a 

stand-alone CSP plant. Also, if it is assumed that the cost of an SAPG plant is approximately 

72% of the cost of a stand-alone CSP plant, an SAPG is 1,8 times more cost effective than a 

stand-alone CSP plant (Pierce et al., 2013). 

Depending on the limitation parameters of the coal-fired station, a solar augmentation scenario 

may be operated in two main operation modes (Yang et al., 2011):  

• Boosting mode 

• Fuel-saver mode 

 

Figure 2-59:  Solar augmentation modes: left - no augmentation, middle - fuel-saver mode, right 

- boosting mode 

The three operation modes given in Figure 2-59 are:  (left) the normal operation mode, where 

the coal-fired power stations do not receive any thermal energy from the CST plant, (middle) the 

fuel-save mode, where the electrical output of the generator stays constant, but the fuel- 

consumption rate decreases and (right) the boosting mode, where the fuel-consumption rate 

stays constant, but the generator's electricity output increases. 
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During normal operation, steam at specific pressure stages of the steam turbines is tapped off 

for feedwater preheating. This increases the thermal efficiency of the Rankine cycle, because 

the feedwater entering the boiler is already heated to a certain extent. On the other hand, the 

decreased mass flow through the later stages of the turbines will result in a lowered mechanical 

power output. 

According to (Hu et al., 2010), the basis of the SAPG concept is to use solar thermal energy to 

replace the bled-off steam used for feedwater preheating. By doing so, less or no steam will 

have to be tapped off from the turbines, because the energy required for feedwater preheating 

comes from the solar field.   

(Suresh et al., 2010) found in 2010, during a thermodynamic analysis of a sub- and supercritical 

coal-fired power station, that approximately 5-6% fuel can be saved when solar energy is used 

for feedwater preheating. It was also found that the annual reduction in coal consumption is 

about 49 600 tonnes, the annual reduction in ash production is approximately 24 300 tonnes, 

while the plant’s CO2 emissions can decrease by up to 62 000 tonnes for a 500 MWe power 

plant (subcritical) (Suresh et al., 2010). 

One integrating option for integrating a solar plant with a coal-fired power station is to tap off 

feedwater from the Rankine cycle at a specific point. This tapped-off water can then be heated 

to the desired temperature in the solar field, after which it can be injected back into the Rankine 

cycle. 

In most coal-fired power stations, the EBFPs are responsible for circulating the feedwater 

through the Rankine cycle. The pressure created by these pumps can be used to circulate a 

desired amount of feedwater through the solar plant (solar cycle). The pressure in the solar 

plant can also be manipulated with an automated pressure-control valve to design 

specifications. 

One possibility is to inject the solar-heated steam back into the steam cycle in the cold-reheat 

line, which among other things, supplies steam to HP heaters 6A and B. By applying additional 

steam at this point, less steam will be fed to the HP heaters and more steam will pass through 

the reheater, IP turbine and LP turbines. 

For cycle stability, it is important that the steam injected into the cold-reheat line correlates with 

the steam conditions inside the cold-reheat line. If the steam injected is too cold, the reheater 

might not be able to heat the steam to the conditions required for optimal operation of the HP 

turbine. If the injected steam is too hot, the spray-water system may not be able to cool the 

steam to an acceptable temperature, which might cause damage to HP turbine components.  It 
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must also be taken into account that the spray water injected into the steam cycle will increase 

the mass flow of the steam through the IP and LP turbines even more.  An illustration of a live 

steam injection into the cold-reheat line scenario can be seen in Figure 2-60. 

 

Figure 2-60:  Steam injection into the cold-reheat line   

In another scenario, an additional heat exchanger powered by the solar field can be installed in 

a feedwater heater bypass line (Figure 2-61). In this scenario, only a very small quantity of 

bleed steam will be tapped off to keep the feedwater heaters warm. The mechanical power 

output by the IP and LP turbines will be increased significantly, as very little steam will be 

tapped off from the HPT outlet or the first stage of the LPT. 

The advantage, when adding an additional heat exchanger, is that one may operate the cycle 

through the solar field and the additional heat exchanger at a much lower pressure than the 

pressure felt in the feedwater cycle. Other working fluid options may also be explored; which 

means that one is not limited to demineralised water in the solar cycle. The rate of heat transfer 

is also a function of the mass flow of the heating fluid, the specific heat of the fluid, the inlet and 

outlet temperatures (see equation below) and the efficiency of the exchanger. If we know the 

efficiency of the device, we know what rate of heat transfer we need to adhere to and we know 
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what our inlet and outlet temperatures should be, then we can adjust the mass flow through the 

heat exchanger with the pump velocity or control valve. 

 

Figure 2-61:  Separate heat exchanger in bypass line 

According to (Suresh et al., 2010), the thermal energy generated in the CST plant can also be 

utilised to preheat combustion air before it enters the furnace. 

Up to date, the largest SAPG project is the Kogan Creek solar-boosting project currently 

(November 2014) under construction in Australia (CSEnergy, 2014).  At the Kogan Creek plant, 

subcooled feedwater is tapped off from the main cycle after the BFP system. Heat energy 

converted from the irradiation of the sun is then added to this water in the solar field’s steam 

generator or receivers until the specified temperature or steam quality is reached. This steam is 

then injected into the cold-reheat line of the Rankine cycle, between the HPT exhaust and the 

reheater system.  

By adding this steam, there will be an increased steam flow rate in the reheater system, IPT and 

LPT. The increased steam flow through the reheaters will cause the reheater attemperation 

spray water to drop to a certain extent, while the increased flow through the IP and LP turbines 

will cause an increase in mechanical shaft power and in effect generator electrical output. 



2-75 

At peak solar conditions, the solar field will enable Kogan Creek to generate an extra 44 MW of 

electricity (CSEnergy, 2014). 

2.9 Renewable energy financing 

Because of the relatively low-capacity factor of renewable energy technologies compared with 

coal-fired power stations, the LCOE for renewable energy is normally much higher than that of 

coal. In an attempt to make renewable energy technologies more attractive to investors, a 

tradable renewable energy certificate (TREC) system was developed in some countries. 

Another major role-playing factor, which is currently not yet in full effect (October 2014), is the 

steep carbon tax rates proposed by the South African government (Goverment, 2013).   

2.9.1 Tradable renewable energy certificates 

According to (Volschenk, 2013), TRECs or renewable energy certificates (RECs) represent the 

beneficial attributes of electricity generated from renewable energy technologies. A wind farm, 

for example, can sell TRECs to customers who want to put a green label on their companies, 

therefore, in effect, these companies may say that they use clean electricity (generated from a 

renewable source) in their factories, stores, etc. These RECs, certified by RECSA in South 

Africa, and actual electricity generated from the project are traded separately from one another. 

These green certificates are normally traded per MWh, where the certificate price depends on 

the amount of units one purchases. According to Deutsche Gesellschaft für Internationale 

Zusammenarbeit (GIZ), as a guideline, one can expect to pay the following prices for RECs: 

• R300/REC for (1 – 20 RECs) 

• R175/REC for (20 – 50 RECs) 

• R150/REC for (50 – 200 RECs) 

Also according to GIZ, other countries where REC systems are operational are Australia, 

Poland, Sweden, the United Kingdom, Italy, Belgium (Wallonia and Flanders), and some states 

of the United States of America.  
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Figure 2-62:  Illustration of TREC system (Volschenk, 2013) 

The main benefits of TRECs are: 

• RECs provide an additional revenue stream to a renewable energy project and therefore 

make the project more financially feasible. 

• RECs give corporations and even individuals the opportunity to offset their electricity 

consumption from electricity generated by fossil fuels to green, renewable energy 

without having to invest in an expensive renewable energy technology. 

•  RECs are inexpensive and can be procured in large or small quantities 

 

2.9.2 Carbon tax 

According to (Government, 2013), the main aim of the proposed carbon tax is to correct the 

existing prices of goods and services that generate excessive levels of anthropogenic 

greenhouse gas (GHG) emissions, so that it reflects the social costs of such emissions. The 

breakdown of South Africa’s carbon contribution can be seen in Figure 2-63 below. 
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Figure 2-63:  Breakdown of South Africa's greenhouse gases by sectors (Goverment, 2013). 

The South African government proposed that a carbon tax be introduced at a rate of R120 per 

ton (t) CO2-equivalent above the tax-free thresholds (including the proposed offsets) on             

1 January 2015 (Government, 2013).  It is further proposed by the government of South Africa 

that the tax rate of R120/ton CO2-equivalent be increased at a rate of 10% per annum until       

31 December 2019, after which a revised tax rate will be introduced (Goverment, 2013). 

The tax-free thresholds, as proposed by the South African government, can be seen in the 

(Table 2-7) below:   
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Table 2-7:  Proposed emissions tax-free thresholds (Government, 2013) 

 

Eskom, which is in the electricity sector, will receive a basic 60% tax-free threshold. This will 

result in a carbon-tax cost of R48/ton CO2-equvilent. There is, however, a maximum offset of 

10% to the tax-free threshold, which can reduce the carbon tax even further to R36/ton CO2-

equvilent. 

2.9.3 Accelerated depreciation 

A tax benefit to all renewable energy plants in South Africa was introduced in 2012 to make 

power generation via renewable energy technologies more attractive to investors (Government, 

2012). This benefit states that the value of the plant may be depreciated in full during the first 

three years of operation. In the first year of operation the plant may be depreciated by 50%, 

after which the plant can be depreciated by a further 30% in year 2 and the remaining 20% in 

year 3. 

______________________________ 
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CHAPTER 3:  PROJECT APPROACH 

In the first section of this project a base-case thermodynamic model will be created for an        

800 MW supercritical coal-fired power station. This model will include an Engineering Equation 

Solver (EES) model of the regenerative Rankine cycle considered in this study. The results 

obtained from this base-case EES model will then be verified with a ThermoFLEX model. From 

these models a number of operating-cost parameters can be determined, which include the 

following:   

• Coal consumption rate 

• Flue-gas flow rate 

• SO2, CO2, N2, H2O and ash emissions rate 

• Electricity generated 

• Own electricity consumption by fans, pumps, mills and other auxiliary systems 

These parameters can then be used to determine a high-level annual operating cost for the 

station, which can be used along with the plant’s capital and maintenance costs to determine 

the LCOE. 

When the base-case scenario is augmented with a solar field, the CST plant’s capital and O&M 

cost must be incorporated into the coal-fired station’s costs. An EES model will be used to 

determine the parameters affecting the power output and annual operating cost of the solar 

energy on the coal-fired station. The cost affecting parameters considered in this study include: 

• Coal consumption 

• Flue-gas flow rate 

• SO2, CO2, N2, H2O and ash emissions rate 

• Electricity generated 

• Own electricity consumption by fans, pumps, mills and other auxiliary systems of the 

coal-fired station and the CST plant 

• Revenue from CDM mechanism 

The solar to thermal efficiency calculated at the Rosherville linear Fresnel pilot and 

demonstration (P&D) plant will be used to calculate the available thermal energy for a specified 

radiation limit. 

The LCOE will be calculated for the base-case, coal-fired power station and then for the two 

solar-augmented scenarios. 
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3.1 Base-case - Coal-fired power station  

3.1.1 Assumptions 

3.1.1.1 Rankine cycle assumptions  

The steam entering the HPT has a temperature of 560 °C at 24,1 MPa and a flow rate of         

617 kg/s, while the reheated steam, entering the IPT, has a temperature and pressure of 570 °C 

and 5 029 kPa.   

The steam at the HPT exhaust steam has a pressure of 5 472 kPa. The steam at the IPT’s first 

extraction point has a pressure of 2 732 kPa, the steam at the second extraction point has a 

pressure of 1 112 kPa, and the steam at the IPT exhaust has a pressure of 586 kPa. It is 

assumed that the LPT exhaust steam has a pressure of 13 kPa at an atmospheric temperature 

of 23 °C and 9 kPa at 18 °C, while the steam at the  first LPT extraction point has a pressure of 

261 kPa and 80,5 at the second. These main design parameters at full load conditions are 

illustrated in Table 3-1. 

Table 3-1:  Main design parameters. 
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The condenser and main steam pressure will change with the maximum continuous rating 

(MCR) of the unit. The ACC pressure curve considered for a 23 °C ambient temperature can be 

seen in Figure 3-1.  

 

Figure 3-1:  Condenser pressure curve 

The main steam-pressure curve considered in this model is illustrated in Figure 3-2. 
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Figure 3-2:  Main steam pressure curve. 

The isentropic efficiencies assumed for the different stages (stages between extraction points) 

of the turbine train and major pumps can be seen in Table 3-2 below. 

Table 3-2:  Isentropic efficiencies 

 

Table 3-3 illustrates the assumptions made for all the feedwater preheaters considered in this 

cycle. All heaters considered in this study are closed shell and tube heat exchangers, with the 

exception of the deaerator. Only the second low-pressure heater has a feedback pump, which is 

responsible for pumping the condensate back into the main feedwater line. The third low- 

pressure heater and all the high-pressure heaters have subcooling zones, while only the high- 

pressure heaters contain desuperheating zones. 
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Table 3-3:  Feedwater preheater specifications. 

 

It is assumed that the specific coal-fired power station’s load can be ramped up or down at a 

rate of 66,67 kW/s. The station will be at 100% MCR from 6:00 to 23:00. During the late nights 

and early mornings of every day the station will operate at 60% MCR.  The gross generator 

power output for a single day vs time can be seen in below. 

 

Figure 3-3:  Generator gross capacity vs time of day 

For this study it is assumed that the attemperation spray-water flow rate may not drop below     

3 kg/s, to ensure that adequate reheater temperature control is always available. This will also 

be the main limiting factor for the hybrid system.  
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3.1.1.2 Coal assumptions  

For the purpose of this study, a simplistic coal composition is considered. Only the ash, carbon 

hydrogen, nitrogen, sulphur, oxygen, water and carbonates content of the coal is considered.  

The coal composition and characteristics assumed for this study are illustrated in Table 3-4.  It 

is also assumed that the atmospheric air has an oxygen content of 23,15% and nitrogen content 

of 76,85%. The coal considered has a greater calorific value of approximately 20,1 MJ/kg. 

Table 3-4:  Coal assumptions. 

 

Figure 3-4 and Figure 3-5 give a visual illustration of the quality parameters and the composition 

breakdown of the coal used in this study. 
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Figure 3-4:  Assumed coal characteristics. 

 

Figure 3-5:  Assumed coal composition. 

As can be seen in Table 3-5, the assumed overall efficiency for all fans is 75%, the efficiency of 

the forced-draft ACC motors and mill motors is 95%, and the overall boiler efficiency (fuel to 

thermal) is assumed to be 90% for all loads. 

Table 3-5:  Other efficiencies 

 

3.1.2 Rankine cycle description 

For the base case, a generic supercritical power station with parameters similar to those of 

Kusile power station was assumed. This power station includes a once through, two-pass PC 

boiler system in which supercritical steam is generated. The main steam is partially expanded in 

an HP turbine, after which it is reheated to superheated steam in the boiler’s reheater. From the 

reheater, the steam is expanded in the IP turbine and LP turbine stages. A steam attemperator 

system (see H in Figure 3-16) sprays relatively cold water into the superheated steam to control 

the temperature of the steam before it enters the IP turbine (Figure 3-6). 
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Figure 3-6:  Illustration of turbine bleed steam 

The theoretical mechanical power generated in each of the turbine stages can be calculated by 

multiplying the mass flow of the steam through the applicable stage by the change in the 

steam’s specific enthalpy. If an isentropic process is assumed, the specific entropy stays 

constant, whereas the entropy increases slightly if the isentropic efficiency is less than 100%.  

The isentropic entropy (si) of steam stays constant during expansion and compression 

processes in turbines and compressors. Therefore the isentropic enthalpy (hi) at the turbine 

exhaust can be obtained from the steam tables by using the pressure and the isentropic entropy 

as inputs. If the turbine’s isentropic efficiency is known, the real exhaust enthalpy can be 

calculated (see equation below), which, in turn, can be used to obtain the real entropy and 

temperature. 

5, = %K=�%H(?
%K=�%H(?(K)

      3.1 

Where: 

hi  = Isentropic efficiency of the turbine [%] 

hin  = Specific enthalpy of the working fluid entering the turbine stage [kJ/kg] 

hout  = Specific enthalpy of the working fluid leaving the turbine [kJ/kg] 
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hout(i)  = Specific isentropic enthalpy of the working fluid leaving the turbine [kJ/kg] 

To obtain the actual turbine power output, the theoretical power output should be multiplied by 

the turbine’s mechanical efficiency. The isentropic and real turbine power output can be 

calculated with the equations below: 

�2(,) = �� �ℎ,3 − ℎ+$2(,)�. 5�     3.2 

�2(/.;-) = �� (ℎ,3 − ℎ+$2). 5�     3.3 

Where: 

Pt(i)  = Isentropic power produced by the specific turbine stage [kW] 

Pt(real)  = Actual power produced by the specific turbine stage [kW] 

��   = Mass flow of the working fluid through the specific turbine stage [kg/s] 

hin  = Specific enthalpy of the working fluid entering the turbine stage [kJ/kg] 

hout  = Specific enthalpy of the working fluid leaving the turbine [kJ/kg] 

hout(i)  = Specific isentropic enthalpy of the working fluid leaving the turbine [kJ/kg] 

ηm  = Mechanical efficiency of the turbine [%] 

The total mechanical power can then be calculated by adding the power generated in each of 

the turbine stages. 

The saturated steam from the LP turbine exhaust is condensed to a liquid state by a forced 

ACC system. The ACCs also receive saturated steam from the flash box, supplied by the 

cascade from the first low-pressure heater (Figure 3-7). From the condensers, the condensed 

feedwater flows to the condensate storage tank, from where it is pumped to the first low- 

pressure heater, by the CEP. The condensate storage tank also receives condensate from the 

flash box’s condensate trap, which can slightly increase the temperature of the feedwater.  
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Figure 3-7:  Illustration of the condensing system 

For this model, three closed low-pressure heaters in series with one another are considered, but 

no gland steam or ejector steam condensers. The feedwater is heated by bleed steam tapped 

off from the LP turbine (see F in Figure 3-16) to approximately 2°C below the saturation 

temperature of the bled-off steam. The condensate formed in this heater is then cascaded to a 

flash box, at which the pressure is reduced to that of the condenser pressure (see G in      

Figure 3-16).  

 

Figure 3-8:  First low-pressure heater 
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The saturated steam created in this flash box because of the lowered pressure, is introduced 

into the condenser where it is condensed back to a liquid state with the rest of the feedwater, 

while the saturated water in the flash-box condensate trap flows to the condensate storage tank 

where it is also mixed with the main feedwater. 

From the first LP heater the feedwater enters the second LP heater where its temperature is 

increased to about 2 °C below the bleed steam satur ation temperature. The second LP heater 

also receives its thermal power from steam tapped off from the LP turbine, but at a stage with a 

slightly higher pressure (see E in Figure 3-16). This heater also receives the condensate formed 

in the third LP heater. From this heater, the condensate is pumped back into the main feedwater 

line between the second and third LP feedwater heaters. 

 

Figure 3-9:  Second low-pressure heater 

From here the feedwater temperature is increased even further in the third low-pressure heater.  

Steam from the final stage of the IP turbine is used to increase the feedwater temperature to 

approximately 2 °C below the saturation temperature  of the bled-off steam (See D in         

Figure 3-16). The condensate formed in this heater is subcooled to a certain extent 

(approximately 6 °C above the feedwater inlet tempe rature) after which it is cascaded back to 

the second LP heater (Figure 3-9). 
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Figure 3-10:  Third low pressure heater 

The feedwater now enters the deaerator, where bleed steam from the IP turbine (see C in 

Figure 3-16) is mixed with the feedwater that enters the deaerator from the third low-pressure 

heater. In this open feedwater heater, the feedwater temperature is increased to the saturation 

temperature of the tapped-off steam, while dissolved gases are also removed from the 

feedwater. The DST also receives the condensate formed in the four high-pressure heaters. An 

illustration of the in and out flows of the deaerator storage tank can be seen in Figure 3-11. 

 

Figure 3-11:  Deaerator storage tank 
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The BFPs take suction in the DST, from where it is pumped to the HPHs. The attemperation 

spray water used to control the reheated steam temperature before it enters the IP turbine is 

tapped from a specific BFP interstage (Figure 3-12). The quantity of spray water tapped off from 

the pump depends mainly on the mass flow through the reheater and the boiler firing rate. 

 

Figure 3-12:  Boiler feed pumps 

There are typically four high-pressure heaters, HPH 5A and 6A in series and in parallel with 5B 

and 6B, which are also in series with one another. Figure 3-13 gives an illustration of the HPH 

configuration. 

 

Figure 3-13:  High pressure heater configuration 
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Under normal operating conditions the main feedwater flow is divided so that an equal quantity 

of feedwater passes through each of the HPH banks (5A and 6A form a bank and 6B and B 

form a bank). From the BFP the feedwater enters HPHs 5A and B where it is heated to 

approximately 1 °C above the saturation temperature  of the bled-off steam from the IPT. These 

feedwater heaters receive steam from the IPT (see B in Figure 3-16) and the condensate 

condensed in HPHs 6A and B (see Figure 3-13). The condensate leaving HPHs 5A and B is 

subcooled to a certain extent (approximately 8 °C a bove the feedwater inlet temperature), after 

which it cascades to the DST where it is reintroduced into the main feedwater cycle          

(Figure 3-14).   

 

Figure 3-14:  First high-pressure heaters (HPHs 5A and 5B) 

From HPH 5A and B the feedwater flows to HPH 6A and B, which receive their heat source from 

the final stage of the HP turbine or the cold-reheat line (See A in Figure 3-16). In these heaters 

the feedwater temperature is increased to approximately 1 °C below the saturation temperature 

of the bled-off steam, while the condensate formed in the shell side of the heater is subcooled to 

approximately 8 °C above the feedwater inlet temper ature. This subcooled condensate formed 

in HPH 6A cascades to HPH 5A, while the condensate formed in HPH 6B cascades to HPH 6B 

(see Figure 3-13). 
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From the HPHs, the feedwater flows to the boiler’s economiser where it is heated further by the 

exhaust flue gas leaving the furnace. From the economiser the liquid feedwater enters the 

vertical boiler tubes (or risers) where it is evaporated to steam without going through a two- 

phase state. The risers are heated by radiant heat directly absorbed from the fireball in the 

furnace. 

This steam is then passed through the superheaters, where the temperature of the steam is 

increased to the HP turbine’s inlet requirement. A basic illustration of the feedwater and steam 

flow through the major boiler components can be seen in Figure 3-15. 

 

Figure 3-15:  Basic illustration of feedwater/steam flow through a two-pass boiler’s components  

From the superheaters the steam is expanded in the HPT, after which it is returned to the 

boiler’s reheater. The reheater absorbs convective heat from the flue gas to increase the 

temperature of the steam to the IPT inlet requirement. 

An overview of the considered regenerative Rankine cycle can be seen in Figure 3-16 below.  
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Figure 3-16:  Illustration of the regenerative Rankine cycle considered for the base case 

Where: 

A = Bled-off steam from HPT exhaust to HPH6 A and B 

B = Bled-off steam from IPT (1st stage) to HPH5 A and B 

C = Bled-off steam from IPT (2nd stage) to deaerator 

D = Bled-off steam from IPT exhaust to LPH 3 

E = Bled-off steam from LPT (1st stage) to LPH2 

F = Bled-off steam from LPT (2nd stage) to LPH1 

G = Condensate from LPH1 to condenser flash box 

H = Spray water from BFP (interstage) to attemperator 
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3.1.3 Air, fuel and emissions  

In this study, three major fans will be utilised to supply fuel and air to the furnace and to suck 

the exhaust gases from the furnace through the FFP and the FGD plant. The primary air (PA) 

fan takes suction from within the boiler house (35 °C) and forces the calculated amount of air 

though the primary air heater into the pulverisers. This PA is then used to transport the PF from 

the mills to the burners. A calculated amount of PA is bypassed across the air heater and is 

used to control the temperature in the mills. This air is known as tempering air (TA). The forced 

draft (FD) fan also takes suction from inside the boiler house and forces the slightly pressurised 

air through the primary air heater. After this, air is heated to a certain extent, and it is forced 

through the burners into the furnace to supply the secondary oxygen/air for adequate 

combustion purposes.  A simplified illustration of the air and fuel input process can be seen in 

Figure 3-17. 

 

Figure 3-17:  Illustration of furnace input air and fuel 

One can calculate the coal consumption rate by dividing the heat required by the furnace by the 

greater calorific value (GCV) of the specific coal. 

To calculate the amount air (stoichiometric air) that is required for full combustion of the fuel, 

one has to determine the quantity of oxygen required to combust all the volatile matter in the 

coal. From this required oxygen flow rate, one can determine the amount of air that is required 

by using the gravimetric oxygen content in the air (in this case 23,15%). 
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During the combustion process, oxygen binds with carbon to form carbon dioxide, sulphur binds 

with oxygen to form sulphur dioxide and hydrogen binds with oxygen to form water. The 

chemical processes can be seen below: 

� + V1 = �V1      3.4 

U + V1 = UV1      3.5 

2Y1 + V1 = 2Y1V     3.6 

When the quantity of the volatile matter in the coal, the heating value of the coal and the heat 

required by the furnace is known, one can calculate the coal consumption rate, the required air 

consumption rate and the rate of the flue gas leaving the furnace. 

Because of a non-perfect air transport system and to ensure that all fuel particles combust fully, 

a specified amount of additional air is considered. This air is normally referred to as excess air 

and can be up to 20% of the theoretical air required. 

The theoretical power required by the fans used in this study is a function of the air/flue-gas flow 

rate through the fan and the differential pressure across the fan (∆PWC). The equation below can 

be used to calculate the theoretical power required by a fan:   

�� = �� (��∆hfC)
&�.&)

      3.7 

Where: 

Pf  = Electrical power required by fan [We] 

��   = Volume flow of flue gas or air [m3/s] 

ρ  = Density of water [kg/m3] 

g  = Gravitational constant (9,81) [m/s2] 

∆�̀ 8  = Pressure differential [m water column] 

5�  = Fan efficiency [%] 

5�  = Fan motor efficiency [%] 

The gases formed during the combustion process, along with the fly ash, is sucked out of the 

furnace through the fabric filter plant, where approximately 99,5% of the fly ash is removed from 
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the flue gas by the induced draft (ID) fan. From the FFP the flue gas is sucked through the FGD 

plant where some of the SO2 is captured. The desulphured flue gas is then pushed out the stack 

into the atmosphere. The amount of sorbent, oxygen and water required and the amount of 

gypsum produced in an FGD plant can be calculated with the following chemical formula: 

�W�V0 + UV1 + (0.5)V1 + 2Y1V → �WUV#	[	2Y1V + �V1  3.8 

The overall flue-gas system considered in this study can be seen in Figure 3-18 below. 

 

Figure 3-18:  Illustration of flue gas leaving the furnace 
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3.2 Rosherville linear Fresnel performance analysis  

3.2.1 Background 

This small-scale pilot and demonstration project constructed at Eskom’s research facility in 

Rosherville was initiated by Eskom’s RT&D department to determine the power availability and 

solar to thermal efficiency of this locally sourced LFC technology. 

The plant was designed to produce approximately 150 kWt at peak solar irradiation conditions, 

which can produce a daily energy yield of about 1 400 kWht. The plant utilises subcooled water 

as the working medium at operating temperatures ranging up to 250 °C at  

4 000 kPa (Table 3-6).   

Table 3-6:  Rosherville plant design parameters 

 

The plant’s collector field has a total mirror area of 234 m2 and consists of two identical modules 

that have six mirror rows each. The corresponding mirror rows in each of the two modules share 

a driving gearbox/motor assembly that plays a vital role in the mechanics of the tracking system.  

Each module has 48 slightly concave (2 m x 1,2 m), low iron mirrors that are responsible for 

reflecting and focusing the sunlight onto the stainless-steel receiver tubes situated 

approximately 9,5 m above ground level. These mirrors have a reflectivity of approximately 

91%. 

From the receiver outlet the hot feedwater is pumped through the system by a magnetically 

coupled centrifugal pump at a flow rate of approximately 3 kg/s. From the circulation pump, the 

feedwater is pumped though a forced-draft, air-cooled heat exchanger similar to a radiator used 

in light motor vehicles. The airflow through this heat exchanger can be manipulated by adjusting 

the fan-motor frequency. By doing so, the thermal load on the LFC plant is also manipulated.  

The thermal load induced by the heat exchanger can be calculated by the following equation:  

�	 = �� (ℎ,3 − ℎ+$2)     3.9 

Where: 

PT = Thermal power [kWt] 
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��  = Mass flow of feedwater [kg/s] 

hin = Enthalpy of inlet feedwater [kJ/kg] 

hout = Enthalpy of outlet feedwater [kJ/kg] 

The partially cooled feedwater now flows through the plant’s receiver, where heat is added to 

the system. The receiver tube (D = 50 mm) makes four passes of approximately 20 m, which 

results in a total receiver length of approximately 80 m. From the receiver outlet, the hot 

feedwater is recirculated by the circulation pump.  

The following cycle parameters are measured and logged on a five-minute basis from 6:00 to 

21:00 every day (see Figure 3-19): 

• Receiver inlet and outlet temperatures [C] 

• Radiator inlet temperature [C] 

• Receiver inlet and outlet pressures [kPa] 

• Feedwater mass flow at receiver outlet [kg/s] 

• Circulation pump and fan motor frequencies [Hz] 

• Direct normal irradiation [W/m2] 

• Wind velocity [m/s] 
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Figure 3-19:  Schematic illustration of Rosherville CST cycle (Van Rooy, 2014) 

From these measured values, the enthalpy, entropy, density, dynamic viscosity and saturation 

pressure can be determined. 

 

3.2.2 Plant performance parameters 

The amount of solar irradiation available to the 234 m2 collector field is measured on a five- 

minute basis with a solar tracking pyrheliometer in W/m2. Therefore, the total amount of 

irradiation on the entire solar field is calculated with: 

��+-;/ = ���	[	���W      3.10 

Where: 

DNI  - Direct normal irradiation [W/m2] 

Area  - Total collector area [m2] 

PSolar  - Solar power [W/234 m2] 
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The amount of thermal heat absorbed by the 20 m receiver is calculated with EES. The 

enthalpy of the subcooled water at the receiver inlet and outlet must first be calculated, after 

which the heat absorbed by the receiver can be calculated with the following equation: 

��.8.,:./ = �� (ℎ�.8.,:./	�$2-.2 − ℎ�.8.,:./	�3-.2)    3.11 

Where: 

��   - Mass flow through receiver [kg/s] 

hReceiver Outlet - Receiver outlet enthalpy [kJ/kg] 

hReceiver Inlet - Receiver inlet enthalpy [kJ/kg] 

The heat rejected by the radiator into the atmosphere is then calculated with the following 

equation: 

��;7,;2+/ = �� (ℎ�;7,;2+/	�3-.2 − ℎ�;7,;2+/	�$2-.2)   3.12 

Where: 

��   - Mass flow through radiator [kg/s] 

hRadiator Outlet - Radiator outlet enthalpy [kJ/kg] 

hRadiator Inlet - Radiator inlet enthalpy [kJ/kg] 

 

The total available solar energy, the absorbed energy by the receiver and the dispersed energy 

by the radiator are then calculated by integrating the power curves over the specific time period.  

Because all available data is logged on a 5-minute interval, it is assumed that the measured 

value stays constant for the entire 300 seconds until the next reading. The total energy can 

therefore be calculated with the following equation: 

 = ∑ (hK	]	0~~)K
0i~~       3.13 

Where: 

Pi  - Power reading on 5-minute basis [kW] 

E  - Total energy over a specified time [kWh] 
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The solar to thermal efficiency is defined as a percentage of the available solar energy actually 

absorbed by the receiver of the CST plant. It can therefore be calculated with the following 

equation: 

5�	 = |\e�>A)BL	 ¡IHA¡>^
\¢HLBA	 £BKLB¡L>

� 	[	100     3.14 

Where: 

5�	  - Solar to thermal efficiency [%] 

EThermal  - Total thermal energy absorbed over a certain time period [kWh] 

ESolar  - Total solar energy available to the collector field over a certain time period 

 

The capacity factor (CF) of any plant gives an indication of the actual amount of energy the 

plant had produced over a certain period, compared with the theoretical energy the plant would 

have produced if it had operated at its rated power for the entire period. The CF is calculated 

with the following equation: 

�g = | \ C?(BL
(h¤B?>^	]		)

� 	[	100     3.15 

Where: 

CF  - Capacity factor of the plant [%] 

EActual  - Actual energy produced by the plant [kWh]  

PRated  - Rated power output capacity [kW]  

T  - Time period of assessment [hours] 

The solar energy available to the plant is significantly larger than the amount of thermal energy 

absorbed by the receiver of the CST plant. This is due to a number of losses that occur from the 

instant the light rays hit the glass of the receiver until energy is transferred to the working fluid in 

the receiver tubes. 

The first major loss is due to the fact that the light has to pass through the glass cover twice 

before it is reflected by the reflector. Even clear glass absorbs some solar energy, which then in 
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effect is no longer available for reflectance to the receiver. The second and third major losses 

are due to the unideal reflectivity of the primary and secondary receivers. This simply means 

that all the light rays that hit the reflectors do not find the absorber tubes. The last major loss 

occurs because the receiver tubes cannot absorb all the radiation energy. The absorber 

efficiency can be increased by using a high-absorbent receiver coating. Figure 3-20 below 

basically illustrates the solar to thermal energy losses. 

 

Figure 3-20:  Solar to thermal losses 

For this solar to thermal efficiency analysis, a single cloudless day is considered, since the DNI 

climbs steeply from 6:00 AM until approximately 12:00 PM, where it peaks at about 1 100 W/m2.  

From here the DNI gradually decreases until sundown at about 6:30 PM. 

 

Figure 3-21:  Direct normal irradiation vs time of day 
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On this specific day the following temperatures were recorded. As can be seen in Figure 3-22, 

the plant’s temperature set-point was set at 160 °C . 

 

Figure 3-22:  Temperature vs time of day 

The absolute pressure of the system was kept between 3 950 kPa and 4 360 kPa at all times. 

 

Figure 3-23:  Pressure vs time of day 
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EES was used to determine the enthalpies, power ratings and efficiency parameters for the 

recorded data. The receiver and radiator thermal power is reflected as zero at about 16:14 PM 

because the circulation pump was shut down when no irradiation was sensed. 

 

Figure 3-24:  Thermal power vs time of day 

From the EES analysis, it was found that 2 499 kWh of solar energy was available to the plant’s 

234 m2 collectors for the entire day. Approximately 1 216 kWht was absorbed by the linear 

receiver and 625,6 kWht was blown into the atmosphere by the load. Therefore a solar to 

thermal efficiency of 48% is assumed for work to follow. 

Table 3-7:  Fresnel plant performance parameters 

 

The full dataset can be found in Appendix A. 
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3.3 Solar augmentation scenario  

3.3.1 Assumptions 

Only one solar augmentation scenario is considered in this study. In this scenario an additional 

heat exchanger is installed in the HPH bypass line. The quantity of feedwater pumped through 

the additional heat exchanger will be determined by the available solar radiation at the time. It is 

assumed that the CST technology can produce temperatures of up to 300 °C at 6 000 kPa      

(60 bar). 

The main limiting parameter for this study is the minimum reheater attemperation spray-water 

flow rate of 3 kg/s. If the solar to thermal efficiency calculated at the Rosherville P&D plant is 

assumed to be (48%), it is calculated that under peak solar irradiation conditions                    

(1 100 W/m2), the maximum thermal power that may be injected into the coal-fired power 

station, before the spray water drops below the minimum value, is 90 MWt. 

To generate this thermal power at peak solar conditions, a collector field with a 171 000 m2 

collector area is required. 

Table 3-8:  Solar field assumptions 

 

The effect on the power output of the solar field for four different solar resource scenarios will 

also be determined to give accurate thermal power availability estimates. The four solar 

resource scenarios were recorded at the Rosherville pilot and demonstration plant and include: 

• A clear cloudless day 

• A slightly cloudy day 

• A very cloudy day 

• A mostly cloudy day 

The DNI graphs of the abovementioned scenarios can be seen in the solar resource graphs 

below (Figure 3-25 to Figure 3-28).  The solar resource data can be seen in Appendix B. 
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Figure 3-25:  Cloudless day (17.01.2014) 

 

Figure 3-26:  Slightly cloudy day (16.01.2014) 
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Figure 3-27:  Very cloudy day (29.01.2014) 

 

Figure 3-28:  Mostly cloudy day (06.01.2014) 
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The abovementioned daily scenarios will also be used to determine the effect of the relevant 

solar irradiation on the coal-fired power station. For the total annual solar energy, specific 

percentage values of each of the abovementioned scenarios will be taken to calculate a realistic 

figure. It is assumed that the total annual solar energy at the solar field is approximately  

2 141 kWh/m2/year. The breakdown of a full year in terms of the four daily irradiation scenarios 

is illustrated in Table 3-9. 

Table 3-9:  Annual solar irradiation breakdown 

 

In effect, it is assumed that 5% of the days in the year will have cloudless days (Figure 3-25), 

38% will have slightly cloudy days (Figure 3-26), 52% will have very cloudy days (Figure 3-27) 

and 5% of the days in the year will have mostly cloudy days (Figure 3-28). 

3.3.2 Additional heat-exchanger scenario 

Depending on the DNI at the time, an amount of feedwater will be bypassed past the high- 

pressure heaters. This bypassed water will be heated by an additional closed heat exchanger 

powered by the working fluid from the solar field (Figure 3-29). 
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Figure 3-29:  Illustration of additional heat-exchanger scenario 

The amount of bypassed water will be controlled by the flow-control valve (Figure 3-30) so that 

the feedwater leaving the additional heat exchanger will be at the same temperature as the 

water leaving the final high-pressure heaters. 

The throttle valve is situated behind the additional heat exchanger and is responsible for 

throttling the pressure of the bypassed water down to approximately the same pressure as the 

feedwater leaving the final high-pressure heaters. The throttling process is described in   

section 2.3.7. 



3-33 

 

Figure 3-30:  Basic illustration of the solar cycle  

As the DNI increases from sunrise to midday, the control valve will bypass more water through 

the additional heat exchanger, as more thermal energy is generated by the solar field to be 

exchanged to the feedwater. In effect, less feedwater will flow through the conventional high- 

pressure heaters, which will decrease the bleed steam required to heat the feedwater to the 

required temperature. This will result in an increased mass flow through the IP and LP turbines, 

which will increase the shaft power output as well. The mass flow through the reheater will also 

increase and will affect the attemperation spray water quantity. The spray water flow rate will not 

be allowed to fall below 3 kg/s to ensure that there is adequate temperature control over the 

feedwater during the reheat cycle.  

3.4 Financial models 

Because integrating an additional solar field to an existing coal-fired power station will have a 

significant capital cost associated with it, and because the operating cost of the coal-fired power 

station can be lowered to a certain extent, the LCOE must be determined to provide an overall 

picture. Because a portion of the energy generated from this plant is “green” energy, tradable 

renewable energy certificates (TRECs) are also assumed for this study and will generate an 

additional revenue stream. The reduction in carbon production and, in effect, tax will also have a 

significant impact on the operating cost of the coal-fired station. 
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During the financial analysis of this study, the levelised cost of electricity (LCOE) is calculated 

for the base-case scenario (coal-fired power station only), as well as the solar augmentation 

scenario. By doing so, the offset in the LCOE from the base-case scenario, positive or negative, 

will be determined. 

3.4.1 Assumptions 

Most of the financial assumptions seen in Table 3-10, were taken from the Electric Power 

Research Institute (EPRI) report: “Power Generation Technology Data for Integrated Resource 

Plan of South Africa” (Bedilion, 2010). 

The discount rate for this project is assumed to be 10%, while the capacity factor of the coal- 

fired power station is assumed to be 90%. It is assumed that it will take 5 years to construct the 

unit, after which the plant will have a 30-year lifetime. The total capital cost of the station is 

assumed to be R17 785/MW installed. Five percent of the total capital cost will be spent in year 

one of construction, 18% in year 2, 35% in year 3, 32% in year 4 and the remaining 10% in  

year 5.  

The operating and maintenance (O&M) cost consists of fixed O&M and variable O&M, where 

the fixed O&M will cost approximately R455 000 per MW capacity installed per annum, while the 

variable O&M will cost R44 per MWh (gross) produced by the station. Both the fixed and the 

variable O&M are expected to increase by 0% over and above the discount rate. 

The coal burned at the station will cost approximately R2/kg, while the sorbent used in the FGD 

plant will cost approximately R2/kg. Neither the coal nor the sorbent cost is expected to increase 

above the discount rate. 

For this study it is assumed that R120 carbon tax is charged for every ton of CO2 equivalent 

gases emitted into the atmosphere by the coal-fired power station. It is also assumed that 

Eskom, as an electricity production company, gets a 60% basic tax-free threshold, as per 

(Government, 2013). It is also assumed that the carbon tax price does not increase annually 

over and above the discount rate. 

TRECs will be earned, at a rate of R150/MWh for all electrical energy generated from thermal 

energy injected into the coal-fired station, generated in the CST field.  It is also assumed that 

the TREC price does not increase annually over and above the discount rate. 
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Table 3-10:  Coal-fired station financial parameters 

 

It is assumed that the site preparation work for the CST plant will cost in the region of R220 for 

every m2 of installed collector area. The solar field itself will carry the bulk of the capital cost at 

R2 585/m2 of installed collector area, while the heat-transfer fluid system will cost R385/m2 of 

installed collector area. 

The Engineering, Procurement and Construction (EPC) contractors will cost the project 

approximately 15% of the direct cost of the plant, while the integration into the coal-fired station 

will cost approximately 16% of the entire CST plant. The operating and maintenance cost for 

this study is assumed to be 2% of the solar field’s capital cost. A contingency cost of 7% of the 

direct cost is also assumed for this study. 
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Table 3-11:  Solar station financial parameters 

 

The financial assumptions seen in Table 3-11 were obtained from the software package, 

System Advisor Model (SAM) with a Rand/USD ratio of 11:1. 

Table 3-12:  Solar field financial parameters 

 

 

3.4.2 Financial study approach  

During this study the LCOE for the base-case, coal-fired power station, with the assumption that 

carbon tax in play (3.4.1), is calculated. The LCOE for the solar augmentation scenario is then 

calculated, where an additional solar field is constructed. TRECs are earned for all electricity 

generated with renewable energy, and less carbon tax is paid each year (boosting mode). 
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The following formula is used to calculate the LCOE with the discounting method: 

k�V = 	+2;-	7,F8+$32.7	.]�.3F.F
	+2;-	7,F8+$32.7	�+`./	�/+7$82,+3 =	

∑ 	m
(�nA)?

=
?op

∑ _
(�nA)?

=
?op

   3.16 

Where: 

n = Plant lifetime [years] 

t = Relevant year [year] 

r = Discount rate [%] 

C = Total yearly expenses [R] 

E = Total yearly energy production [kWh or MWh].  
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CHAPTER 4:  BASE-CASE SCENARIO 

To verify that the EES model used in this study is able to produce accurate thermodynamic 

parameters with specific inputs, a verification exercise was conducted. During this verification 

test, a thermodynamic replica of the base-case EES model was built in ThermoFLEX  

(Figure 4-1), a thermodynamic software package, after which a number of comparison tests 

were conducted. 

4.1 Thermodynamic verification procedure 

During these verification tests the boiler for both models (EES and ThermoFLEX) was kept 

under full-load conditions (100% MCR), after which the major thermodynamic input and output 

parameters were documented and compared with one another. The relevant parameters 

monitored during this verification exercise are: 

• HPT, IPT and LPT mechanical shaft power 

• All bleed steam mass flow rates 

• Gross and net electricity output 

• Major auxiliary plant power consumption rates 

• Coal consumption rate 

• Total ash and CO2 mass flow rates 

 

Figure 4-1:  Screenshot of base-case ThermoFLEX verification model  
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The correlation study revealed that the mechanical shaft power output by the HPT was 

approximately 2% greater in the EES model than in the TermoFLEX model, while the shaft 

power by the IPT deviated by about 4%. On the other hand, the LPT shaft power output from 

the ThermoFLEX model was 5% greater than that of the EES model. This resulted in an 

insignificant deviation in gross electricity output (Table 4-1).  

Table 4-1:  Turbine shaft power and electricity output verification results. 

 

A visual illustration of the turbine shaft power and electricity output verification results can be 

seen in Figure 4-2. 

 

Figure 4-2:  Shaft and electricity power output verification results 
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When the turbine bleed steam mass flow rate was considered, it was found that the bleed 

steam calculated in the two independent models correlated very well. The HPT exhaust bleed 

steam flow rates deviated by 0,4%, the flow for first stage of the IPT deviated by approximately 

4%, the flow for the second stage of the IPT by about 0,1% while the bleed steam flow rate from 

the IPT exhaust deviated by 2%. 

Table 4-2:  Turbine bleed steam verification results 

 

It was also found that the bleed steam flow rate from the first stage of the LPT deviated by 

0,3%, while the steam flow from the second stage deviated by about 3%. The turbine bleed 

steam mass flow rate verification results can be seen in Table 4-2, while a graphic illustration of 

the results are displayed in Figure 4-3. 
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Figure 4-3:  Turbine bleed steam verification results 

Table 4-3 shows the correlation results for the major auxiliary power consumers of the station.  

The results indicated that the power consumption estimate for the electric BFP system 

calculated by the two thermodynamic models deviated by approximately 2%, while the power 

consumption by the CEP deviated by 1% and the ACC power by 0.4%.  It was found that the 

power consumption by some of the major fans used on the plant correlated slightly worse than 

that of the other parameters but are still accepted (Table 4-3). 

Table 4-3:  Auxiliary power verification results 

 



4-5 

A visual illustration of the auxiliary power consumption verification results can be seen in Figure 

4-4 below. It was also found that the net electricity output calculated by the two models did not 

vary by a significant amount (Figure 4-2). 

 

 

Figure 4-4:  Auxiliary power consumption verification results 

The coal consumption and ash production rates calculated by the two models both varied by 

approximately 1%, while the CO2 production rate deviated by about 3% (Table 4-4). 

Table 4-4:  Fuel and emissions verification results 

 



4-6 

A visual illustration of the fuel and emissions mass flow correlation results can be seen in Figure 

4-5 below.  

 

Figure 4-5:  Fuel and emissions verification results 

It is concluded that the all verified parameters are within an acceptable margin of error and that 

the EES model produces accurate thermodynamic parameters for specified inputs. 
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4.2 Engineering equation-solver model 

A detailed EES model was developed in which parametric tables were created to calculate all 

major input and output parameters according to the assumptions made in section 3.1.1.     

Figure 4-6 gives a screenshot of the developed diagram window for the base-case scenario.  

The formatted EES code, results, diagram window and plots can be seen in Appendix E while 

the thermodynamic array table for the base case scenario can be seen in Appendix F. 

 

Figure 4-6:  Screenshot of base-case EES model diagram window 

The T–s diagram (Figure 4-7) of the base-case supercritical coal-fired power station shows the 

real and isentropic turbine expansions for the HP, IP and LP turbines. This diagram also 

illustrates the condensation lines for all the bleed steam, used for feedwater pre-heating as well 

as the main steam in the forced-draft air-cooled condenser. 

From this T–s diagram it can also be noted that the main steam never moves into a two-phase 

mixture; it converts directly to superheated steam from a saturated liquid state. 



4-8 

 

Figure 4-7:  T-s diagram of base-case EES model 

When a full day is concidered, as discribed in section 3.1.2, where the unit’s load is reduced to 

approximately 60% MCR during late night/early morning periods, the shaft power attributed to 

the HPT, IPT and LPT can be seen Figure 4-8. The gross and net electrical power output, as 

well as the total auxiliary power consumption, can be seen in Figure 4-10. 
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Figure 4-8:  Time vs turbine shaft power 

The turbine bleed steam for feedwater preheating purposes is illustrated in Figure 4-9.  From 

this graph, it can be seen that the bleed steam tapped off from the turbines has a significant 

flow rate. The steam tapped off from the HPT exhaust or the cold-reheat line is used to heat the 

boiler feedwater in HPHs 6A and 6B before it enters the economiser. This steam has a flow rate 

at 100% MCR of approximately 55 kg/s, while the flow rate is dropped to approximately  

26,5 kg/s when the load is at 60% MCR. The steam tapped from the first stage of the IPT is 

used to power HPHs 5A and 5B and has a flow rate of about 38 kg/s at 100% MCR and 22 kg/s 

at 60% MCR.. 
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Figure 4-9:  Time vs bleed-steam mass flow 

Figure 4-10, gives an illustration of the gross generator power output, the total auxiliary power 

consumption and net electrical power output vs time of day. From this graph one can see how 

these parameters are affected as the boiler load varies to achieve the net electricity output to 

the national grid. 
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Figure 4-10:  Time vs electrical power output and auxiliary consumption 

Because the boiler load is reduced during the late night/early morning times, the coal 

consumption rate will also decrease accordingly. Figure 4-11, illustrates how the fuel 

consumption rate increases from 62 kg/s at 60% MCR to approximately 94 kg/s at 100% MCR.   
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Figure 4-11:  Time vs coal consumption rate 

When the amount of fuel combusted in the furnace changes with the boiler load, the amount of 

ash and CO2 produced will also change accordingly. The graph in Figure 4-12 illustrates how 

the CO2 and total ash production rates vary with time as the boiler load changes from 60% to 

100% MCR. From this graph it is found that the CO2 production rate increases from 110 kg/s to 

approximately 167 kg/s, while the total ash production rate increases from 21,5 kg/s to about 

32,5kg/s. 
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Figure 4-12:  Time vs CO2 and ash emission production rate 

When the boiler load is reduced, the main stream flow rate is also reduced accordingly. In 

effect, the total steam passing through the reheater system is also reduced, which means that 

the whole reheater, designed for full-load conditions, has a reduced steam flow in its tubes for 

the same heat exchanger surface area. This means that the heat exchanger will transfer an 

increased heat flux to the steam, which will cause the attemperation spray-water flow rate to 

increase significantly. From the graph in Figure 4-13 it can be seen how the spray water drops 

from 14,8 kg/s at 60% MCR to approximately 5,7 kg/s at 100% MCR.   



4-14 

 

Figure 4-13:  Time vs attemperation spray water 

Figure 4-14 displays a screenshot of a section of the EES diagram window of the HP, IP and LP 

turbines at 100% MCR. From the image, the isentropic efficiencies and mechanical shaft- power 

output of the turbines can be seen, as well as the steam inlet and outlet properties of the HP, IP 

and LP turbines. The turbine seal steam and reheater attemperation spray-water mass flow 

rates can also be seen in this figure. 

 

Figure 4-14:  EES Screenshot of base-case turbine train and generator  
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Figure 5-10 displays a screenshot from the EES diagram window showing the forced-draft dry- 

cooling system, flash tank, condensate storage tank and CEP. From this figure, the inlet and 

outlet steam parameters of the condenser, flash tank and CEP can be seen, as well as the CEP 

and ACC fan-power consumption estimates. 

 

Figure 4-15:  Base-case cooling system 

Figure 4-16 shows the low-pressure feedwater heaters (LPH #1 situated to the far right, LPH #2 

in the middle and LPH #3 to the left), their feedwater inlet and outlet temperatures, pressures, 

mass flow rates and enthalpies, as well as the turbine bleed-steam parameters. This figure also 

shows the major desuperheating and subcooling properties of the heaters. 
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Figure 4-16:  Base-case low-pressure heater system 

Figure 4-17 gives a screenshot of the EES diagram window, which displays the input and output 

feedwater properties of the DST and the boiler feed pump system. The bleed steam tapped off 

from the IPT, as well as the subcooled distillate formed in the high-pressure heaters, is also 

shown in this diagram. The reheater attemperation spray water tapped from an interstage of the 

BFP, as well as the BFP power requirements, is also shown. 
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Figure 4-17:  Illustration of the base-case DST and boiler feed pump systems 

The high-pressure heaters, their feedwater and heating steam inlet and outlet parameters, as 

well as the distillate cascade system, are shown in the screenshot illustrated in Figure 3-13.  

The desuperheating and subcooling properties of the heaters are also displayed in the figure. 
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Figure 4-18:  Illustration of the base-case HPH system 

The EES parametric table results for the base-case study can be seen in Appendix C - 1. 

 

4.3 Base-case scenario summary 

From the EES models it is calculated that an 800 MWe supercritical coal-fired power station at 

100% MCR, described in section 3.1, can generate approximately 795 033 kWe from the 

available 803 875 kWm shaft power. The station will be able to push 729 574 kWe into the 

national grid after the 65 458 kWe for the auxiliary systems is subtracted.  The furnace requires 

a heat input of 1 896 426 kWt from coal, of which approximately 1 706 783 kWt is absorbed into 

the Rankine cycle for power generation. 

The net cycle efficiency of this supercritical unit is 42,7%, while the overall efficiency (coal to 

electricity out) is around 38,5%.  The major performance parameters of this base-case, coal-

fired power station can be seen in Table 4-5. 
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Table 4-5:  Base-case performance parameters 

 

If a full year is considered, the unit will supply approximately 5 812,7 GWh of electrical energy to 

the national grid per year from a 13 652,4 GWh thermal heat input by burning pulverised coal. 

Approximately 2 716,9 kT of coal will be burned throughout the year, which will result in 

approximately 937,3 kT of ash, 4 800,4 kT of CO2 and 59,2 kT of SO2 per year.  The major input 

and output parameters of the base-case study can be seen in Table 4-6, while the parametric 

table data can be seen in Appendix C–1. 

Table 4-6:  Base-case input and output parameters. 

 

The overnight cost of such a coal-fired power station will be in the region of R14 228m, while 

the fuel will cost approximately R764,5 m per year, the total O&M cost will be about R622m per 

year and carbon tax will cost the station approximately R230,4 m per year. 

Table 4-7:  Base-case major expenses. 
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When all the expenses are discounted back to year zero and divided by the total discounted 

electricity generated over the lifetime of the plant, it is found that an 800 MWe supercritical coal-

fired power station has an LCOE of approximately R0,711 per kWh. The base-case LCOE 

calculation can be seen in Appendix D - 1. 

 

______________________________
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CHAPTER 5:  SOLAR AUGMENTATION SCENARIO 

5.1 Engineering equation solver models 

 

 

Figure 5-1:  Screenshot of solar augmentation EES model 

When the irradiation scenarios specified in section 3.3.1 are fed into the EES model, the 

reaction of the coal-fired power station is calculated with regard to the major input and output 

parameters.  The thermodynamic array table for the solar augmentation scenario (1 100 W/m2) 

can be seen in Appendix G. 

The results for the four daily irradiation scenario, specified in section 3.3.1, are illustrated below 

with regard to the available DNI, turbine shaft power output, electrical and thermal power output, 

bleed steam mass flow, coal consumption, auxiliary power consumption, emissions, 

attemperation spray water mass flow and the amount of feedwater which is bypassed through 

the additional heat exchanger, powered by the solar field. 
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5.1.1 Mostly cloudy day scenario 

As one can see from Figure 5-2, not much solar energy is available during the mostly cloudy 

day scenario. The DNI peaked at about 95 W/m2 for a very short period, which is almost 

insignificant. As illustrated in Table 5-1, approximately 0,0786 kWh/m2 of solar energy was 

available to the solar field during the day, of which 6 454 kWht was supplied to the coal-fired 

power station (Figure 5-7). 

 

Figure 5-2:  Time vs DNI for mostly cloudy day scenario 

Because very little thermal energy was delivered to the coal-fired power station during this day, 

almost no effect was noticed on most parts of the plant, which include the turbine shaft power 

output, electrical power output, auxiliary power consumption, coal consumption, emissions and 

attemperation spray-water mass flow rate. 

As one can note from Figure 5-3, a maximum peak HPH bypass flow rate of approximately        

7 kg/s was achieved during this day, which is rather insignificant if one takes into account that 

the rated flow through the HPH is 617 kg/s at 100% MCR. 
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Figure 5-3:  Time vs high-pressure heater bypass mass flow for mostly cloudy day scenario 

Because very little feedwater is bypassed, the HPHs will not have a significant reduced load, 

which means that the bleed steam required by them will not change much. The graph in Figure 

5-4 illustrates by how little the bleed steam is affected by the thermal heat added to the Rankine 

cycle. 
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Figure 5-4:  Time vs turbine bleed steam for mostly cloudy day scenario 

When the bleed steam is not reduced by a significant amount, the steam flow rate passing 

through reheater will also remain fairly unchanged, which will have very little effect on the 

attemperation spray-water flow rate illustrated in Figure 5-5. 
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Figure 5-5:  Time vs attemperation spray water for mostly cloudy day scenario 

When the bleed steam is not noticeably reduced, the flow rate through the HP, IP and LP 

turbines will not change much, which means that the mechanical shaft power of the applicable 

turbines will also remain almost unchanged (Figure 5-6). 

Because no significant shaft power fluctuations are noticed during a mostly cloudy day scenario, 

the net electricity output, auxiliary power consumption rate, coal consumption rate and 

emissions production rate will also remain unchanged. 
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Figure 5-6:  Time vs turbine shaft power for mostly cloudy day scenario 

 

Figure 5-7:  Time vs power output for mostly cloudy day scenario 
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During a typical mostly cloudy day, in which a DNI rating of approximately 0,07 kWh/m2/day is 

available from the sun, an 800 MWe coal-fired power station integrated with a 90 MWt solar field 

will generate approximately 167,8 kWh more electricity than without any solar. The solar field 

will be able to supply about 6 454 kWh of thermal energy during the day. The increased 

electricity output in the fuel-saver mode is due to the slightly reduced auxiliary power 

consumption, because of the thermal heat added to the Rankine cycle. Approximately  

4,07 MWh less thermal energy will be transferred from the furnace to the Rankine cycle, which 

means that about 900 kg less coal will have to be burned throughout the day. 

Because less fuel is burned, the amount of CO2 emitted into the atmosphere is reduced by 

approximately 400 kg, while the amount of ash that has to be disposed of is reduced by about 

100 kg per day. 

Table 5-1:  Summary for mostly cloudy day scenario 

 

All parametric table data for the mostly cloudy day scenario can be seen in Appendix C-2 
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5.1.2 Very cloudy day scenario 

The very cloudy day scenario provides a much higher DNI rating at approximately  

4,3 kWh/m2/day. This day was mainly overcast, with patches of sunlight coming through the 

clouds at certain stages of the day, peaking at approximately 900 W/m2. The DNI vs time of day 

graph for the very cloudy day scenario can be seen in Figure 5-8.   

When the hybrid power station is in the fuel-saver mode, it will be able to increase the net 

electrical energy by about 9 312,3 kWh for the day, while burning approximately 44 tons less.  

The increased electricity generation in the fuel-saver mode is attributed to the reduced auxiliary 

power consumption because of the lower firing rate of the boiler. 

 

Figure 5-8:  Time vs DNI for very cloudy day scenario 

Slightly more thermal energy was delivered to the coal-fired power station during the very 

cloudy day scenario; the thermal energy produced by the solar field was very unstable but 

peaked at approximately 79 MWt. 

The amount of feedwater which is bypassed through the additional heat exchanger also 

changes as the thermal energy available from the solar field changes. As illustrated in        

Figure 5-9, the mass flow through the additional heat exchanger gradually increases as the 
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thermal energy increases. The mass flow through the additional heat exchanger peaked at 

about 225 kg/s at peak solar power, but dropped back to 0 kg/s as the DNI dropped to zero. 

 

Figure 5-9:  Time vs high-pressure heater bypass mass flow for very cloudy day scenario 

As the mass flow through the additional heat exchanger increases, the mass flow through the 

HPH banks decreases accordingly. In effect, less feedwater must be heated by means of the 

HPHs, which means that less bleed steam must be tapped off from the turbines. 

Figure 5-10 illustrates the turbine bleed steam mass flow vs time of day. It is very clear that that 

the bleed steam tapped off from the HPT exhaust to heat HPHs 5A&B, and the first stage of the 

IPT to heat HPH 5A&B, decreased significantly, as the thermal power from the solar field 

increases. 
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Figure 5-10:  Time vs turbine bleed-steam mass flow for very cloudy day scenario 

The decrease in HPT exhaust bleed steam increased the steam flow through the reheater, 

which will cause the attemperation spray-water mass flow to drop. The spray-water mass flow 

vs time of day is illustrated in Figure 5-11. This increase will also increase the mass flow of 

steam through the whole IPT and LPT, which, in turn, will increase the mechanical power 

output. 
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Figure 5-11:  Time vs attemperation spray-water mass flow for very cloudy day scenario 

Because this system is operating in fuel-saver mode, the boiler will fire less when there is an 

increase in mechanical shaft power output to keep the generator output constant. In effect, the 

boiler load will drop, which will result in a lower mass flow through the boiler, superheaters and 

HPT, which will lower the fuel consumption rate to a certain extent.   

Basically, the IP and LP turbines will generate more mechanical shaft power, due to the 

decreased bleed steam, while the HPT will produce less mechanical shaft power because of the 

decreased mass flow through the boiler, superheaters and HPT. The gross generator output 

capacity will remain constant, while the net electricity output may vary because of variations in 

auxiliary power consumption, owing to boiler load changes. 

Figure 5-12 shows the mechanical-shaft power output of the HP, IP and LP turbines vs time of 

day.  From this graph, one can just see how the shaft power of the IP and LP turbines increases 

with the solar power availability and how the shaft power of the HPT decreases as the boiler 

load is reduced. 
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Figure 5-12:  Time vs turbine shaft power for very cloudy day scenario 

Figure 5-13 shows the gross generator power output, net electricity output, total auxiliary power 

consumption and thermal power available from the solar field vs time of day for the very cloudy 

day scenario.   
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Figure 5-13:  Time vs power output for very cloudy day scenario 

As one can see from Figure 5-14, the BFP power consumption is noticeably reduced as the 

boiler load drops, because of the thermal energy injected from the solar field. Figure 5-14 also 

shows the power consumption of the other major auxiliary plant components. 
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Figure 5-14:  Time vs auxiliary power consumption for very cloudy day scenario 

Because the boiler load decreases as the thermal power from the solar field increases, the coal 

consumption rate will also decrease as the thermal power from the solar field increases.  The 

coal consumption rate vs time of day can be seen in Figure 5-15. 
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Figure 5-15:  Time vs coal consumption rate for very cloudy day scenario 

When the amount of coal burnt is reduced, the amount of emissions and ash produced will also 

decrease accordingly. Figure 5-16 shows the CO2 and ash produced mass flows vs time of day 

for the specific scenario. 
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Figure 5-16:  Time vs auxiliary power consumption for very cloudy day scenario 

Table 5-2 illustrates the very cloudy scenario compared with a base-case scenario where no 

solar power is injected into the Rankine cycle. 

In summary, by injecting 352,1 MWh of thermal energy from the solar field into the Rankine 

cycle during a very cloudy day, the net electricity output will be increased by 9,31 MWh while 

the coal consumption will be reduced by 44 tonnes.  The CO2 emissions will be reduced by  

77 tonnes while the amount of ash produced will be reduced by 15 tonnes. 

Table 5-2:  Summary for the very cloudy day scenario 

 

All parametric table data for the very cloudy day scenario can be seen in Appendix C - 3. 
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5.1.3 Slightly cloudy day scenario 

When the solar scenario illustrated in Figure 5-17 is considered, where large clouds are present 

during noon and during the late afternoon, approximately 8 kWh/m2 of solar energy is available 

from the sun for the duration of the day. This solar energy can then be converted into about 

658,9 MWh of thermal energy in the solar field, which can be injected into the supercritical coal-

fired power station.   

The DNI for the slightly cloudy day peaked at about 1 100 W/m2, but dropped back to zero 

because of cloud cover on three occasions throughout the day. 

 

Figure 5-17:  Time vs DNI for slightly cloudy day scenario 

When more thermal power is available from the solar field to the additional heat exchanger, the 

mass flow through the exchanger can increase by still providing a stable outlet temperature. As 

displayed in Figure 5-18, the mass flow through the additional heat exchanger will peak at 

around 210 kg/s before it drops back to nothing when large clouds block out the sun. 
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Figure 5-18:  Time vs high-pressure heater bypass mass flow for slightly cloudy day scenario 

By increasing the flow through the additional heat exchanger, the flow through the HPH banks 

will in effect be reduced, which will also reduce the amount of turbine bleed steam needed to 

heat the feedwater to the required temperature. The steam tapped off from the HPT exhaust is 

used to heat HPHs 6A and 6B, while the steam tapped off from the first stage of the IPT is used 

for heating in HPHs 5A & 5B.   

Figure 5-19 illustrates how the steam tapped from the HPT exhaust drops from 55 kg/s to 

approximately 28 kg/s at peak solar conditions, while the steam tapped from the first stage of 

the IPT drops from 38 kg/s to about 21 kg/s.   

As an effect of this, more bleed steam (approximately 2 kg/s) from the second stage of the IPT 

will be required by the DST to achieve its set-point feedwater temperature outlet. This increase 

in bleed steam for the DST is due to the fact that the subcooled water flow rate from the HPH 

cascades will be reduced by an equal amount to that of the bleed steam for all the HPHs. 
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Figure 5-19:  Time vs turbine bleed-steam mass flow for slightly cloudy day scenario 

When the HPT exhaust bleed steam is reduced, the amount of steam passing through the 

reheater is also increased, this in turn will lower the spray-water required to control the reheater 

exit temperature. The attemperation spray-water mass flow for the slightly cloudy day scenario 

can be seen in Figure 5-20. 
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Figure 5-20:  Time vs attemperation spray-water mass flow for slightly cloudy day scenario 

Because this system is operating in fuel-saver mode, the boiler will fire less when there is an 

increase in mechanical shaft power output to keep the generator output constant. In effect, the 

boiler load will drop, which will result in a lower mass flow through boiler, superheaters and 

HPT, which will lower the fuel consumption rate to a certain extent. 

Basically, the IP and LP turbines will generate more mechanical shaft power, owing to the 

reduced bleed steam, while the HPT will produce less mechanical shaft power owing to the 

reduced mass flow through the boiler, superheaters and HPT.   

Figure 5-21 illustrates how the mechanical shaft power output of the HP, IP and LP turbines 

changes as the DNI varies with the time of day. From this graph, one can see how the shaft 

power of the IP and LP turbines increase with the solar power availability and how the shaft 

power of the HPT decreases as the boiler load is reduced. 



5-21 

 

Figure 5-21:  Time vs turbine shaft power output for slightly cloudy day scenario 

As seen in Figure 5-22, the gross generator output capacity will remain constant, while the net 

electricity output may vary because of variations in auxiliary power consumption, owing to boiler 

load changes. This graph also shows the solar power available from the solar field to the coal-

fired station during the specific scenario. 
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Figure 5-22:  Time vs power output for slightly cloudy day scenario 

Figure 5-23 shows how the power consumption of major auxiliary systems is influenced by the 

change in boiler load, owing to the injection of thermal energy from the solar field during the 

slightly cloudy day scenario. From the graph, one can see that the boiler feed-pump power 

consumption is greatly influenced by the boiler load variations, owing to solar power injection. 
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Figure 5-23:  Time vs auxiliary power consumption for slightly cloudy day scenario 

Because of the boiler load reduction during solar power injection from the solar field, the coal 

consumption rate decreases according to the increase in solar power. From Figure 5-24 one 

can see that the coal consumption rate is reduced by approximately 4 kg/s during peak solar 

conditions. 
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Figure 5-24:  Time vs coal consumption rate for slightly cloudy day scenario 

Because the coal combustion rate is decreased with the boiler load reduction, all harmful 

attributes, such as harmful emissions, ash production, etc, thereof are also reduced accordingly.  

Figure 5-25 shows how the CO2 and ash production rates are reduced, as solar energy is 

injected into the Rankine cycle. 
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Figure 5-25:  Time vs major emissions for slightly cloudy day scenario 

Table 5-3 shows a summary of the major role-playing factors when injecting a specific solar 

energy scenario (Figure 5-17) into the Rankine cycle of a coal-fired power station. 

In summary, by injecting 658,9 MWh of thermal energy from the solar field into the Rankine 

cycle during a slightly cloudy day, the net electricity output will be increased by 17,3 MWh while 

the coal consumption will be reduced by 82,2 tonnes. The CO2 emissions will be reduced by 

144,8 tonnes while the amount of ash produced will be reduced by 28,3 tonnes. 

Table 5-3:  Summary for slightly cloudy day scenario. 

 

All parametric table data for the slightly cloudy day scenario can be seen in Appendix C - 4. 
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5.1.4 Cloudless day scenario 

When a perfect solar day is considered (Figure 5-26), with a total irradiation level of 119 kWh/m2 

for the day, the solar field will be able to deliver approximately 973 MWh of thermal energy to 

the coal-fired power station via the additional heat exchanger. 

From Figure 5-26, it can be seen how the DNI rapidly increases from zero, at about 5:50 AM, to 

approximately 1 075 W/m2 at 8:30 AM, after which it stays fairly constant until it begins to 

decrease as the sun goes under. It can also be seen from the graph that there were no clouds 

present over the plant during the day. 

 

Figure 5-26:  Time vs DNI for cloudless day scenario 

From the graph in Figure 5-27, it can be seen that the amount of feedwater heated by the 

additional heat exchanger rapidly increases with the rising DNI up to about 260 kg/s. By 

bypassing water through the additional heat exchanger, an equal amount less water flows 

through the conventional HPH banks. 
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Figure 5-27:  Time vs high-pressure heater bypass mass flow for cloudless day scenario 

The first set of HPHs (5A and 5B) normally utilises bleed steam from the first stage of the IPT, 

while the second set (6A and 6B) uses steam from the HPT exhaust to heat the feedwater to 

the required temperature. The DST normally utilises steam from the second stage of the IPT, 

and subcooled saturated water from the HPH cascades to preheat the feedwater to a certain 

extent. 

If less feedwater passes through the HPH banks, a reduced amount of bleed steam is required 

by the heat exchangers to comply with their requirements, but more bleed steam from the 

second stage of the IPT will be required by the DST to achieve its set-point feedwater 

temperature outlet. This increase in bleed steam for the DST is due to the fact that the 

subcooled water flow rate from the HPH cascades will be reduced by an equal amount to that of 

the bleed steam for all the HPHs. 

The graph in Figure 5-28 illustrates how the bleed steam from the HPT exhaust and first stage 

of the IPT are reduced by about 26 kg/s and 18 kg/s and how the bleed steam from the second 

stage of the IPT increases by about 2 kg/s as the thermal power from the solar field increases. 
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Figure 5-28:  Time vs turbine bleed steam mass flow for cloudless day scenario 

Because less steam is bled from the first stage of the IPT, more steam will be available for the 

later stages of the IPT and LPT for mechanical power generation. Because less steam is also 

tapped from the HPT exhaust, more steam is passed through the whole IPT and IPT, which will 

increase their mechanical power output to a certain extent. 

As a result of the reduction in HPH exhaust bleed steam, more steam will flow through the 

reheater, which will reduce the attemperation spray-water mass flow rate to a certain extent.   

Figure 5-29 illustrates how the spray-water mass flow rate is affected by the injection of solar 

energy into the Rankine cycle. The spray-water mass flow drops from approximately 5,7 kg/s, 

when no solar power is injected, to about 3 kg/s during peak solar irradiation conditions. 
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Figure 5-29:  Time vs attemperation spray-water mass flow for cloudless day scenario 

Because the system is operating in fuel-saver mode, the boiler will fire less when there is an 

increase in mechanical shaft power output to keep the generator output constant. In effect, the 

boiler load will drop, which will result in a lower mass flow through boiler, superheaters and 

HPT, which will, in effect, lower the fuel consumption rate to a certain extent. 

Basically, the IP and LP turbines will generate more mechanical shaft power because of the 

decreased bleed steam, while the HPT will produce less mechanical shaft power owing to the 

decreased mass flow through the boiler, superheaters and HPT.   

Figure 5-30 illustrates how the mechanical shaft power output of the HP, IP and LP turbines 

changes as the DNI varies with the time of day. From this graph, one can see how the shaft 

power of the IP and LP turbines increases with the solar power availability and how the shaft 

power of the HPT decreases as the boiler load is reduced.  
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Figure 5-30:  Time vs turbine shaft power output for cloudless day scenario 

As can be seen in the graph in Figure 5-31, the gross generator output capacity will remain 

constant, while the net electricity output may vary, owing to variations in auxiliary power 

consumption, because of boiler-load changes. This graph also shows the amount of solar power 

available to the coal-fired station during this specific scenario. 
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Figure 5-31:  Time vs power output for cloudless day scenario 

Figure 5-32 shows how the power consumption of the major auxiliary systems is influenced by 

the change in boiler load, because of the injection of thermal energy from the solar field during a 

cloudless day scenario. From the graph, one can also see that the boiler feed-pump power 

consumption is greatly influenced by the boiler load variations. 
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Figure 5-32:  Time vs auxiliary power consumption for cloudless day scenario 

Due to the boiler load reduction during solar-power injection from the solar field, the coal 

consumption rate decreases according to the solar-power increase.  From Figure 5-33 one can 

see that the coal consumption rate is reduced by approximately 4 kg/s during peak solar 

conditions. 
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Figure 5-33:  Time vs coal consumption rate for cloudless day scenario 

Because the coal combustion rate is decreased with the boiler load reduction, all harmful 

attributes, such as emissions, ash production, etc, thereof are also reduced accordingly.    

Figure 5-34 shows how the CO2 and ash production rates are reduced as solar energy is 

injected into the Rankine cycle. 
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Figure 5-34:  Time vs major emissions for cloudless day scenario 

Table 5-4 shows a summary of the major role-playing factors when injecting a specific solar- 

energy scenario (Figure 5-26) into the Rankine cycle of a coal-fired power station. 

In summary, by injecting 973 MWh of thermal energy from the solar field into the Rankine cycle 

of an 800 MWe supercritical coal-fired power station during a cloudless day, the net electricity 

output will be increased by 25,4 MWh while the coal consumption will be reduced by  

121,4 tonnes. The CO2 emissions will be reduced by 213,9 tonnes while the amount of ash 

produced will be reduced by 41,8 tonnes. 

Table 5-4:  Summary for cloudless day scenario. 

 

All parametric table data for the cloudless day scenario can be seen in Appendix C - 4. 
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5.1.5 Irradiation scenario summary 

When the four irradiation scenarios considered in section 5.1 are compared with one another 

the obvious becomes clear: as the daily solar energy increases, the amount of heat that has to 

be added to the Rankine cycle by burning coal decreases significantly. The net electricity output 

also rises as the solar energy increases, mainly because the auxiliary power consumption rate 

decreases as the boiler load drops to keep the generator output constant. 

Table 5-5:  Daily solar irradiation comparison summary 

 

Figure 5-35 provides a graphical illustration of the results in Table 5-5. 

 

 

Figure 5-35:  Daily solar irradiation scenarios vs heat input from coal, and the solar field 

compared with the net electricity output.  
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5.2 Full year solar augmentation scenario summary 

When the 90 MWt solar field is integrated into the 800 MWe supercritical coal-fired power 

station, the following is calculated:  

When a boosting scenario is considered, where the coal-fired station is kept at full load while 

the solar field injects additional thermal energy into the Rankine cycle, it is found that 

approximately 822 982 kWe can be generated from the 832 135 kWm shaft power available to 

the generator at peak solar irradiation conditions (1 100 W/m2). Approximately 31% of the 

thermal energy injected into the Rankine cycle was converted into electrical power. The amount 

of heat added to the system by means of burning coal remains the same at 1 896 426 kWt, as 

per the base-case study for the boiler continues to operate at full load. 

Table 5-6:  Boosting mode parameters 

 

When a fuel-save scenario, where the generator output capacity has a maximum value of  

795 033 kWe and the peak solar irradiation rating of 1 100 W/m2, is considered, it is found that 

the boiler requires only 1 833 633 kWt from coal to reach full generating capacity. In effect, the 

generator is operating at full load but the boiler is only at 95% MCR.  It is also found that the net 

electrical output to the national grid is slightly higher at 731 926 kWe because of the reduced 

auxiliary power consumption (63 083 kWe). The major performance parameters for the fuel- 

saver scenario are shown in Table 5-7. 
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Table 5-7:  Fuel-saver mode parameters 

 

When a full year is considered, where an annual solar irradiation rating of 2 141 kW/m2 is 

assumed with a linear Fresnel thermal capacity factor of 22,2%, the following annual input and 

output parameters for a fuel-saver scenario are calculated. 

A total amount of 5 817,3 GWh of electrical energy can be fed into the national grid by burning 

only 2 694,9 kT of coal. The CO2 emission rate is lowered to 4 761,8kT per year, while the 

amount of ash produced during a year is reduced to 929,7 kT. The annual fuel-saver scenario 

performance parameters can be seen in Table 5-8. 

Table 5-8:  Annual input and output parameters for a fuel-saver scenario 

 

The overnight cost of such a hybrid power station, where renewable resources and fossil fuels 

are utilised, will be in the region of R14 898,354m, while the fuel cost will come down to 

approximately R758,35m per year, the total O&M cost will increase to about R631,796m per 

year and carbon tax will cost only R228,56m per year.  Because 54,6 GWh of electrical energy 

is generated with a renewable resource, R8,188m is earned by selling TRECs.  
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Table 5-9:  Solar augmentation major expenses   

 

When all the expenses are discounted back to year zero and divided by the total discounted 

electricity generated over the lifetime of the hybrid plant, it is found that an 800 MWe 

supercritical coal-fired power station, combined with a 90 MWt solar field, has an LCOE of 

approximately R0,715 per kWh. The solar augmentation LCOE calculation can be seen in 

Appendix D - 2. 

 

_____________________________
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CHAPTER 6:  RESULTS SUMMARY  

6.1 Annual results summary 

The results from the thermodynamic models indicate that if an additional heat exchanger 

integration option for a fuel-saver solar augmentation scenario is considered, one can expect to 

produce approximately 4,6 GWh of net electricity in addition to what can be generated in the 

base-case scenario. This increase in net electricity output is mainly due to the lowered auxiliary 

power consumption during high solar irradiation conditions. 

It is also found that the total thermal energy input required from burning pulverised coal is 

reduced by 110,5 GWh, while approximately 176,5 GWh of solar energy is injected into the 

coal-fired power station’s regenerative Rankine cycle throughout the year. Of this total thermal 

energy supplied by the solar field, approximately 54,6 GWh is eventually converted into 

electrical energy. Approximately 22 kT less coal will be required, which will result in 38,7 kT less 

CO2 emissions and about 7,6 kT less ash production.   

All major input and output parameters, as well as the LCOE for the base-case vs the solar 

augmentation case, are summarised in Table 6-1. 

Table 6-1:  Base-case vs solar augmentation results 
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Figure 6-1:  Annual heat input summary 

If all input and output parameters are considered for a 35-year plant lifetime, it is found that the 

levelised cost of electricity for the solar augmentation scenario described in section 3.3 is 

approximately R0,715 per kWh. 

 

 
 

______________________________
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CHAPTER 7:  CONCLUSIONS  

This electricity generated from the thermal energy supplied by the solar field will annually 

produce approximately R8,188m additional revenue from the trade of renewable energy 

certificates, while the lowered coal consumption will result in an annual fuel saving of about    

R6,189m.  By emitting less CO2 into the atmosphere, the annual carbon tax bill is reduced by 

R1,856m and supplying additional energy to the national grid, an additional income of 

approximately R3,037m will be due to the power station. The annual operating and 

maintenance cost increase, due to the additional 171 000 m2 solar field, will be in the region of 

R9,71m, while the overnight capital cost for the additional solar field and integration 

requirements will be about R670,354m. 

Table 7-1:  Annual operating cost deviation. 

 

The cost of generating 1 kWh with the solar augmented coal-fired power plant will only be  

0,34 cents more expensive than it will be to generate the same energy with a normal 

supercritical coal-fired power station. 

If one considers that a typical conventional linear Fresnel CSP plant (without storage) has an 

LCOE of about R3,08, the conclusion can be drawn that it will be more feasible by far to 

generate electricity from thermal power supplied by a solar field by utilising highly efficient large- 

scale components from a supercritical coal-fired power station. 
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APPENDIX  

9.1 Appendix A:  Rosherville linear Fresnel performance evaluation data 
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9.2 Appendix B:  Typical day solar resource data 
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9.3 Appendix C-1:  Base-case parametric table data 
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9.4 Appendix C-2:  Mostly cloudy day parametric table data 
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9.5 Appendix C-3:  Very cloudy day parametric table data 
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9.6 Appendix C-4:  Slightly cloudy day parametric table data 
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9.7 Appendix C-5:  Cloudless day parametric table data 
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9.8 Appendix D-1:  Base-case LCOE calculation 
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9.9 Appendix D-2:  Solar augmentation LCOE calculation 

  























9-85 

9.10 Appendix E:  Engineering equation solver model 

• Diagram window 

• Formatted equations 

• Solutions 

• Plots 

o T–s diagram 

o P–h diagram 

o Temperature vs cycle position 

o Pressure vs cycle position  

o Mass flow vs cycle position  
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9.11 Appendix F:  Thermodynamic array table – No So lar Scenario 
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9.12 Appendix G - Thermodynamic array table – Solar  Augmentation (1 100 W/m 2) 

  














