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Abstract 

At a time when global environmental change is posing a growing challenge to the world’s economy and 

creating uncertainties to livelihood of its inhabitants, Coal thermal power plants are under pressure to 

meet stringent environmental regulations into achieving worldwide set millennial goals for mitigating the 

effect of emission gases on the atmosphere. Owing to its abundance, it is unlikely to see the use of coal 

completely missing from the global energy mix within the next hundred years to come. While innovative 

emission reduction technologies are evolving for the better, trendy technological solutions which require 

reintegration of these coal plants with alternative greener fuels are growing at the moment.  

Among these solutions, the following paper investigates possible means for repowering a coal steam 

power plant with indirect solar heating solutions to boost its annual outputs. Two widely deployable solar 

thermal technologies, parabolic trough and Central tower receiver systems, are introduced at different 

locations in the steam plant to heat working fluid thereby enhancing the thermodynamic quality of steam 

being generated. Potential annual energy output was estimated using commercially available TRNSYS 

software upon mass and heat balance to every component of solar and steam plant. The annual energy 

outputs are weighed against their plant erecting and running costs to evaluate the economic vitality of the 

proposed repowering options.  

The results show that parabolic trough heating method could serve as the most cost effective method 

generating electricity at competitive prices than solar only powered SEGS plants. While cost may be 

acceptable in the unit of energy sense, the scale of implementation has been proven to be technically 

limited.   
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1 Introduction  

The global energy matrix is heavily dependent upon fossil fuels to sustain the energy demands to quench 

the thirst of the quickly evolving industrial, transportation and commercial sectors of the world 

economies. It is estimated that out of 12300 Mtoe currently consumed in the globe, close to a third of the 

Total Primary Energy Supply is covered by coal (1).  Coal is the world’s most abundant and widely 

distributed fossil fuel with reserves for all types of coal estimated to be about 990 billion tons, enough for 

150 years at current consumption (2). Coal fuels 37% of global electricity production, and is likely to 

remain a key component of the fuel mix for power generation to meet electricity demand, especially the 

growing demand in developing countries. 

 

Figure 1-1 World net electricity generation by fuel type (1) 

Despite having a higher initial cost for erecting a coal fire power plant than any other fossil fueled thermal 

plant, coal power plant enjoys lowest marginal energy unit due to its abundance and simple and cost 

effective mining techniques. Due to the aforementioned reasons, coal-based utility companies are striving 

in their businesses. 

Nevertheless, coal power plants introduce some serious environmental and health problems that are 

subject of environmental and engineering researches. To mention some of these demerits: 

 Destruction of landscape, water resources, and on job life risk during mining. 

 In some countries, greater percentage of GHG emissions is devoted to on-rail transport of coal 

fuel. 

 Large water volume consumptions of coal power plants for cooling purposes put a strain on the 

already limited fresh water reserves. 

 The burning of coal releases more than 100 pollutants into the atmosphere. As being one of the 

most utilized industrial and power generation fuels, coal contributes a lion share towards artificial 

greenhouse gases emission mainly to CO2 production which offsets the natural balance between 

the capture and release of this gas by adding more than can be trapped by natural systems thereby 

triggering constant temperature rise of the earth’s atmosphere. In addition, it is the largest source 

of sulfur dioxide emissions (which causes acid rain), the second largest source of nitrogen oxides 
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(which contribute to smog and asthma attacks), and the largest source of fine soot particles 

(which contribute to thousands of premature deaths from heart and lung disease yearly) (3). 

 Coal plants are also the largest sources of human-generated mercury which contaminates lakes 

and streams, the fish that live in them, and anyone who consumes any marine edible product. 

 Mining and combustion of coal triggers substantial amount of effluents and gaseous emissions. 

In order to curtail some of these undesired outcomes, various pollution control techniques and in-house 

retrofitting mechanisms have been investigated. Different power cycles have been devised to hybridize 

and/or to increase plants efficiency so as to put a cap on emissions. Along sides with these measures, 

several global and regional co-operations, with the view to sharing international technological findings and 

passing binding pragmatic legislations on curbing the consumption of fossil sources as a whole and coal in 

particular, have been formed. 

 

Utilizing solar energy has been chosen as one of the many alternatives to achieve a reduction in global 

emission goals and overall consumption of fossil fuels. The solar energy is one of the earliest used 

renewable sources in which the first practical experience goes back to 1870, when a successful engineer, 

John Ericsson, a Swedish immigrant to the United States, designed and built a 3.25-m2-aperture of a 

Parabolic Trough Collector (PTC) which drove a small 373-W engine (4). Although, the 1974’s global oil 

crisis triggered the   investigation of the possibility of exploiting alternative energy sources, it was not until 

the 1984 that a fully functional standalone solar thermal power plant came to picture in the Mojave 

Desert. But given the economic and technological advances over the standalone solar energy generation 

systems (SEGS), the conventional fuel based thermal systems were found to be viable which in turn 

hampered a large scale global deployment of solar generation technologies. Alternatively, Integration of 

solar energy into conventional power plants was found to provide environmental and capital advantages 

over conventional thermal systems. The Integrated Solar thermal system has been first proposed by Pai in 

1991 (5) .  

 

Integration of solar energy generation system is done by providing an extra heating capacity to the boiler 

of a conventional steam-based plant. By doing so, the generation capacity of the plant is enhanced without 

affecting the overall thermal efficiency of the power system. The solar aided power system(SAPS) uses the 

already existing power block by only adding solar generation system, heat exchanger component (interface 

between solar generation system and the power block), and some simple control equipment. The initial 

capital outlay to retrofit the prevailing system is minimized and if operated in fuel-saving mode, which will 

be discussed in the coming section, helps to reduce CO2 emissions, fuel consumption and the associated 

emission penalties incurred by the plant operator.  

 

Later in 1993, a peculiar type of hybrid solar system known as the Integrated Solar Combined cycle 

(ISCCS) was introduced which draws benefits from integration of solar systems into integrated combined 

cycles (ICC). This particular system was found to have higher plant cycle efficiency than its ICC and 

SEGS counterparts operating under similar conditions. 

 

In 1996, the World Bank fund from Global Environmental facility (GEF) was initiated to support hybrid 

solar ISCC thermal systems in sunny developing nations. The GEF agreed to fund projects which have 

less than 50 million in incremental solar project costs that are currently underway in Greece, Spain, 

Mexico, Egypt, Morocco, India, and Iran. These projects have capacities ranging from 50 to 310 MW and 

all of them are parabolic trough solar field based systems. The European Commission, on the contrary, 

finances solar only generation businesses (6).  
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So far, there are only limited investigations with the integration of solar resources into coal-fired power 

plants except for the one carried out by Xcel Energy and Abengoa Solar partnership in Palisade, Colorado. 

The use of solar energy could play a great role in reducing the greater portion of fuel cost and emissions , 

although, where in the system and how to integrate the solar system into the already existing coal system 

would be subject of this study. 

1.1 Literature Review 

1.1.1 Integrated Solar Hybrid Systems 

Integration of solar energy enjoys the benefits of both energy plants. The solar heat collected from 

collector array is directed to a heat exchanger using heat carrier fluid such as molten salt solution and in 

most cases, thermal oil for transporting the captured thermal energy.  The overall energy production of a 

plant is supplemented by the solar field which can either boost the already generation capacity or reduce 

the fuel consumption rate. The reliability of the generation utility is usually enhanced during summer 

seasons in which a greater demand for energy arises out of which a significant portion can be met with 

energy harvested from solar generation system. The simultaneous availability of solar energy on a clear 

summer sky results in high solar energy to be harvested as it is consumed within the growing power 

demand side (due to increased ventilation and refrigeration requirement) at the same time.  

The following schematic shows an integrated hybrid solar plant with exhaust gas heat recovery steam 

generator. In such a system, the flue gas of the topping cycle is used to generate live steam for the 

bottoming steam cycle. The setup incorporates a two stage power cycles with reheat. The steam cycle also 

integrates regenerative system whereby turbine extracts are used in preheating the feed water from the 

condenser.  The solar heat recovery steam generator (HRSG) generates saturated and superheated steam 

which later will be further heated to the required live steam conditions at the turbine inlet. In this 

particular setting, solar steam generator is designed for reheating of the steam between high and low 

pressure turbines to produce more work in the cycle. (7) In common regenerative cycles the overall plant 

efficiency of the system is improved while compromising gross energy output from the cycle. 

 

Figure 1-2 Integrated solar plant schematic diagram (8) 

Since their introduction by Luz International as a means of integrating a parabolic trough solar plant with 

modern combined cycle power plants, Hybrid solar power plant have been known to offer distinct 
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thermodynamic and economic advantages over standalone solar systems and fossil-fueled generating 

schemes. Their advantages can be summarized as: 

 small annual solar thermal contributions to an integrated plant can be converted to electric energy 

at a higher efficiency than a solar-only SEGS plant, and can also raise the overall thermal-to-

electric conversion efficiency in the Rankine cycle (8) 

 Inefficiency due to daily startups and shut downs that are experienced in steam Rankine plants are 

avoided. 

 Incremental cost in retrofitting existing plants that include building solar field, increasing steam 

turbine capacity to accommodate the additional solar field generated steam, and controlling 

equipment cost are comparatively less than the overall unit cost of SEGS plants. 

 Reduced operating cost as a result of reduction of fuel consumption in case of fuel saving mode 

of operation. 

 Secure power production independent of solar input variations. 

In addition to the stated advantages, in a direct steam generation (DSG) hybrid solar arrangement whereby 

the feed-water of the Rankine cycle is led into the solar field and is directly heated by the incoming solar 

irradiation without requiring an intermediate heat exchanger and energy transporter fluid has been shown 

to provide noticeable financial advantages and efficiency gains due to reduction of thermal and exergy 

losses within the system. Even though, it is under its developmental stage, the effort to integrate DSG 

systems with thermal energy storage can possibly be a way forward of the future during non-solar periods 

of operation (9).  

Despite the merits, the introduction of DSG hybrid solar system may introduce complications associated 

with the simultaneous coexistence of two or more phases within the transmission pipes which in turn 

reduces the operational life of the plant. A DSG plant also presents difficulties in controllability of 

operations that makes the control electronics even more expensive and complicated. Currently, using solar 

towers with central steam generation DSG is becoming the standard process. 

As noted earlier, there are two modes of operations through which specific power objective or emission 

requirement criteria can be achieved. The power boosting mode, as noted by Hu et al. (10) uses the 

surplus steam in the different pressure steam turbines to generate additional power while maintaining the 

same level of emissions per unit volume of fuel consumption. The power boosting mode consumes the 

same fuel mass for higher electrical output. On the contrary, the fuel saving mode, by the virtue of 

supplementing the heat source, reduces the fuel consumption as well as the in gas emissions associated 

with fuel usage. 
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Figure 1-3 Two typical operation modes of solar aided power generation scheme (10) 

It has been suggested that the utilization of solar thermal heat in HSPP systems should be done at the 

highest level of operating pressure and temperature for the saturated steam. But due to the particular solar 

field of choice (PTC, LF, CRS, and DE), field variables, and geometric field dimensions, the pressure drop 

within a given system may limit the working pressure of the system. Hosseini et al. assessed the technical 

potentials of a parabolic trough operated ISCCS plant and found the pressure drop as a controlling 

variable that limited the separate solar field capacity to 100 MW at the given location (11; 12; 13; 14; 15). 

The state-of-art maximum attainable working pressure for DSG based technology is around 160 bar 

reported by Ivanpah Solar, a central receiver tower plant having maximum capacity of 392 MW plant in 

California, with 35 bar/480 o C reheat steam cycle. One of the earlier SEGS I of Luz international 

produced steam pressure 35.3 bar for conventional Rankine steam cycle. Comparing to claims by Montes 

et al., the operating pressures of the present cycle has grown three folds. This is attributed to the usage of 

non-degrading water/steam heat carrier apart from synthetic thermal oil that loses its key physical 

properties at elevated temperatures and pressures.  

The particular location in thermal system where the solar steam generator can be integrated is very well 

related to the temperature and pressure of the steam output from the solar collector assembly (SCA). This 

is in turn related to the particular method of solar steam generation scheme used.  

On the integration of solar plant into conventional combined cycle power plant, the solar steam generated 

from the solar field can be integrated into the Rankine steam cycle at low and high pressures.  The 

difference in the integration varies according to the quality of steam at the input to the steam cycle. In case 

of provision of the steam at high pressures, steam is supplied at saturated conditions whereby the rest of 

superheating and reheating takes place in the HRSG in the ISCC plant or by other supplementary fossil 

fuel in case of a fossil fueled power plant. On the contrary, low pressure superheated steam generated 

from solar field is led directly to the lower pressure turbine without requiring further heating in lower 

pressure conditions. Figure 1-4 illustrates these two integration pressure options on an ISCC plant.  

The more efficient way to introduce solar power in a Combined Cycle plant is to preheat the combustion 

air in the gas turbine, a technology in development . (17) 
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Figure 1-4 Integration of solar steam at different pressures in ISCCS (16) 

While thermodynamics commends the efficient use of the working fluid should be at the highest exergetic 

value, the possibility of low temperature steam into the power plant is also a reality. Demonstration by Hu 

et al. (10)  on base-load coal fired power plant that uses medium or low temperature solar heat source 

ranging from 100 0 C to 260 o C,  DSG system has been proven to possess solar-to-electric efficiency of 

36.58 %. The efficiency of integrated heat resource under 100 o C is more than 10 % which is much more 

preponderant than other solar thermal energy power generation types at the same temperature. (17; 18)   It 

is important to mention here that by integrating low or medium temperature heat source, this particular 

SAPG is not directly producing steam for the steam turbine, and instead, solar thermal energy is used to 

replace the bled-off steam to pre-heat the feed water at different positions of the circuit. In this way, the 

bled-off steam is directly led through the turbine to produce additional power. The added benefit from 

this configuration is the ability to efficiently utilize the solar heat to achieve a multi-level and multi-point 

solar integration into conventional power plants. (10) As opposed this method, low pressure generated 

steam from the solar field in figure 1-4 directly participates in generating more power by leading the steam 

through the lower pressure turbine.  

The solar fraction that defines the portion of solar energy contributed towards the net electrical power 

output of HSPP is limited. This is due to the additional cost incurred in accommodating the additional 

solar capacity may not be feasible due to the fact that the specific cost of steam turbine size is larger than 

its technical limit. Bruce et al. (8) after conducting a study on a General Electric Frame 7(FA) gas turbine 

with a three pressure heat recovery steam generator combined cycle plant integrated with parabolic solar 

collector system concluded that solar contributions up to 12 percent offer economic advantages over solar 

only SEGS plants. Among the GEF funded projects, the Egyptian and the Moroccan hybrid solar ISCCS 

projects have annual solar share close to 4% which is practical indication of how much solar energy can be 

adapted. Similarly, Solar shares of nearly 10% have been reported to have been achieved on those hybrid 

solar plants operating in Mojave desert, California. 

 In the previously mentioned study by Bruce et al , annual solar contributions in the range of 1 to 2% 

could render highest solar thermal-to-electric efficiency of about 40- 42%. Further augmentation could 

lead to a decline in solar thermal-to-electric efficiencies by about 5 -10 %. This could be explained from 
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the part load operation of the plant during non-solar operating hours within which the steam turbine 

efficiency declines by noticeable amount.  

Figure 1-5 presents variations of solar thermal field efficiency and the combined solar-fossil plant 

efficiency with collector field capacity. At small solar capacities, the HSPP possess high solar efficiencies 

while the combined solar-fossil conversion efficiency increases till it reaches optimum operating point. 

Increasing solar share beyond this point, both efficiencies suffer due to efficiency penalties in the part load 

operation during non-solar operating hours. It is important to note here that optimum operating points 

for both the Rankine steam cycle run from fossil fuel source and the solar field are not reached at the 

same time. Higher solar share entails higher capacity steam turbine which is sometimes twice in size 

compared to fossil only fueled plant. During the non-peak non-solar hours the plant’s overall performance 

steadily deteriorates due to having less live steam pressures. As a result, yearly part load efficiency penalties 

could reduce the HSPP performance by about 10- 15%.  (8) 

 

Figure 1-5 Rankine cycle conversion efficiencies for HSPP (8) 

Most of the HSPP studies carried out by different authors consider Gas Turbine exhaust recovery systems 

in which solar energy is used to supplement the heat supply to the lower cycle[ (8) (19) (20) (21) (9) (11) 

(12) (22)]. Of these systems, the majority of solar energy harvesting systems is mostly based on parabolic 

trough collector technology due to its well matured technical and technological advantages over other 

solar steam generation means. Thermo-economical assessment on central receiver system (CRS) integrated 

with hybrid solar gas turbine power plant (HSGTPP) was performed by James Spelling et al. (19) using a 

multi-objective evolutionary algorithms between low temperature and high efficiency gas turbines. The 

result illustrates the unsuitability of very high temperature heat sources in attaining larger solar shares of 

the cycle. With deployment of low temperature less efficient correctly adapted firing temperatures, even 

though having constant levelized energy cost over wider range of solar shares, the CO2 emission penalties 

associated could very well drive the operating costs to a higher level.  
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Machine A – High temperature high efficiency gas turbine 

Machine B – Low temperature low efficiency gas turbine 

Figure 1-6 Annual Solar Share versus Solar equipment investment cost adopted to year 2005 (19) 

Similar studies on retrofitting new and existing Coal-fired power plants with solar power have been 

investigated [ (23) (10) (13) (7)]. E. M. de Sousa (7), after undertaking steady-state component by 

component thermal modeling of 500 MW linear Fresnel (LF) modules with coal-fired hybrid plant, 

concluded that the solar power boosting mode to be the more rentable option compared to fuel saving 

mode. Based on his computation at current fuel price rates, the fuel saving mode, if it has to offset the 

economic benefits from solar augmenting mode, there needs to be 55 € /ton CO2 feed-in tariff in 

emission penalty imposed by energy sector regulatory entity.   

Oil fired hybrid solar systems were proposed by Dimitry Popov (24) through the replacement of low and 

high pressure feed water heaters at different load conditions. Alvaro Lentz and Rafael Almanza developed 

a solar aided geothermal power plant in which the solar energy is used to generate additional steam to the 

power cycle (10).  

Many of the practical experiences related with solar thermal assisted plants are related to gas based 

generation schemes. Solar hybridization with CSP become the first of its kind in 2009 when Aora solar , 

Israeli based solar company, built 30m central tower housing a hybrid micro turbine operating with fossil 

fuels(diesel, biogas, and natural gas) in Kibbutz Samar, Israel . Recently, there has been a growing interest 

in implementing mainly coal-based solar systems for the purpose of meeting utility emission goals. A 

practical demonstration plant, Cameo, by Xcel Energy with a combined capacity of 48 MW became 

operational in 2010 near Grand Junction, Colorado. This facility uses a 4 MW, eight row parallel set of 

SCA parabolic trough field designed by Abengoa Solar that covers about 6.4 acres of land area to preheat 

the boiler feed-water before the boiler. The solar energy is used to achieve lower NOx emission targets and 

at the same time the plant is able to attain savings in coal consumption up to 900 tons per year. Xcel 

anticipates that the project will increase the power plant's efficiency by up to 5% and will reduce carbon 

dioxide emissions by 2,000 tons per year. (25) 
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Figure 1-7 Solar-coal hybrid combined-cycle Cameo plant 

Although the Australian government had already introduced a solar boosting project which amounts 

0.15% in solar fraction in Liddel power station by 2008, it was not until recently that the government took 

an ambitious 750 MW coal plant integrated with 44 MW of linear Fresnel solar system which is going to 

be constructed by AREVA solar to be commissioned in 2013. The project which is under construction in 

Queensland is said to be the biggest of all solar hybridized coal-based power stations in the world and is 

also estimated to avoid 35,000 ton of greenhouse gases per year when being operational. Detail list of 

solar CSP and hybrid solar power plants around the world can be found in appendix 2 of (7).  

1.2 Objectives of the Study 

The main target of this thesis is to investigate the technical and economic feasibility of integrating a 

parabolic based solar steam generation scheme into a typical coal-fired power plant. The solar share to be 

achieved that meets economic advantages over SEGS and conventional fossil fuel fired plant will be 

subject of study.  

The study strives to reach the following specific objectives with regard to hybrid solar power plants: 

 Based on location of case study plant and its system thermodynamic conditions, introduce a solar 

power generation scheme into a coal-fired power plant. 

 By making use of commercial transient simulation software package- TRNSYS, analyze the 

performance of the plant operation with and without solar integration. 

  Select decision variables for economic and operational comparison between integrated and fossil 

only modes. 

 Estimate the marketability of the chosen operation mode.  
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1.3 Method of Attack 

The following tasks will be carried out in order to fulfill the above stated general and specific objectives: 

  

1. Thermodynamic model of a typical coal fired steam plant with boiler, preheaters and condenser 

at a site with good solar potential (Excel or TRNSYS) 

2. Investigation of possible positions for introduction of solar heat in the steam cycle 

3. Modification of the thermodynamic model to include the solar heat exchanger 

4. Performance analysis including investigation of changes to components in the cycle 

5. Design of the solar field (only in general terms, size, number of mirrors…….) 

6. Investment cost estimation using Solar Advisory Model (SAM) software 

7. Operational behavior (with/without sun….) 

8. Estimate the reduction in coal consumption and CO2 emissions 

9. Estimate the production price of electricity, considering the investment costs and the coal 

consumption 

10. Estimate the market for this type of retrofitting 
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2 Review of CSP Technologies  

2.1  Introduction 

The sun is the ultimate source of energy with its surface temperature close to 5777 0 C. Out of the total 

3.8x10 20 MW of energy emitted from the surface of the sun, only 1700x10 12 kw of extraterrestrial energy 

is intercepted by the earth’s atmosphere. Nonetheless, only one and half hour worth of solar radiation 

striking the earth’s atmosphere is worth the global energy demand over whole year which is a clear 

indicative of the great potential the sun has in powering our planet with both thermal and electrical needs. 

The sun emits electromagnetic waves of different wave lengths arranged in solar spectrum that could be 

used in electrical and thermal applications. Of the solar spectrum, the low wave length electromagnetic 

waves induce high temperature incident rays which could be collected and concentered to generate steam 

which then can be directed to any Rankine based steam cycle at the required temperature and pressure for 

producing power using heat engine or turbine.  

 

 

Figure 2-1 Spectral irradiance arranged on different wavelengths (26) 

The solar intensity (Global solar constant) which amounts 1367 W/m2 is an indicative of the amount of 

solar energy reaching a unit surface located on earth that is oriented perpendicularly to the sun’s radiation 

propagation direction, is not adequate enough to generate efficient electric power other than producing 

sensible heating for low temperature utilization schemes. The second law of thermodynamics dictates that 

energy be used at the highest heat source temperature so as to increase the quality of energy transformed 

to work. Thus, the need for concentrating the incoming insolation to higher densities in order to attain 

higher heat source temperature is satisfied by interposing lenses or reflector surface between the heat 

source (Sun) body and a heat absorbing surface (receiver) with a smaller area. 



12 
 

 
Figure 2-2 Schematic showing method of concentrating sun ray onto a receiver surface 

 

The temperature attained by concentrating solar power system (CSP) is directly related to the ratio of 

perpendicular reflector surface area facing the radiation from the sun to the heat absorbing receiver area. 

This ratio is termed the Geometric concentration ratio (GCR) of the collector.  

 

    
  

  
 

Where Aa = Aperture area (Projection of collector area on a plane perpendicular to the incoming solar 

radiation) 

Ar=Receiver area  

CSP type solar systems serve to produce useful thermal power by utilizing the direct normal irradiance 

(DNI) part of the global irradiance (GI) of sun’s radiation reaching the earth’s surface as opposed to 

photovoltaic (PV) systems which use both diffuse and direct components of GI. Depending on the type 

of specific CSP technology used the GCR could range from 1 for linear type non-concentrating solar 

collectors to over 46,000 under theoretical assumptions for point concentrating systems. The actual GSR 

achieved is significantly lower than this theoretical value approximating to 1,500 due to thermodynamic 

and material limitations in the receiver and the receiver cooling fluid which is termed heat transfer fluid 

(HTF). 

CSP technologies provide power utility systems with a free sun power which can be converted to a useful 

thermal or electric energy using simplified energy conversion methods. The use of such systems has been 

demonstrated to have an economical advantage over PV generation schemes that are not economically 

sound in the higher spectrum of generation capacity on specific energy unit basis. 

Although the use of CSP proves to be justifiable in such aspects, practical demonstration plants and 

private and public owned CSP-based electricity utility systems has shown that the specific energy cost in 

such systems is comparatively higher than that of fossil-fuel based energy generation plants. Based on a 

recent study made by World Bank, the cost of electricity derived from CSP plants could range 0.11 -0.15 

$/kwh of electricity while fossil sourced electricity price could fall between 0.04 -0.08 $/kwh where by the 

lower extremity is attained from majorly coal-based stations. The initial investment incurred for setting up 

basic plant components like the solar field and power block is certainly incomparably high. The fact that 

the solar plant could not be operated round-the-clock results in lower yearly plant availability of about 25-

30%. Thus, the provision for auxiliary means of powering the power block must be incorporated into the 

existing plant if the plant is to be operated efficiently throughout long hours. Similarly, the location of the 

plant has a bearing on the performance and output of the plant which hinders wider deployment of the 

technology in every geographical location of the world. 
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One of the most preferable wise strategies for operating solar plant is augmentation a conventional coal 

operated plant by a fraction of the capacity of the existing plant. In doing so, the higher specific energy 

cost for solar plant could be brought down by making use  of the coal’s lower energy cost in the 

generation cost spectrum. Technically, the power cycle could be operated at higher capacity factor and 

greater solar-to-electricity conversion efficiencies could be determined.  

Today, there are four principal technologies that are operational at a utility scales. It goes without 

mentioning that there are also other concentrating technologies which utilize design concepts that use 

technical aspects belonging to any two of these technologies blended to one.  


1. Parabolic trough collectors (PTC)  

2. Linear Fresnel reflector systems (LF)  

3. Central receiver systems (CRS)  

4. Dish/Engine systems (DE)  

In the coming sections, these four major CSP technologies will be reviewed. Their competencies will be 

judged in terms of their technical capacity for integration to conventional power cycles, thermal 

performance and economical merits. Based on these qualitative discussions, solar field performance 

relations will be presented for two of these major technologies, namely, parabolic trough collector (PTC) 

and Central Receiver Tower (CRS) systems. Different solar field integration options will be examined on 

the main plant and their transient performance will be compared on hourly base.   

2.2 Parabolic trough collectors  

Parabolic trough technology is the most mature technology of all CSP power generation schemes. The 

technology has been practically tested for more than twenty years in California’s Mojave Desert with nine 

different plants of different thermal capacities totaling 354 MW electricity output. 

A parabolic trough collector consists of a parabola shaped reflector mirror which is used to direct parallel 

sun rays reaching on its surface to a linear receiver located on its geometrical focal point. The receiver is 

made up of a stainless steel tube which is encapsulated in an evacuated concentric glass covering to 

minimize convective and long wavelength radiation losses. The intermediate space between the absorber 

tube and the outer glass cover is made tight by the metal-to-glass welding at both ends of the collector. A 

heat transfer fluid (HTF), usually mineral based thermal oil, is circulated in the receiver tube to capture the 

solar irradiation incident on its surface. The surface of the absorber is coated with a selective ceramic 

coating that will enhance the absorber’s ability to absorb incident radiation while reducing irradiative heat 

losses.  

 
Figure 2-3 A Euro-trough parabolic trough collector (Source: Flagsol) 
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The reflective surface is made from thin sheet of aluminum or silver of about 4 mm thickness fixed to 

rigid frame that would sufficiently be able to resist the site’s wind load. Given the solar collector field 

arranged in parallel manner, power can be generated in modular fashion. The orientation of the solar 

collector rows is usually in the north-south direction. This type of orientation allows the sun rays to be 

tracked from east to west while allowing maximum annual thermal energy to be collected. 

Parabolic solar collectors have been known to be suitable for power generation capacities between 25 MW 

to 200 MW for peak solar input conditions. Maximum operating temperature for the solar field is usually 

around 393 o C for synthetic oil based plant and is restricted by the upper temperature limit of the HTF 

for thermal decomposition. This temperature restriction contributes to lower annual field cycle efficiency. 

For DSG type parabolic trough systems whereby the steam from the Rankine steam cycle is directly led to 

the solar field for heating, further temperature gain is possible. A demonstration study carried in DSG 

parabolic plant in Plataforma Solar de Almeria (PSA) in Spain has proved that this type of plant reduces 

the electricity cost by 26% while having lower field pressure drop as compared to indirect solar systems of 

the same size. This would in turn, reduce the average field temperature and thermal losses that would then 

translate to higher solar field operating efficiency. This higher temperature gain is determined at the 

expense of thicker receiver walls that would sufficiently resist the higher steam pressure.  

 

 
Figure 2-4 DSG type parabolic trough power plant 

Even though DSG parabolic system avoids the cost of expensive HTFs and oil-to-steam heat exchangers 

for the solar plant, controllability of the steam conditions at the inlet to the higher steam turbine is rather 

difficult due to the transient nature of the sun’s radiation and atmospheric conditions. The fact that its 

integration characteristics to thermal energy storage (TES) system is not yet justified, needs further 

development on its technical aspects.  

Common indirectly heated PTC plants are equipped with TES systems for the purpose of extending the 

full capacity operation hours of the power cycle and maintaining constant steam input conditions to the 

turbine inlet under cloudy and varying solar inputs. At least 3 hours of thermal storage is needed only to 

cope up with the varying diurnal irradiation. Usually the solar field is boosted by a given solar 

multiple(SM) which ranges from 1.1-1.5 to maintain longer operational hours under high turbine capacity 

factor. The excess thermal energy from the power block, in times of high solar insolation, is led to oil/salt 

heat exchanger where the energy is stored in a two tank mineral salt storage system. In off-peak hours, this 

stored energy will be drawn from the hotter salt tank to heat the main HTF fluid to heat the steam for 

power production. The stored thermal energy is usually used up in the first 3-6 hrs of sunset.  The 
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following plot shows this scenario in which case there is also additional energy supply from auxiliary fossil 

fuel fired duct type burner. 

  
Figure 2-5 Utilization of excess thermal energy for off-peak solar hour need of solar plant (27) 

In contrast with the DSG scheme, recent innovation also promotes the use of ionic liquids(molten salts) 

for HTF has been suggested, as they are more heat-resilient than oil reaching high operating temperature 

600 o C which then able to generate live steam of about 540 o C. (28)Ionic liquids are, however, very costly, 

and such an investment would have to be weighed against the incurring cost of receiver maintenance and 

replacement to determine their cost effectiveness. (29) 

2.3 Linear Fresnel reflector systems (LFR) 

Linear Fresnel reflectors (LFR) are designed with the intention of approximating the reflective 

characteristics of one large parabolic trough collector with its reflector surface independently maneuvered 

from the fixed receiver assembly. LFR collector is made up of long arrays of parallel flat reflective mirrors 

that direct the beam radiation onto a fixed tubular receiver located at about 7-15 m above the ground 

surface. The receiver is in the parallel axis of rotation with that of the sun ray tracking axis of rotation of 

the reflective mirrors.  

 

 
Figure 2-6 An example of a LFR solar plant 
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The solar beam reaching the receiver surface is used to heat a water to produce steam for power 

production.  

Comparing the different attributes of LFR with PTC, the LFR collector possess lesser solar field cost as 

the cost incurred for manufacturing the less or no curvature reflector sheet is significantly lower than the 

highly bent PTC reflector which require also firm fiber glass reinforcement. HTF cost that would hold 

considerable portion of the field cost is avoided since the working heat absorber fluid is water. Because 

the reflective surfaces are constructed with small aperture area, the problems associated with wind load 

that disrupt its structural integrity are minimized. Since the reflective arrays are located close to the 

ground, maintenance of these components is made easy. An additional advantage of these systems is the 

reduction of parasitic power expended in tracking parallel sun rays since only the reflector surface is 

rotated as opposed to PTCs that require the whole mass of SCA (reflector plus receiver) to be kept 

directly in sun’s image.  

One of the challenges with LFR systems is the shading of incident beam radiation and reflected ray 

interception by adjacent reflectors. In order to solve these problems, two solutions were suggested. Both 

of whom stipulate increased investment on their part. One option may be raising of the receiver tower to 

a higher elevation level while, the other requires the enlarging the receiver size so that reflectors located at 

the far end of the field are able to access the absorber surface. Nevertheless, both of these options lead to 

more ground usage and significant useful energy attenuation from the receiver. An alternative arrangement 

known as Compact LFR (CLFR) illustrated on Fig. 14 is able to utilize two separate receiver towers with 

adjacent reflectors directing their light beam into opposite receivers. This method is able effectively reduce 

the incident radiation loss while reducing the need for larger solar field plot. A further development of 

CLFR was carried out by Chavez and Collares Pereira (as quoted in (29)). Their investigation concentrates 

on the reformation of solar field platform to a wave like seating (Fig. 14 b ) for the reflector surfaces 

rendering higher solar field density and avoiding solar beam blockage. A solar field density increase of 

further 85 % comparing to a theoretical flat land reflector placement is reported.  

    

Figure 2-7 a. Compact LFR system (30) b. CLFR system with wavelike solar field arrangement (29) 

Due to the fact that LFR use mainly DSG type of steam generation, storage of thermal energy for later use 

is difficult to achieve. Nonetheless, some authors indicate the suitability of phase change materials (PCM) 

such as NaNO2 as a foreseeable thermal storage medium due to its high melting point and low 

maintenance behavior for large scale CLFR plants.  

Currently, most of the LFR plants operating today are constructed for the purpose of studying the 

visibility of integrating these systems to the mainstream utility sector. One such demonstration plant, 

Kimberlina solar thermal energy plant, is constructed by AREVA and is operational since 2008 in 

California. This plant produces 5 MW net electric capacity with steam pressure of 40 bars. Another pilot 
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plant (Puerto Errado(PE1)) by the Novatec Biosol is commissioned in 2009 in Spain, producing 1.4 MW 

electricity. A continuation of the prior PE1 led to construction of PE 2 project with similar constructional 

features of the first one but with larger 30 MW net electrical capacity. More recently, the Australian 

government launched a solar-coal hybrid project with 44 MW capacity integrated with 750 MW Keegan 

Creek coal plant in Queensland in corporation with AREVA solar.  

2.4 Central Receiver System (CRS) 

Central receiver system is composed of flat collector mirrors called heliostats that independently track the 

sun rays and direct them to a central receiver located on top of a tower. The CRS is a point focus system 

as compared to PTCs and LFRs which are linear focus systems. Working fluids such as molten salt 

mixture, steam or pressurized air can be circulated within the receiver to transform and transport the 

radiated energy into thermal heat. Reflected solar radiation could reach densities as high as 200- 1000 

kW/m2 on receiver surface. (29) Due to the higher radiation density, the cycle produces higher 

temperature working fluid reaching as high as 1500 o C which renders higher cycle efficiency as compared 

to PTCs and LFRs. Although higher temperature on the receiver would mean more radiation loss to the 

surrounding, the radiative heat source area is kept sufficiently small to minimize this loss. The basic 

configuration of CRS with all the necessary components is illustrated in the figure below. 

 
Figure 2-8 Molten-salt power tower system schematic (Solar Two, baseline configuration). 

Depending of the type of HTF used in the receiver, three types of CRS systems exist: CRS with direct 

steam generation, CRS with molten salt media, CRS with atmospheric or pressurized air.  The basic field 

layout varies according to the type of system at hand. CRS with molten salt media is the commonest of 

the three employing a two-tank arrangement to heat most frequently nitrate based salt mixtures. The salt 

mixture is pumped from the cold salt storage tank at around 290 o C to the receiver where its temperature 

will be raised to about 565 o C which is suitable for generating superheated or saturated steam for 

conventional Rankine cycle. Because of the salt storage facility incorporated, the salt based CRS plant has 

been known to have high operational reliability with load factor reaching 70 % higher than any other CSP 

plant. (31) One of the peculiar characteristics of molten salt based CRS receivers is the requirement of 

high flux of reflected radiation to meet the temperature requirements for the power cycle. One of the 

challenges of this system is the operational difficulty of keeping the salt mixtures above their melting 

point. Since nitrate salts solidify between temperatures 140 -220 o C, external heat must be provided to the 
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salt with electrical immersion heaters and resistance heat tracing after the plant shuts down in non-solar 

hours. There is also inherent risk for salt flow obstruction in the receiver due to uneven heating of panels 

of the receiver and the possibility of tube rupture due to cooling failures triggering high temperature 

corrosion. (32)  

Direct steam generation is also possible by using a cavity receiver to heat stream drawn the conventional 

power cycle. Heat in excess of power cycle is kept in high pressure steam storage drum on the hot steam 

line.  The storage tank should be at higher pressure than the system steam pressure to assure boiling at the 

opening of storage tank valve. Practical experience from this type of system in Solar One, Eurelios, and 

CESA-1 relates to control difficulty associated with the difference in heat transfer coefficients across the 

evaporator and superheater sections of the receiver. The limiting factor for this technology is certainly the 

steam storage pressure which currently stands at around 160 bars due to tank thickness restrictions. Figure 

2-9 shows CRS with DSG of the same configuration as that of Solar One. 

 

Figure 2-9 Solar configuration of DSG Central Reciever system of Solar One plant 

The third type of CRS concepts employs air as a heat transfer fluid to generate steam for Rankine cycle. 

The air is heated in a porous absorber cavity receiver to reach 700 o C temperatures while generating steam 

at 480-540 o C at pressure of 35-140 bars. The layout of this setup, presented in figure 2-10, includes a 

ceramic thermocline thermal storage tank for charging and discharging air as per the requirement of the 

steam cycle for non-solar hours not exceeding 6 hrs.  

 

Figure 2-10 CRS using atmospheric air as HTF (PS10 layout) 
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Due to the limited number of storage hours, a hybrid gas fuel supplement must be integrated into the 

down comer of the hot air streamline for enhancing its annual availability. This arrangement can be 

robustly started within fewer than 20 minutes. Care must be taken in controlling the beam reflected from 

the heliostats so that different receiver aim points can be set to efficiently heat the receiver without 

causing any beam spillage and local hot spots on the absorber. The PS10 scheme implemented by 

Abengoa in Spain uses CRS with atmospheric air as heat transfer to generate net 10 MW electric capacity. 

There is also another CRS which heats pressurized air taken from compressor outlet of a Bryton cycle in 

successive stages to be introduced to gas combustion chamber for raising the average temperature of heat 

transfer. In doing so, higher conversion efficiencies for both the solar and the gas cycle system could be 

achieved.  

 

Figure 2-11 Major types of receivers for CRS (Source: Escom) 

In general, the layout of the heliostat field depends on certain variables such as required thermal power 

output, reflector size, geographical location of the site, and the type of receiver at hand (External and 

Internal) in such a way that it maximizes the reflected beam radiation and minimizes reflector’s optical 

losses. In northern hemisphere, the heliostat field is arranged in a semicircular fashion to the north of the 

receiver tower to optimize the annual energy performance of the collector field. On the other hand, in 

case of greater electrical output in excess of 10 MW, the heliostats could be placed in full circle patterns 

around the central tower. A multiple tower receiver configuration comprised of too many rectangular 

reflector mirrors each with 1 m2
 area and equipped with a two-axis tracking mechanism for reducing field 

mirror & tracking cost and reflector unavailability under extreme wind conditions is also proposed by 

Esolar solution.  

CRS plants have so far been under constant technical innovation and the costs of its major components 

have been reducing with the undergoing research since the beginning of the 1980s. These plants have 

been proven to be suited for utilities in the range of 30- 400 MW of electrical capacities. (33) Due 

attention must be given to the control of heliostat and  availability of water at the site of tower power 

construction as CRS systems consume significant volumes of water for cooling the receivers and cleaning 

the heliostat mirror surfaces.  With this regard, India, Egypt, and South Africa are locations that appear to 

be ideally suited for power tower development.   
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2.5 Dish/ Engine systems (DE) 

Dish/Engine (DE) systems are the type of CSP systems which utilize a two-axis tracking mechanism to 

focus and capture DNI using a parabolic dish reflector which directs all the incident radiation to its focus 

point whereby an absorber element is present. Unlike the other point focus system such as the central 

tower plant, in the DE both the reflector and the receiver components are kept in motion to keep the 

parallel sun rays right into the focal point. The reflected radiation is used to externally heat an engine 

(usually Stirling engine) which is hermetically sealed to contain the working fluid, usually hydrogen or 

helium, that eventually expands to drive the engine.  Due to the higher concentration ratio achieved, fluid 

temperatures reach at staggering 1480 o C. Since the power is produced at the highest temperature, the 

cycle offers highest optical efficiency at smaller scale compared to other CSP based power generation 

schemes. 

 
Figure 2-12 Example of Dish-Stirling module (Source: Abengoa) 

The system is best suited to decentralized power generation needs. Unlike any other solar plant, DE 

module does not require cooling water for its operation. Instead, the Stirling engine is equipped with a 

recuperator which effectively cools the compression side of the engine while using the same rejected heat 

energy to heat the expansion side of the Stirling engine.  

The cycle is able to operate under lower solar densities in the range of, 800-900 W/m2. (32) DE is also 

known for its slower load shift in case of solar insolation variation. In addition to this, because of its 

inherent constructional features, the system doesn’t allow any thermal storage system to be integrated for 

extending energy production hours. The only available energy storage means is by using a battery array in 

electrical form. 

 One critical limiting factor for power output of a given module is the weight of the DE assembly and the 

supporting structure. Commercially available sizes are in the range of 7.5-11 m of dish diameter with 

power output 10 kWe and 25 kWe. (31) But it never forgets to mention that larger parabolic dish with area 

of 400 m2 has been met with no match Stirling engine to deliver the concentrated power. Today, the solar-

to-grid efficiency of Dish-Stirling machine has reached 31.25 % thanks to the innovation on the reflector 

mirrors, working fluid properties and Stirling engine performance made by Sandia National laboratories. 

In short, DE systems are characterized by its low receiver heat loss, greater modularity capable of reaching 

utility size scales and higher power densities.  

To summarize the different attributes of the previously stated four CSP technologies, a table consisting of 

the merits/demerits, operational limitations, and technical requirements is presented here below.   
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Table 2-1 Summery of the different technical and technological attributes of CSP systems (Source: OECD and IEA 2010) 

Collect
or type 

Annual solar-
to-electric 
efficiency 

Optical 
efficiency 

Operating 
temperature 
range    (o C) 

Relative 
cost 

GCR Tracking 
 
 

Land 
Requirement 

Possibility 
for Storage 

Cooling 
water 

requirement 
(lit/MWh) 

Possibility 
for 

hybridization 

Prospect for 
Improvement  

PTC Low 
(15%) 

Medium 50-400 
 

Low 15-45 One-axis Large Yes, but not 
with DSG 

3000 or dry Yes Limited 

LFR Low 
(8-10%) 

Low 
 

50-300 Very low 10-40 One-axis Medium Yes, but not 
with DSG 

3000 or dry Yes Significant 

CRS High 
(20-35%) 

High 300-2000 High 150-1500 Two-axis Medium Depending 
on the plant 
configuratio

n 

2000 or dry Yes Very 
Significant 

DE High 
(25-31.25%) 

Very High 150-1500 Very High 100-1000 Two-axis Small Depending 
on the plant 
configuratio

n 

none Yes, but in 
limited cases 

Through mass 
production 
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3 Case Study of Solar Integrated Coal-Fired System 

3.1 Plant Description 

Most of the thermal power plants operating today are heavily dependent on fossil fuels for meeting the 

unceasing thirst for energy. Majority of these plants use coal as a main heat generator to produce steam for 

Rankine cycle based power production scheme. There is a global understanding that, even under the 

current technological innovations and stringent national and transnational sanctions on fossil fuel 

utilization, there must be alternative fuel resource to leverage the main steam fossil based economies. A 

drastic step towards a complete renewable fuel based macro economy will certainly lead to major 

economic disturbance in every sect of the society. A smart decision would be introduction of the 

renewable technologies in smaller doses in conjunction with the already existing fossil-based infrastructure 

to minimize drastic economic uncertainties.  

Solar energy as such being in the power production arena for quite a while and a topic of intellectual 

scrutiny would seem an attractive option for meeting this goal. There has been undergoing research on 

hybridizing coal and other fossil fuels with solar energy since the last decade of the twentieth century and 

as a result knowledge of hybrid power generation systems is growing.  

In order to widen the pre-existing knowledge base of hybrid Coal-Solar schemes, a case study plant -Kriel 

power plant will be used to explore the various solar powering options at different points in the power 

block cycle. 

 Kriel power plant is located in Mpumalanga State in the north-eastern part of South Africa. It is one of 

the many strings of power stations owned by the South African government’s Eskom Company to deliver 

reliable electric energy to its customers. The particular plant site is selected because its suitability for 

harnessing solar power using CSP. The power plant is located in one of the major potential regions for 

concentrating solar thermal energy.  The site receives annual DNI of 2,487 KWh/m2-yr. which can be 

considered as fairly good direct insolation level.  

Table 3-1 Kriel power plant site specific geographical and climatic data 

Quantity Unit Value 

Site Name  Kriel Power Plant 
Latitude o -26.15 
Longitude  o 29.1 
Annual DNI KWh/m2-yr. 2,487 
Average annual dry bulb temperature  o C 16.4 
Elevation m 1,576 

 

The plant is constructed on 4.98 km2 stretch of land with extensive plot remaining for expansion if solar 

options are considered. Its vast plane terrain is best suited to parabolic collector plants which require flat 

topography for deployment. The plant is also adjoined by its own colliery (AMCOAL) from which it uses 

extracted bituminous coal to power its boilers.   

 The power plant is a base load sub-critical thermal plant with rated capacity reaching 3,000 MWe which 

ranks it among the highest capacity plants in the country. It consists of six separate units with each unit 

having a gross capacity of 500 MW at design conditions. Unlike the majority of coal plants in South 

Africa, the turbines-generator sets are not housed in one hall where the shaft axis of each turbine is 

aligned in a single axis using common generator. Instead, each generation unit has its own generator set 

and each generator can be operated up to 10 % above its turbine capacity. 
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General information regarding the different ratings and manufacturer specifications of the plant is 

tabulated in Table3.  

Table 3-2 General plant component specifications for Kriel power plant (Source: Eskom) 

General   

Rated Plant Capacity 3000 MW 

Firm Output  2850 MW 

Design efficiency at rated turbine output 36.9 % 

Average availability 93.37 % 

Average yearly energy production  17.452 GWh 

Working hours per day 24 hrs. 

Turbines  

Manufacturer Brown Boveri\ CEM 

Type Multi cylinder impulse reaction 

Generator output 550 MVA 

Speed  3000 rev/min 

Ramp rate 45.45 %/hr. 

Total work rate of turbine train 513.1 MW 

Generator efficiency 98.15 % 

High pressure turbine isentropic efficiency 85.3 % 

Intermediate pressure turbine isentropic efficiency 91% 

Low pressure turbine isentropic efficiency 85% 

Boiler  

Manufacturer  Steinmuller 

Type Benson 

Number 6 

Maximum continuous rating 440 kg/s 

Generators  

Manufacturer CEM\BBC 

Rated capacity 555 MVA 

Total efficiency of generator 98.15% 

 

The plant consumes a bituminous type of coal to generate steam in a subcritical boiler with a total heat 

flow around 1.4 GW. Information related to the energy and fuel content and consumption of coal used by 

the plant is given in the table below.  

Table 3-3 Fuel content and consumption of a coal burnt in Kriel Power Plant (Source: Eskom) 

Fuel Unit  

 Higher Heating value MJ/Kg (dry basis) 23.4 

Ash content % (dry basis) 23.4 

Sulphur content % (dry basis) 1 

Coal consumed at full load per 

unit 

Kg/s 64.815 

Total Annual consumption by all 

units 

Mil-ton 8-9 

 

The Kriel steam cycle setup consists of one HP, one intermediate and two LP turbines. The boiler unit 

constitutes an economizer, once-through evaporator, superheater, and reheater heat exchangers.  
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Air is first drawn from the surrounding and is preheated by the flue gas leaving the economizer before 

entering the combustion chamber. The preheated air is then used to oxidize a pulverized coal feed to 

produce a flue gas mixture of about 1210 o C. In the combustion chamber, the fuel is combusted to the 

incoming air at about 20 air-to-fuel ratios. The combusted mixture is subsequently led to the boiler 

evaporator section where it generates saturated vapor at 169 bars within the thick walled riser pipes 

without the need to return to a boiler drum. The flue gas mixture is then led through the rest of the other 

heat exchangers to lose its thermal energy to the steam flowing through them.  

A superheated steam at the rated pressure with temperature of about 540 o C is expanded in the HP 

turbine and the exhaust is directed to the reheater section at 43.4 bars while a small portion of it is used to 

heat the second HP closed feed water heater. The reheated steam from the reheater is then expanded in 

the intermediate pressure turbine and the two low pressure turbines. Extractions from intermediate or 

exhaust pressures of each stage are made in order to increase the Rankine steam cycle’s efficiency. Apart 

from the mentioned extractions for heating in the Open and closed feed water heaters, one seal steam 

extraction is made from the intermediate pressure turbine exhaust. The purpose of this extraction is to 

provide sealing for both the HP and LP ends of the turbine stages through pilot sealing so as to prevent 

the infiltration of low temperature air at the lower pressure end while maintaining positive pressure at the 

high pressure end during startups. Once the turbine load is increased at its ramp rate, the sealing steam can 

be shut off and sealing can be provided from the high pressure end to the low pressure side. 

The LP steam turbine exhaust, along with the rest of extraction returns from the heaters, is condensed 

with the help of cooling water from the surrounding manmade lake. Feed water pump subsequently raises 

the condenser exit pressure beyond its saturation pressure that matches the steam extraction pressure of 

the deaerator. In general, there are three open-type LP feed water heaters before the deaerator and another 

two HP open feed water heaters which successively heat the feed water before entering the economizer. 

The drain lines in between the open feed water heaters are throttled to their next heater turbine steam 

extraction pressure for better heat exchange. The second feed water pump is rated by considering the HP 

turbine inlet pressure and the various pressure drops that would occur in the different heat transfer 

sections of the boiler. 

Schematics of the Kriel plant layout depicting the major plant components is given in figure 3-1.  Their 

corresponding thermodynamic quantities pertaining to the location in the schematic has been stated in 

Table 5.  
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Figure 3-1 Kriel power plant power cycle schematic
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Table 3-4 Thermodynamic state points of steam, air, and flue gas of Kriel Power plant setup 

Remark Position Mass flow rate [kg/s] Temperature [o C] Pressure [bar] 

 Coal 68.4 - - 

 i    

 Air/ Flue gas    

 a 1361 125 1 

 b 1361 273.1 1 

 c 1361 533.5 1 

 d 1361 753.9 1 

 e 1361 969.6 1 

 f 1361 1210 1 

 Steam(main circuit)    

 1 438.9 540 169 

 2 438.9 343.4 43.4 

 3 41.7 343.4 43.4 

 4 397.2 510 39.0 

 5 23.7 427.2 22.5 

 6 373.5 261.2 6.0 

 7 23.3 261.2 6.0 

 8 354.6 261.2 6.0 

 9 18.0 227.3 4.33 

 10 14.0 181.3 2.67 

 11 322.6 46.59 0.104 

 12 2.2 261.2 6.0 

 13 32 46.59 0.104 

 14 354.6 46.59 0.104 

 15 354.6 46.59 0.104 

 16 354.6 46.59 6 

 17 354.6 54.14 6 

 18 354.6 69 6 

 19 373.5  96.83 6 

 20 438.9 108.8 6 

 21 438.9 109.2 189.6 

 22 438.9 157.4 189.6 

 23 438.9 200.3 189.6 
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3.2 Power Cycle Components 

3.2.1 Turbine 

Work is produced in successive turbine stages. The turbine accepts a high pressure high temperature 

steam  ̇  from superheater and expands it to produce useful work output. Steam with mass flow rate at 

 ̇  is bled from the turbine stage to heat the open and closed feed waters in order to increase its cycle 

efficiency.  

 

 

Figure 3-2 Simplified turbine model showing mass and energy flows 

A simple control volume energy balance is used to calculate the actual work output from the turbine.  

 ̇     ̇     ̇     ̇        3-1 

The isentropic efficiency (     describes how close the actual expansion line goes to attain the isentropic 

expansion line from the inlet to exit of the turbine. 

    
     

      
         3-2 

Each turbine stage is characterized by its own nominal isentropic efficiency that also varies according to 

the turbine’s part load performance. This variation can be better approximated by a three-degree 

polynomial relation which relates the mass ratio of actual flow rate in the turbine compared against a 

design flow on which nominal isentropic efficiency is measured. 

 

          (               )                       3-3 

Where,     
 ̇  ̇   

 ̇   
                       

      is the nominal isentropic efficiency at design (reference) mass flow rate condition.  ̇    is the rated 

mass flow rate.   is a dimensionless flow quantity that measure by how much the actual turbine flow 

deviates from design flow state. a, b and c are coefficients determining the turbine part load response.  

According to Bartlett (34), the part-load behavior of a turbine stage can be given in the following form 

that agrees with our prior depiction in equation 3-3.  

            (            (
 ̇

 ̇ 
)        (

 ̇

 ̇ 
)
 
)     3-4 

Normally, the control strategy adopted in typical turbines is called ‘the sliding pressure’ method in which 

case, the inlet steam temperature is maintained and while the pressure is reduced at part load depending 
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on the operating mass flow of the steam. This ensures better adaption to larger load changes as compared 

to valve control method which is more efficient at smaller load shifts. The inlet pressure of the steam 

turbine can thus be estimated by making reference to Stodola’s law of pressure prediction of controlled & 

uncontrolled turbine extraction. (35) 

  
    

 

    
      

  (
 ̇

 ̇   
)
 

    3-5 

Where:                                              ̇ 

                                                         ̇ 

                                                           ̇    

                                         

Based on Stodola’s relation, it can be understood that the turbine must run at lower pressures than its 

design pressure conditions for the turbine to keep its steam inlet temperature to be constant. 

3.2.2 Generator 

The mechanical power output of the turbine stage is further reduced by the generators capability to 

transform the mechanical output of the turbine shaft into electrical energy. This factor is what is known as 

the generator efficiency and can be expressed for part-load operation of the turbine with a correlation 

made for SEGS plants. 

                             (
 ̇   

 ̇ 
)      (

 ̇   

 ̇ 
)
 

      (
 ̇   

 ̇ 
)
 

  3-6 

The generator efficiency derived from this correlation is plotted against the ratio of the net-work output 

by the turbine design output.  

 

Figure 3-3 Part-load operation of the turbine generator's efficiency with respect to work ratio 

Note that in Kriel power station, since the generators are coupled independently to their respective 

turbines, the operation of each generator is governed by the output profile of its turbine. In the most 

general scenario, the turbine’s output must not be operated below 35% of its rated capacity to ensure the 

safety of its components. From this it can be deduced, the generator efficiency vacillates in between 96% 

to 98.15 % for its range of operation. 
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3.2.3 Evaporator 

The boiler installed at the Kriel power station is of Benson Once-trough type. Once-trough type of boilers 

implement thin-walled separators instead of the common thick-walled type high pressure drums, the 

operational flexibility of which are limited due to higher thermal stresses induced on the drum walls in 

higher operational temperature spectrums. Steam will get saturated and drier as it passes through the 

vertical riser tubes without making a return to the separator.  In doing so, the operational flexibility and 

flow stability of steam is enhanced by keeping the natural circulation of flow without having to make any 

changes to the superheater and economizer sections of the boiler.  This particular method grants 

additional operational advantages such as shorter boiler startup times, higher operational pressure and 

temperature limits, no boiler blow down requirement, and reduced percentage of minimum load going as 

low as 20% compared to 35 % for natural circulation drum type boilers. (36)      

 

Figure 3-4 A Benson Once-trough type of boiler (Source:  SIEMENS) 

In modeling the evaporator section, the capacitance of heat transfer walls are considered negligible. 

Constant saturation temperatures and heat capacitances for the heat source and sink fluids are assumed 

for the temperature range on which heat transfer takes place. The effectiveness of the heat exchanger can 

be determined from effectiveness-NTU method. 

                                             
 (

  

    
)
    3-7 

                  ̇    

The overall heat transfer coefficient (UA) varies according to the accepted wet steam mass flow rate. 

Similarly, the pressure drop occurring in the evaporator also depends in the same way. The pressure and 

overall heat transfer exponential coefficients can be determined from the manufacturer’s specification at 

reference flow conditions. 

                                               (
 ̇    

 ̇      
)
     

                          3-8 
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                                           (
 ̇    

 ̇      
)
     

     3-9 

The heat transferred from the hot flue gas to the cold wet steam can be determined from the heat balance 

in the hot stream. 

                                       ̇               ̇                         3-10 

Outlet temperature for the hot flue gas is calculated from its evaporator inlet temperature and the 

maximum temperature difference in the evaporator. 

                             3-11 

3.2.4 Superheater / Economizer  

The purpose of economizer is to further heat the sub-cooled feed water from successive open and closed 

feed water heaters in order to bring it to the state of saturation. On the same page, the purpose of 

superheater is to heat a dry steam from the evaporator outlet beyond the temperature of saturation by 

using heat from outgoing flue gas. In both these cases, the heat transfer from the hot flue gas stream takes 

in a single state the effect of which is observed by sensible temperature increase or decrease of heat 

transfer fluids. 

 

 

The effectiveness-NTU method also applies here. In the previous evaporator model, the capacitance of 

the cold saturated steam was considered infinitely large that it wouldn’t trigger a temperature rise as if it 

were a reservoir. In modeling superheaters and economizers, the capacitance of each fluid is comparable 

such that their ratio contributes towards the heat exchanger effectiveness. The effectiveness of a given 

superheater or economizer can be expressed as in Equation 3-12. 

   
   

 
   
    

(  
    
    

)

  (
    
    

)  
 

  
    

(  
    
    

)
                 3-12 

                                                 (
 ̇    

 ̇      
)

       

                      

                          

             According to Patnode (37) 

The heat transferred from the hot flue gas can be calculated from energy balance at the maximum driving 

temperature difference.  

 ̇                        3-13 

�̇�ℎ𝑜𝑡  𝑐𝑝 ℎ𝑜𝑡 𝑇𝑔    

�̇�ℎ𝑜𝑡  𝑐𝑝 ℎ𝑜𝑡 𝑇𝑔    

�̇�𝑐𝑜𝑙𝑑  𝑐𝑝 𝑐𝑜𝑙𝑑 𝑇𝑐𝑜𝑙𝑑   

�̇�𝑐𝑜𝑙𝑑  𝑐𝑝 𝑐𝑜𝑙𝑑 𝑇𝑐𝑜𝑙𝑑   
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The exit fluid temperatures of both the steam and flue gas are evaluated based on this temperature 

difference. In case of steam exit pressure, the capacitance ratio has to be accounted.  

          (
    

     
)              3-14 

              (
    

    
)               3-15 

The pressure loss at part-load operating conditions is modeled with the power law as the evaporator. 

       (
 ̇    

 ̇      
)
     

         3-16 

Normally,     does not exceed double the pressure drop at design condition.  

3.2.5 Deaerator (Open Feed Water Heater) 

The deaerator is an open type heat exchanger in which sub cooled feed water and extracted steam from 

turbine at the same pressure are mixed. It has three main purposes: heating, aspirating and storing the feed 

water. Although there is no governing rule that the output must be saturated liquid, usually its exit flow is 

assumed to be saturated liquid at the heat exchanger operating pressure.   

 

Figure 3-5 Schematic of Open feed water heater (Deaerator) 

The deaerator is usually treated as a mixing chamber. The mass and energy flow balance over deaerator 

control volume gives the outlet feed water flow rate and its specific enthalpy. 

 ̇      ̇      ̇   ̇          3-17 

      
( ̇     ̇     ̇         )

 ̇    
      3-18 

The deaerator is rated by its Terminal Temperature Difference (TTD). This rating tells how close the 

liquid exit temperature goes to attain the liquid saturation temperature at the heat exchanger pressure. A 

TTD equaling to zero would mean the outlet liquid would leave the heat exchanger at perfectly liquid 

saturation state.  

Unlike the other types of heat exchangers, the pressure drop of deaerator is treated differently because of 

the mixing taking place. A fixed pressure coefficient is assigned based on inlet and exit conditions. The 

apparent pressure drop would vary according to the square of the outflow feed water rate as in equation  

3-19.  

         ̇   
        3-19 

�̇�𝑏    𝑏  

 
�̇�𝑐  𝑐  

 

�̇�𝑓𝑤 𝑖    𝑓𝑤 𝑖  
�̇�𝑓𝑤 𝑜   𝑓𝑤 𝑜  
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For the purpose of simplifying our calculation, the feed water exits at the same pressure it enters the open 

feed water heat exchanger. 

3.2.6 Closed Feed Water Heater 

The closed feed water heater is a surface type heat exchanger whereby the steam extraction from the 

turbine condenses on outer surfaces of tubes through which the feed water flows. Since both the feed 

water and the steam streams don’t mix, the heat exchanger can be operated at different pressures.  

 

The following two mass and energy conserving equations establish the relationship between the inlet and 

outlet quantities. 

 ̇   ̇     ̇        3-20 

 ̇   (
 ̇     ̇       

 ̇   
      )   ̇          3-21 

3.2.7 Condenser 

The condenser is one of the most water demanding and energy consuming parasitic components of the 

steam circuit. The main purpose of condenser is to condense the turbine exit steam to a saturated liquid 

state for reuse in the steam cycle. Asides from this, the condenser serves to deaerate the condensate while 

accepting feed water heater & startup and steam line drains.  

The heat rejected in the condenser is expressed as a drop in enthalpy between the incoming drain and 

steam streams and the outgoing feed water streams.  

  ̇      ̇     ̇      ̇   ̇         3-22 

It is assumed that the saturated steam entering the condenser leaves the condenser as saturated feed water. 

Because of this reason, the required cooling water flow  ̇  is set by the latent heat of condensation 

     of the steam and drain mixture flowing on the outer surface of the heat rejection surface. This flow 

can also be given in terms of the temperature rise in the condenser.  

 ̇  
 ̇    

       
 

 ̇    
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 . 

The condensation temperature of the condenser is determined by the backpressure at the lower pressure 

exit.    

                       3-24 

The temperature of the cooling water leaving the condenser is found from the required temperature in the 

cooling water and the water inlet temperature. 

                   3-25 

It is recommended that the terminal temperature difference (TTD) which is the temperature difference 

between the condensation temperature       and the outgoing water temperature       be kept between 

5- 10 oC.   

3.2.8 Feed Water Pump 

The feed water pump raises the saturation pressure of the feed water to either the deaerator operating 

pressure or to boiler inlet pressure if it is placed after the deaerator. 

 

The work consumed by the feed water pump has to be deducted from the total electrical output of all the 

turbines before the net efficiency of the plant can be calculated. Since the feed water is in compressed 

state, there would not be any significant disparity between the specific volume of feed water before and 

after the pump. Hence, a constant mass flow rate assumption is realistic. Accordingly, the power input the 

feed water pump can be obtained from the inlet feed water mass flow, the required pressure rise, and from 

thermal efficiency of the pump that takes into account the mechanical and electrical efficiency of the 

drive. 

 ̇     
 ̇         

       
      3-26 

Under part load operation modes, the thermal efficiency of the pump is described as (38), 

                          (
 ̇

 ̇ 
)         (

 ̇

 ̇ 
)
 
  3-27 

Where:        =thermal efficiency of the pump at design conditions,  ̇ = rated mass flow rate of the 

pump,  ̇=mass flow rate at off-design condition,    = a parameter that describes the shape of pump 

�̇�𝑠  𝑠 𝑇𝑠 

�̇�     𝑇  

�̇�𝑤 𝑇𝑤   

�̇�𝑤 𝑇𝑤   

�̇�𝑐  𝑐 𝑇𝑐 

�̇�𝑐𝑜𝑛𝑑 

�̇�𝑓𝑤 𝑃  𝑇  �̇�𝑓𝑤 𝑃  𝑇  
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efficiency curve at various flow rate and head situations. For constant speed machines,     can be taken 

to be zero. 

3.3 Investigating Possibility for Introducing Solar Energy to Coal Plant 

There are various positions for introducing solar power to boost the energy output of coal-based thermal 

cycles. All available options entail the deployment of specific technology based on its range of thermal 

applicability, economic viability and cycle performance at nominal and partial load conditions.  

With this regard, five different options will be examined under the two principal CSP technologies, PTC 

and CRS. Four of these options consider the generation of solar steam at high solar cycle outlet 

temperatures. As noted in previous discussions, the introduction of high temperature heat has been 

proven to provide high exergetic efficiencies. In practical demonstration experiments carried by the 

NREL, the incremental loss in energy from the HCE at higher operating temperatures can be offset by 

the higher cycle exergetic efficiency boost for the power cycle. 

a) Solar Heat Introduction between HPFWH and Economizer Using PTC Plant  

The first method utilizes solar energy from parabolic trough collector to indirectly heat extracted feed 

water at the entrance to the economizer. Since the economizer operates between temperatures 200.6 to 

357.4 o C, the operating temperature range lends itself to the use of low freezing point and medium 

temperature operating mineral oils such as Therminol VP-1 and Hi-tech oil. As Therminol VP-1 will be 

used to collect solar energy in the current case due to its lower cost as compared to the later, the 

maximum allowable temperature limit of this HTF should not exceed beyond 400 o C and the cycle must 

be kept above the vapor pressure plus principal pressure losses in the header and heat collector pipes. 

Thermo-physical properties for this particular HTF is thoroughly studied and extensive properties such as 

density, specific heat capacity and viscosity have been correlated in the form of polynomial and 

exponential functions. 

Table 3-5 Parabolic trough collector Characteristics 

Collector Name  ET-150 

Receiver Name  SOLEL 
UVAC 

Properties Unit Value 

Receiver Properties 
Absorber tube outer diameter m 0.07 
Absorber tube inner diameter m 0.065 
Glass envelope outer diameter m 0.115 
Glass envelope inner diameter m 0.109 

Collector Structure 
number of modules per collector - 12 
Length of every module m 12.27 
Mirror length in every module m 11.9 
Focal length m 1.71 
Effective mirror width m 5.552 
Aperture width  m 5.77 
Length of collector assembly m 150 
effective Aperture area  m2 817.5 
Collector row spacing m 15 

Optical Properties for Mirror Reflective Surface 
Intercept factor - 0.92 
Mirror reflectivity - 0.94 
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Glass transmissivity - 0.945 
Solar Absorptivity - 0.94 
Peak optical efficiency - 0.768 
Working Fluid - Therminol 

VP-1 
Maximum Working Temperature o C 400 
Tracking power consumption per unit area 
of collector 

W/m2  

Operating temperature range o C 290-400 

 

The following figure illustrates how the PTC solar field is integrated to the main coal fired steam plant. 

The flow of steam extracted from the steam cycle is determined by the net energy output of the solar field 

entering the oil-steam heat exchanger and certain heat exchanger features such as size, efficiency and 

thermal capacitance of each of the heat source and sink fluids.  

 

Figure 3-6 Solar Heat Introduction between HPFWH and Economizer Using PTC Plant 

In the case that there is no solar heat source entering the PTC field, all the feed water will be directed 

through the main steam cycle to produce power at nominal conditions. One major constraint in hybrid 

cycles is that the steam conditions produced by the solar cycles must match that of the steam conditions 

to which it must be reintroduced after solar heating. In addition, selection of the heat source temperature 

must exceed the temperatures of the feed water or steam in order to avoid heat energy gains from the 

main steam cycle at any point of the heat exchanger. The solar field entrance temperature is chosen as the 

temperature that avoids minimal heat sink temperature (feed water entry temperature) as well as freezing 

point temperatures by accounting hourly thermal heat losses from the HCE and HTF storage tank. Under 

the current economizer boost case, the solar field set point temperature is chosen to be 393 o C while the 

HTF return temperatures are taken as 290 o C which satisfies the above mentioned criteria.  
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b) Solar Heat Introduction between Evaporator and Superheater Using CRS Plant  

The next four options utilize molten solar salt mixture (40% NaNO3+ 60% KNO3 by weight) which 

extends the operational temperature range set by thermal oils up to 565 o C. The difference between these 

four integration options is only the point of introduction of solar heat with in the steam circuit. 

 In addition to the high cycle exergetic efficiency advantage achieved as a result of higher steam conditions 

mentioned earlier, the Na-K nitrate mixture also generally possess high coefficient of heat transfer, heat 

capacity, density and low operating temperatures. One major imperfection to its application to solar 

energy is its high freezing point temperature which mandates the salt externally be heated at times of 

higher heat loss. Asides from this, it is attributed by its low corrosive nature as opposed to thermal VP-1 

and minimal environmental disturbance to the site on which it is implemented. Using molten salt provides 

also an added advantage over thermal oil based systems in that the energy storage system can be sized 

about 65 % less as the molten salt itself stores energy and no secondary fluid is required to store energy 

from the HTF. Consequently, the cost of storage could be reduced by about 30 % when compared to 

HTF based systems and by about 20 % of the total cost of the solar plant. (39) About 14 % reduction in 

levelized cost of electricity is estimated to be attained as a result of replacement of Therminol VP-1 with 

solar salt in SEGS plants in California. (40) 

The first two of the proposed options utilizing solar salt are intended to boost the power output of the 

superheater. The first option uses the heat collected from central receiver tower to heat a dry saturated 

steam leaving the evaporator in a separate salt-steam heat exchanger before further entering the the main 

coal plant superheater for further heat addition.  

 

Figure 3-7 Solar Heat Introduction between the Evaporator and the Superheater 

The working steam range for the superheater at design point is between 357.5 to 540 o C. Solar salt will be 

heated from 380 o C to around 565 o C that will be sufficient enough to heat the dry saturated steam to the 

turbine inlet conditions.  
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Table 3-6 Thermo-physical properties of Therminol VP-1 and Solar Salt at design conditions 

HTF Unit Therminol VP-1 Solar salt 
(40% KNO3+60%NaNO3) 

Density kg/m3 769.4@342 o C 1775@470 o C 
Kinematic Viscosity mm2/s 0.245@342 o C 0.775@470 o C 
Specific heat Capacity J/kg-oC 2429.7@342 o C 1398 
Freezing Point o C - 238 
Working Temperature 
range 

o C 12-400 220-600 

Vapor Pressure bar 12 - 
    

c) Solar Heat Introduction between Superheater and HP Turbine Using CRS Plant  

In a similar attempt to boost superheater output, another alternative is to place the solar heat exchanger 

between the superheater turbine exit and the HP turbine. Since the exit salt temperature from the central 

receiver is slightly higher than the steam entry temperature to solar-to-steam heat exchanger, it gives small 

margin to heat recovery. Nevertheless, it is worth considering for purpose of intellectual curiosity.  

 

Figure 3-8 Solar Heat Introduction between the Superheater and HP Turbine  

d) Solar Heat Introduction between HP Turbine exit and Reheater Entry Using CRS Plant  

In the remaining two integration options, the solar energy is introduced in series with the existing reheater 

and the excess steam parameters augment the power output of the intermediate and lower pressure 

turbines.  

Figure 3-9 shows one of these options where the coal plant is repowered from the HP turbine exit before 

it goes to the reheater.  

 



38 
 

 

Figure 3-9 Solar Heat Introduction between HP Turbine exit and Reheater Entry Using CRS Plant 

Solar heat is added to the system at relatively smaller temperature and pressure here as compared to the 

two earlier repowering options. The solar (salt-to-steam) heat exchanger parameters are maintained in all 

of these options except for transiently varying fluid parameters as the solution progresses.  

e) Solar Heat Introduction between Reheater exit and IP Turbine Entry Using CRS Plant  

The final solar integration option requires the placement of solar heat exchanger right after the reheater 

before further expansion in the intermediate pressure turbine. In coal only operating condition, the steam 

is fed to the IPT at 510 o C. With inclusion solar heat source, the steam condition can be envisaged to 

exceed above entrance temperatures of HPT.   
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Figure 3-10 Solar Heat Introduction between Reheater exit and IP Turbine Entry  

Using CRS Plant In all the investigated options, performance merits pertaining to solar field sizes of 30 

MW, 40 MW, 50 MW, 60 MW, 80 MW, and 90 MW of thermal output were calculated in order to study 

the effect of scale and if possible, to zoom in on a specific size that maximizes the different performance 

merits.       

3.4 Basic Solar Angles 

In exploiting solar energy for practical purposes, the maximum utility of a given solar system is achieved 

with profound understanding of the relative movement of the earth about its own orbital axis and its 

movement with respect to the sun. The position of sun constantly changes in every hour of the day 

though out the course of the year which then directly is affecting the direction and intensity of solar rays 

falling on solar energy collection units. Accordingly, the solar energy collector must be maneuvered to 

keep track the sun’s movement by adapting itself to angular references of the sun relative to earth for a 

given time of year.  With a particular interest to CSP systems, the sun’s position for a specific location on 

earth is determined by sola` r altitude and azimuth angles. These angles, alongside with the angle of 

incidence for a given solar collection surface, are instrumental in determining how much of the sun’s 

incident radiation energy reaches to heat the thermal collection element (receiver). In the coming sections, 

procedures for establishing these angles will be presented. These angles will then be employed to predict 

the optical performances of PTC and CRS integrated coal-fired plants in subsequent sections. 

3.4.1 Equation of Time (EOT) 

The earth’s orbital path about the sun is not perfectly circular but rather elliptical one with the sun located 

at one of the foci of this elliptical path. On average, the earth takes about 365.25 days to make one 

complete revolution about the sun. As the earth revolves the sun, the speed with which it travels on 

different points of its route varies depending on its location relative to the sun. Accordingly, the earth 

travels faster at further distance from the sun and slower when orbiting nearer to the sun. As a result of 

this nature of revolution, the regular 24 hour day length measured by uniform clock for each day is not 

kept constant. To account for the variation in day length due to these eccentricity effects and tilt in 
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rotation axis about orbital plane, a quantity termed Equation of Time (EOT) will be used to correct this 

disparity. 

EOT is expressed in terms minutes variations in day length for every day of the year. Based on its 

calculation, the maximum deviation from a day somewhere in the end of October doesn’t go beyond 16 

minutes.  

                                                                 
                     [min]  3-28 

Where        
   

   
  

 

Figure 3-11 Variation of Equation of Time over months of the year 

In addition to the deviation introduced from perturbations in the earth’s rotation, the local time at a given 

location is offset by the difference in meridians from the standard longitude used for local time references 

and the actual longitude of the location on which solar angle calculation is based on.  

The apparent solar time (AST) used for solar calculation is given by: 

        
                   

  
 

Where LST=Local solar time 

   =standard meridian for local time reference [o] 

    = longitude of the location under observation [o] 

  = daylight saving [min]  

AST=Apparent Solar Time [hr] 

In addition to the above two corrections, daylight saving time adjustment could be made by checking its 

applicability for the country in which observation location is found. Usually, the DS is either 60 or 120 

minutes. For this particular study, since the plant for technical and economical assessment is located in 

South Africa, daylight saving adaptation is not needed. 

3.4.2 Hour Angle (ω) 

The hour angle is the angular displacement it takes for an observer located at a given point on earth to 

bring it directly under the plane containing the sun by rotating about the earth’s polar axis.  
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In the actual solar time sense, the earth travels 360 o for the total 24 hrs of the day over its own axis. This 

would mean, it takes one solar hour to travel 15 o. The hour angle is related to the AST in the simple linear 

relation given below:  

                     3-29 

When the apparent solar time reaches solar noon, the hour angle will be zero since the location is in the 

same plane containing the sun rays. Afternoon solar hours are designated as positive while morning solar 

hour are negative.  

3.4.3 Latitude angle (ϕ) 

The latitude angle (ϕ) of a location is the angle made by a line drawn from the center of the earth to the 

point of location and the equatorial plane. The latitude angle ranges from 90 o in the north pole to -90 o in 

the Antarctic circle in the south pole. 

3.4.4 Declination angle (δ) 

The earth’s rotation axis is always inclined at 23.45 o to elliptical orbital plane known as ecliptic plane. An 

angle made by a line drawn from the earth-sun center points and its projection on the earth equatorial 

plane would give the declination angle (δ). Depending on the specific day of the year, the declination angle 

could assume angles between 23.45 o and -23.45 o. In the case that the center point line directly passes 

through the equatorial plane of the earth on March 21st and September 21st, the declination angle goes to 

zero marking the spring and fall equinoxes, respectively. On the other hand, when this line is tilted at 

 23.45o to the equatorial plane on June 21st and December 21st, indicates the summer and winter solstices, 

respectively, for the northern hemisphere.  This phenomenon is demonstrated with the following 

schematic diagram. 

 

Figure 3-12 Timely variation of the earth's rotation axis orientation with respect to sun for northern hemisphere (26) 

In declination angle (δ) can be found from correlation made by Cooper (1969) (41); 

                (
     

   
)     3-30 

Where    is nth
 day of the year 

The variation of declination angle is plotted against the days of the year on Figure 3-13.  
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Figure 3-13 Declination angle variation over the year 

Notice that the inflection points on the graph are the spring and autumn equinox days on which the day 

and night durations are the same. 

As it will be established later, the declination angle is one of the key angles in the determination of solar 

azimuth and solar altitude angles based on which incident angle is calculated for collector aperture plane. 

3.4.5 Solar Altitude and Zenith Angles (αs and θz) 

The solar altitude angle (αs) is the angle the horizon makes with the rays from the sun. A complement of 

this angle is the zenith angle (θz) which the sun rays make with the vertical axis.  

                3-31 

The two angles are defined in terms of the hour, declination and latitude angles in the following way: 

                                                 3-32 

A pictorial depiction of solar altitude, zenith and solar azimuth angles with respect to the sun is presented 

below. 

 

 

 

Figure 3-14 Earth surface coordinate system 

Plot of hourly variations for solar altitude angle on selected winter and summer solstice days for the 

presumed solar plant location is shown on figure 3-15. Based on this figure, it can be observed that the 

sun assumes its highest solar altitude position at noon on the summer solstice day.    
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3.4.6 Solar Azimuth angle (γs) 

The Solar Azimuth angle (γs) is the angular displacement made by a projection of sun’s rays on horizontal 

plane with respect to south in the northern hemisphere or with respect to north in the southern 

hemisphere. (Figure 3-14)  

The solar azimuth angle is defined as: 

        
             

        
      3-33 

For a collector facing south,     . The above equation is only valid if,     
       

       
 . (26)  

 

Figure 3-15 Solar altitude and Solar Azimuth angles variance on Summer Solstice(Dec. 21) and Winter Solstice(Jun 21) 

for location ϕ=-26.15 o 

If not, the azimuth angle is given as: 

              When ω<0 o 

            When ω>0 o 

Generally, the solar azimuth angle values range from -180 o to 180 o. The values may vary depending on 

the sun position in the sky, location of observation point and time of the year taken for analysis.  

3.4.7 Incidence Angle (θ) 

The incidence angle (θ) defines the angle the normal of a given surface makes with the solar beam 

radiation. This angle is very crucial in the designing and analyzing the performance of tracking and non-

tracking solar collectors.  

The incidence angle is given by the following expression as defined by Kreith and Kreider as cited in (26). 

       
                                                                     
                                                          3-34 

Where: ϕ (latitude angle), δ (declination angle), β (surface tilt angle to the horizontal), ω (hour angle), γ 

(surface azimuth angle)  
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For a horizontal surface receiving beam radiation, since the normal to the surface coincides with the 

vertical axis, the incidence angle is the same as the solar zenith angle (θz).  The following figure shows a 

surface tilted at an angle β with its normal axis making the incidence angle (θ) to the incidence solar 

radiation. 

 

Figure 3-16 Basic solar angles pertaining to a flat surface (26) 

In actual solar energy collectors, the beam radiation is reduced by a factor of the cosine angle of the 

incidence angle. In parabolic trough solar collectors where the aperture of the mirror surface is constantly 

tracked by rotation about a single axis, the angle of incidence is maintained minimal by keeping the solar 

beam in the same plane as the aperture normal.  

3.5 Solar Field Modeling 

In the following two sections, the performance characteristics and thermal energy output modeling from a 

typical parabolic and central receiver tower is laid out. The underlying reasons for selection of these two 

technologies is based on their level of technological maturity, their ability to be integrated to conventional 

power plants and prior experiences learned from operation of standalone and hybrid systems is sufficient 

enough to model these plant with reasonable accuracy.  

The selection and optimization of key solar field design variables is decided upon steady state simulation 

of solar plant for selected design point conditions established by pertinent optical relations. After 

determination of the important field design variables, the integrated solar plant which meets the timely 

varying feed water and steam conditions will be analyzed with the help of TRNSYS modeling software on 

hourly basis.  Annualized summary of results on the power block and the solar field will then be compared 

against their economical leverages to determine their feasibility.   

3.5.1 Parabolic Trough Field 

The Parabolic trough collector is a single axis tracking device which follows mainly any of the principal 

earth axis to maximize its yearly yield. As mentioned earlier, the N-S tracking axis has been indicated to 

demonstrate higher thermal energy output compared to E-W tracking axis that seems to possess higher 

energy performance only during the summer season.  

Owing to its single tracking system, the actual beam radiation reaching the parabolic collector aperture is 

offset from its normal by its angle of incidence. For a plane rotated about N-S axis with constant 

horizontal tracking in the E-W direction to minimize the angle of incidence, θ can be obtained from 

Duffie and Beckman (42), 
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       √                        3-35 

 

In the practical case, the angle of incidence for a parabolic collector has to be corrected for deviations in 

the higher angular incidence displacements. These deviations occur as a result of the losses in reflection 

and absorption from the receiver glass envelop. The losses increase as the angle of incidence increases. To 

account for these losses, the incidence angle modifier (IAM) is proposed to rectify for the deviations in 

angular displacement.  

 

Figure 3-17 Angle of Incidence at the PTC aperture (37)  

 

The IAM is determined from actual experimental measurements on a PTC receiver in which a selected 

HTF is made to pass through the receiver tubing and angular variance from theoretical values are 

recorded at different angles of incidence under solar noon condition. The variations are regressively 

correlated with the incidence angle.  

The IAM is unique for a given type of collector. For SEGS LS-2 collector, the Incidence angle modifier 

(IAM) is given in the following form:  (43)   

                                             3-36 

Different IAM correlations can be noted for other commercially available parabolic collectors. 

For Euro-trough collector, (Geyer et al., 2002) 

                                              

For PTC-1800 Collector, (DLR) 

                                                   

The actual solar thermal energy reaching to the heat carrying fluid is defined by the total incident radiation 

energy reaching the collector aperture reduced by the optical and thermal losses from the different 

collector parts and circuits. 

                                                      3-37 

Where:   ℎ      =thermal energy transferred to HTF,  

         = Incident beam radiation on collector aperture, 
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             = Thermal energy loss from HTF in the transporting pipes 

   ℎ     = Thermal efficiency of the collector 

          = Thermal energy loss from heat collector element (receiver)  

The total incident irradiative energy reaching on the collector aperture can be obtained from: 

                                                        3-38 

Where:          =Aperture area of a mirror surface of a single collector 

           =number of collectors in a given row 

         =number of modules in a given collector 

      =number of rows of collector array 

The optical efficiency of the collector   ℎ      is a coefficient which accounts the loss in irradiative 

energy due to certain optical material constraints in the collector mirror, receiver and absorber, tracking 

and environmental factors that have bearing on the thermal energy taken by the heat transporting fluid. 

The   ℎ      generally varies with change in ambient conditions and with the different   

  ℎ                            ℎ                                                        

3-39 

Where:                                    

          =Reflectivity of the mirror surface of the collector 

       =Transmissivity of receiver glass envelop 

         = Absorptivity of the absorber selective coating material 

      = Fraction of the solar collector arrays that are in focus 

  ℎ     =Fraction of the solar collector that has not been screened from incident sun light  

             = Reflective surface mirror cleanliness factor 

     = Windage loss factor 

         =End loss factor 

           = Intercept factor 

         = Efficiency of tracking  

Of the above listed losses, the end loss for a trough collector is used to account for the loss in collection 

which occurs as a result of positive angle of incidence. As a result, depending on the direction of the 

incident beam radiation, either ends of HCE will not receive reflected sun light. 
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Figure 3-18 End loss of parabolic trough collector (37) 

The end loss of PTC element depends on collector geometrical features such as the length and focal point 

of solar collector assembly (SCA) and the angle of incidence on the collector aperture. Based on relation 

made by Lippke (38), the end losses in a collector array assumes a value between 0 to 1 and is expressed in 

the following manner.  
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Where:  =focal point of the collector     = length of solar collector assembly 

On the other hand, the row shading factor (  ℎ     ) considers the losses that would occur at lower solar 

altitudes angles. Normally, at earlier hours of morning, the only collector arrays that would be directly 

receiving sun light are located at the eastern foremost end of the solar field. The width of those collectors 

located behind the front row would be screened against the incoming radiation. As the sun rises higher in 

the sky, the portion of the collector width obstructed from view of the sun decreases until it reaches a 

certain solar altitude angle where all the SCA are kept in direct image of the sun. The same situation is true 

for collector rows behind the western foremost end in the afternoon. Figure 3-19 depicts the above stated 

phenomenon at the different hours of the day. 

 

Figure 3-19 Shading losses in successive collector rows (44) 

Generally, the shading effect decreases when the sun is higher in the sky and when geometrically narrow 

collectors with wider spacing in between the rows are integrated in the solar field design. The shading 

factor is given as a ratio of effective aperture width (portion of the aperture with width with no shading) 

to the total aperture of the SCA.  

  ℎ                  
          

         
         (  

        

         
(
       

      
))     

Where:          =Row spacing between consecutive collectors,    aperture=Width of SCA   
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For LS-2 collector using Solel UVAC receiver, an alternative correlation for thermal efficiency of the 

collector was made by Frank Lippke (38). The thermal efficiency mainly varies in second degree 

polynomial of the ambient to absorber temperature difference,    . 

           (       )   
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A accounts for the optical efficiency of the trough and the absorptivity of the selective coating. Whereas 

B, C, and D describe the heat losses of the HCE depending on its receiver surface conditions with  T as 

the temperature difference between the HTF and the ambient in degrees Kelvin. (38) 

Table 3-7 LS-2 Thermal Performance Coefficients (38) 

 A B C D 

Cermet, vacuum 73.3 -0.007276 -0.496 -0.0691 
Cermet, air 73.4 -0.004683 -14.40 -0.0637 
Cermet, bare 74.7 -0.042-

0.00927.Vw/K(θ) 

0 -0.000731.DNI 

Black Chrome, 
vacuum 

73.6 -0.004206 7.44 -0.0958 

Black Chrome, 
air 

73.8 -0.006460 -12.16 -0.0641 

 

The thermal efficiency change in the above equation doesn’t take into account the end and other 

environmental related losses. Hence, an extensive formulation on this equation was formulated based on 

Dudley et al. (43) analysis of LS-2 collectors to estimate the realistic performance of the collector taking 

into consideration of the additional losses.  (45)   

                             (   (
          

 
))               
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Where:     = Temperature difference between absorber selective coating and the ambient at the inlet to 

the solar field 

     = Temperature difference between absorber selective coating and the ambient at the outlet 

to the solar field  

   = Wind loss coefficient 

   = Velocity of wind  

The heat gain in the HTF can be evaluated from energy balance on the HTF fluid 

    ̇    ̅                                                                   3-43 

In the due design process, pump power consumption must be determined and deducted from the net 

electrical output of the turbines. Pump electrical consumption is governed by the HTF stream pressure 

drop at loop entry and exit, frictional losses in the header pipes and the loops themselves. Among these 

losses, frictional pressure drop in the absorber tubes (loop) stands out to be the major contributing factor 

towards pump driving power. From the performed pressure drop calculations, it is observed that the 

contribution from this loss gradually weakens as the header pipes pressure drop becomes prominent as 

the solar thermal capacity of the plant increases. 

Frictional pressure drop within the loops and header pipes were estimated with the conventional Darcy-

Weisbach equation by assuming the flow within these ducts to be turbulent. Subsequently, Churchill’s 
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friction factor was used to depict the flow loss taking into consideration the surface finish of respective 

tubes. The velocity of HTF fluid in the header pipes is maintained below 2 m/s following 

recommendations by Montes et. al to keep close-to-optimum design value. (46)  

Loop entry and exist losses were predicted with the help of the following fluid mechanics relations for 

sudden contraction and expansion, respectively.      

     (  
  

  
)      

                                       3-44 

(  
  

  
)
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Where: d is the absorber tube inner diameter while, D is header tube inner diameter 

It must be kept in mind that the total calculated pressure drop must be raised above the saturated pressure 

point of the heat transfer fluid in order to prevent vapor formation of binary phase fluid mixture within 

the heat transporting pipes.  

The sum total loop of entry and exit pressure losses only account less than 1.2 % of the total pressure loss 

within the system. If simplicity of calculation is desired, these terms can be neglected. In relation to this, it 

is also observed that, the power consumption of oil based solar system consumes more pumping power, 

around three to four times that of solar molten mixture, on a unit area basis. This is mainly attributed to 

the higher loop pressure drops and less density of working fluid used in such system.  

Table 3-9 Summarizes the various parabolic trough field specifications at design point for the studied six 
different thermal capacities.   

Table 3-8 Calculated Parabolic trough solar field design point configurations and operating losses 

 Unit 30 MW 40 MW 50 MW 60 MW 80 MW 90 MW 

Number 
of loops 

- 16 21 26 31 42 47 

16 21 27 32 42 47 
      

Loop 
pressure 
drop [pa] 

pa 351552.2 351623.3 351623.3 351666.7 351695.2 351695.2 

211435.7 211672.9 211672.9 211789.1 211789.1 211853.9 
      

Header 
pressure 
drop [pa] 

pa 20444.78 21560.31 26693.72 26465.42 30572.18 34211.73 

93258.36 86361.63 111040.8 100542.9 131962.5 118608.1 
      

Pumping 
power 

W 75225.47 99048.38 124318.2 148153.1 202918.7 229237.7 

26420.8 33969.85 47260.84 54258.95 78315.3 84305.28 
      

Total 
aperture 
area 

m2 55392 72702 90012 107322 145404 162714 

55392 72702 93474 110784 145404 162714 
      

Required 
minimum 

HTF 
flow 

kg/s 135.297 177.5773 219.8577 262.138 355.1547 397.435 

122.2481 160.4506 206.2936 244.4962 320.9012 359.1038 
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3.5.2 Central Receiver system 

Like the parabolic trough solar field, energy yield from central receiver system starts by making energy 

balance and correctional factors for the different optical and thermal losses. A basic CRS system consists 

of a heliostat field consisting of hundreds to several thousand heliostat mirrors arranged in different 

pattern to reflect their incident radiation onto a central receiver tower located at the center of the solar 

field. The system includes additional power control and individual heliostat mirror tracking systems that 

account for the parasitic power consumption of the plant. 

The incident irradiative power reaching the heliostat field is directly related to the direct normal radiation 

on the heliostat mirror surface and the position of the sun in the sky. The efficiency of the heliostat field 

could be obtained from cell-wise heliostat field method, an in house code for calculating heliostat field 

efficiency similar to that adopted by Kistler in SOLERGY (47), developed by Spelling at the department 

of energy engineering at KTH. The zenith and azimuth angles are used to describe the position of the sun 

with respect to the collective element. The total power output        of the field can then be calculated 

using the product of the individual heliostat area Ah and the number of heliostats  ℎ         in the field. 

(48) 

 ̇                                            3-46 

The actual reflected solar power going to the receiver,  ̇         is given by  

 ̇                                                          3-47 

Where:   is a parameter describing the fraction of the field in track 

  ℎ         is an optical quality factor for the reflectance and inconsistencies in the heliostat 

reflective surface 

After accounting for the thermal losses in the receiver module, the net thermal energy delivered to heat 

the working fluid is determined. Convective and radiative heat transfer between the receiver surface and 

ambient are major sources of heat loss where the later contributes higher towards net efficiency reduction. 

Since the receiver is not a perfect black body, its absorptivity has to be taken into consideration to account 

for the optical loss. 

 ̇      ̇          ̇      ̇         3-48 

The convective loss component generally varies with the site’s hourly wind conditions. A three-degree 

polynomial correlation is used to estimate this loss effect with reasonable accuracy.  

 ̇                 
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The radiative heat loss is also given in terms of the power reaching the receiver walls in the same fashion 

as before. (45) The three-degree modeling method for radiative losses is used by the TRNSYS STEC 

component library Type 395 tower receiver model in which the polynomial coefficients is supplied by the 

user.  

 ̇                              
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Alternatively, having estimated the tower receiver temperature by taking the average of the working fluid 

entrance and exit temperatures, the radiative heat loss can be calculated from forth degree difference 

between receiver wall temperature and the ambient. 

 ̇                   ̅   
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51 
 

  

Where:     ̅    
                

 
 

Cell-wise Heliostat field method  

In the previously popular solar efficiency calculating methods, such as the one developed by Kistler, 

heliostat field efficiency is determined for every heliostat located at different spatial points around the 

tower. This approach takes an overwhelming calculation time for acquiring important performance field 

parameters. Unlike other time consuming methods, the cell-wise heliostat field method uses a cell based 

solution procedure in which the heliostat field is divided radially and circumferentially into distinct cells 

around the tower and a representative heliostat located at the center of each cell is used to calculate the 

performance of all the heliostat on that cell. The underlying assumption used by this method is that all the 

heliostats in a given cell behave similarly and the total energy output from the given cell is evaluated from 

the representative heliostat multiplied by the number of heliostats within that cell. 

 The number of heliostat in a given cell is determined from the local cell heliostat density which is the 

ratio of the mirror area of heliostat in a given cell to its land area. The local heliostat field density is 

obtained by the following correlation which relates the radial distance from the representative heliostat 

 ℎ         to the height of aim point of receiver from ground        as established by Stine for 100 m2 

heliostat mirror arranged in staggered manner.(As quoted in (48)  

                (     
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General geometrical parameters that are required to establish heat input to the receiver aperture is given 

below. 

 

 

Figure 3-20 Geometric parameters of the Heliostat Field (48) 

The thermal power delivered from all the local cells is computed as the sum of the individual cell densities 

multiplied by their respective heliostat number and representative heliostat output  ̇ℎ        
 .  

 ̇     
  ∑        

     

          
 ̇         
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The        
     

          
 coefficient expresses the number of heliostats located within a cell located at    and 

   away from the central tower.  

The representative heliostat performance is influenced by the incident solar flux on the mirror surface of 

area  ℎ         which is further reduced by certain efficiency factors like mirror surface non-uniformity 

and incidence angle cosine reduction. In addition, losses due to concentrated radiation spilling out of the 

receiver aperture area, reduction of reflected solar flux as a result of atmospheric visibility effect and the 

apparent shadowing and blocking of incident and reflected solar radiation between neibouring heliostat 

arrays contributes for field efficiency reduction.  

 ̇         
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Where:  ̇ℎ        
 =cell representative heliostat power output,     = cosine efficiency,      =surface 

efficiency,    =shadowing and blocking losses,             =atmospheric attenuation,       =spill losses   

In order to threat the effective reduction in reflective area by the heliostat as a consequence of non-zero 

incident angles, the vectors that relate the direction of the sun beam radiation to the pivot point of 

heliostat, and that of the vector linking the pivot point of the heliostat to the aim point of the receiver 

located atop the tower.  

The vector directed from the sun towards the center point of the heliostat     is given as a function of the 

zenith and azimuth angles which denote the relative position of the sun with respect to the location of the 

heliostat. This vector is represented in matrix form as in equation 3-53.  

 ⃗⃗   [
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 Similarly, before defining the vector pointing to pivot of the receiver from the center point of the 

representative heliostat, the relative location of the heliostat with respect to the tower has to be established 

through two angles,    and    as represented in figure 3-20. The former angle associates the orientation 

of the horizontal component of this vector to the southern axis for location the southern hemisphere. The 

second angle defines by how much a receiver aperture standing at height of        is inclined to a cell 

representative heliostat with a pivot height of  ℎ         located at radial distance  ℎ         from the 

tower. The value of this angle is obtained from basic geometry as did in the equation below.   

             (
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Once the above mentioned two angles are found, the vector directed from heliostat to the receiver tower 

can be represented as follows. 

 ⃗⃗   [
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The direction of the normal unit vector in the direction of the line joining the sun and the receiver 

aperture center point has to be computed before the angle between the heliostat normal and the reflected 

solar beam vector     could be found. Note that this direction has to be tracked by the heliostat tracking 

mechanism so that the beam ray from the sun strikes the center point of the heliostat module before 

eventually reaching the pivot point of the absorber surface on the tower. If different aim points are 

required during design for limiting the amount of radiative heat flux received by the absorber for 

evaporator and superheater sections, the tracking vector has to be calculated based different concentration 

point following similar procedure. 
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 ⃗⃗   
 ⃗⃗    ⃗⃗  
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The scalar product of     and  ⃗   gives the cosine of the angle of incidence for the heliostat surface. In 

another words, the dot product of the two gives the cosine efficiency of solar radiation collection element. 
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To account for irregularities in mirror surface and its non-cleanliness, surface efficiency       is 

introduced. Non reflective surface portion of the heliostat must be opted out from the energy production 

calculation by assigning actual reflective portion factor (AM/AH) of the heliostat. Surface efficiency is given 

as: 
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Where:    =reflectivity of heliostat mirror surface,       =mirror cleanliness factor, 
  

  
 is the ratio of 

mirror surface to total area of a heliostat 

According to Spelling (48), realistic value for   is around 0.93 and        is close to 0.95. Similarly, the 

mirror fraction of the heliostat surface could be taken as 0.96.  

Since each heliostat is maneuvered individually, there could be mutual shading and blocking of sun rays 

between neighboring heliostats. Although the loss effect due to shading and blocking     varies at 

different hours of the day and at different times of the year, on average, this value could be taken as 4.5 % 

based on calculations made by Yao et al. (49) 

There is also additional loss related to attenuation of reflected solar flux due solar rays being scattered in 

the atmosphere. This loss is directly related to the heliostat-to-receiver displacement    and is given in 

terms of the atmospheric visibility correlations. 

                √  
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Where:   = heliostat-to-tower displacement            = coefficients that relate atmospheric 

attenuation to    depending on site’s visibility distance (values are given in (48)) 

The final of the major losses occurs due to spillage of reflected radiation beyond the receiver aperture. 

The major reason for spillage emanates from the non-zero radial dimension of the sun which 

consequently creating a stretched image of the heliostat on the receiver rather not a point one. Aside from 

this, tracking imprecision and heliostat surface irregularities that could potentially deflect the incoming 

solar radiation at offset distance from the receiver aim point are possible causes of spillage losses. 

For the purpose of simplifying the determination of these losses, the spread out radiation reflected by the 

heliostat was superimposed to its center point. By taking normal distribution of flux intensity function    

on the receiver aperture, the intensity function which decreases going away from the aim point position is 

calculated at different radial distances. 

 The flux intensity function is given in terms of the heliostat-to-receiver displacement    and the radial 

distance from the receiver center point in the following way. (48) 

                     
 

√  
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)    3-63 



54 
 

The spread angle    (0.53 o) in the above equation is the angle formed from the two lines connecting the 

heliostat center point to the receiver aim point and to the radial extremity of the actual image formed on 

the aperture plane.  

 

 

Figure 3-21 Flux distribution on receiver aperture plane (48) 

The spillage loss        is subsequently calculated from the integrated flux distribution function evaluated 

between the two radial extremities of the receiver aperture,     .  

                                                              ∫     
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Where:       √
   

 
       and         ⃗      

    = receiver aperture area,  ⃗  =normal unit vector to the receiver,    = vector directed from heliostat 

to the receiver tower 

A single efficiency matrix which represents the average annual performance of each of the representative 

heliostat of its respective cell is calculated. The annual average efficiency matrix will serve as an input to 

the hybrid CRS-Coal plant TRNSYS model to determine the total irradiation input to the central tower 

receiver in all hours of the year after the different arrays of optical and surface field losses. A Matlab code 

was written and the result of cell efficiency variation across the heliostat field is plotted for northern field 

arrangement. 

 

Figure 3-22 Yearly average Cell efficiency variation of heliostat field at the Kriel power plant location 
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Based on the presented model, the annual solar energy collected by each heliostat array cell is calculated 

and plotted on the contour graph below. The representative heliostats, marked in square, mimic similar 

performance as the rest of heliostat units. The graphical plot demonstrates that cells located at the front 

middle field radius collect the greatest portion of annual energy going to the receiver due to their high 

cosine efficiencies and low radiation spillage loses.  

 

Figure 3-23 Field Plot of Yearly Heliostat Cell Output Going to the Central Receiver 

On the other hand, those cells not directly facing the receiver and located radially afar from the central 

tower perform poorly on annual scale.  

Basic parameters for cell power output and efficiency computation are stated in the following table. 

Table 3-9 Physical and Technical characteristics of the deployed heliostat and its cells’ positioning in the field 

Parameter Unit Value 

Cell field recess radius  m 75 
Heliostat Name - Fourth generation Advanced Thermal Systems(ATS) 
Heliostat mirror width m 12.165 
Heliostat mirror length m 12.165 
Mirror portion of the 
heliostat 

- 0.96 

Maximum heliostat 
operating wind speed 

m/s 40 

Central pivot of heliostat 
from ground surface 

m 8 

Farthest field radius m 1025 
Minimum heliostat to tower 
elevation angle 

o 8.9 

Cell-to-Cell radial pitch  m 50 
Tangential azimuthal pitch o 15 (two central azimuthal pitches) & 10 (rest of tangential pitches) 

 

It is important to note the difference in modeling approach in the net power output from the CRS plant 

used by the current model and that of the one applied by TRNSYS in calculating the same variable. The 

approach used by this model is a cell based density function to find the number of heliostats present in a 

given cell which then will be employed to determine the radiation input to the receiver. As opposed to 

this, the TRNSYS model applies a uniform density function to analyze receiver power input.  
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From the foregoing discussions, after accounting for the losses in the receiver section, the net thermal 

power going into the type of heat carrier fluid (Steam, Air, and Molten Salt) has been determined. 

Accordingly, the required flow rate of heat carrier fluid  ̇    can be calculated from its stipulated 

temperature rise, 

 ̇    
 ̇   

 ̅                    
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Where:   ̅    = average specific heat capacity of heat carrier fluid from inlet to outlet, 

      =Temperature of fluid entering the receiver,       = receiver outgoing fluid Temperature, 

 ̇   =net heat input to the receiver define by equation 3-46.   

 ̇    is determined by taking practical achievable thermal conversion efficiency assumption for the 

receiver surface. The Solar Two power tower project reported receiver thermal efficiency of around 76 % 

in 1996 according to Sargent & Lundy (33). Based on their projection, this efficiency is estimated to rise 

up to 83.1 % on the year 2008.  A compromise between the two values of 82% is taken in our case. 

3.6 TRNSYS Model 

 TRNSYS system model was prepared for all the five different solar energy integration options. The 

program consists of Solar Thermo-Electric Component (STEC) library which comprises necessary steam 

cycle and solar plant components that can be linked in modular form to simulate the thermodynamic 

cycle’s performance. 

In course of setting up the various models, basic data relating to design capacities and operation 

performance at the rated conditions for the reference steam plant were fed to the components. Certain 

unknown terms such as design overall heat transfer coefficients of LP and HP feed water heaters and 

boiler sections were calculated based on thermodynamic output variables at design conditions. Still other 

inputs relating to the variations of cycle components at part-load operative situations were reasonably 

assumed based on prior literatures.  

The steam turbines are modeled with a consecutive turbine row that consists of extraction points to 

preheat the feed water heaters located in between them. For any of the turbine stages, whether HPT, IPT, 

or LPT, the isentropic efficiency remains the same irrespective of the location in the turbine of a given 

stage. Similarly, the feed water heaters are modeled with preheater and sub cooler STEC components to 

maximize the heat transfer between the steam condensate and main line feed water. Since the strategy for 

solar utilization pursued here is power boosting, the design condition flue gas flow and temperature are 

given as forcing functions (continuous inputs) to the model. Extraction requirement to the feed water 

heaters is set by the amount of heat rejected from the hot stream to bring it to a saturated conditions 

relative to inlet feed water thermal state. Figure 3-23 presents model connectivity of the studied 500 MW 

steam turbine plant at design conditions without any solar contribution.  

Incorporating the solar model proceeds once, the required design case results such as HPT, IPT, and LPT 

power outputs and turbine entry steam conditions at the desired fuel feed rate are met with minimally zero 

fluctuation in the solution terms. A Climatic data file was prepared from Solar Data Library 

(www.soda.com) for the site to serve as a variant solar energy input to the solar field. The solar data is 

arranged in an interval of 1 hr which provides acceptable solution while offering speedier solving time for 

the annual simulation. Annual variation of direct normal radiation (DNI) plotted below shows that there is 

more potential to utilize solar energy during the end of December and beginning of January while the 

lowest solar capabilities exist around May 24th.  

http://www.soda.com/
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Figure 3-24 Annual solar irradiation variation at Kriel power plant location 



58 
 

 

 

Figure 3-25 A TRNSYS model with only coal as fuel operation at design point of one of the generating units of Kriel power plant
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3.7 Economic Model 

The economic model assists in making easy decisions by weighing the hybrid annualized power plant 

performance against the incurred costs thus making it simple for the development undertaker if a given 

method of integrating solar power with conventional coal plant is worth implementing. For simplifying 

this decision making process, certain economic merit comparison criteria have to be set alongside with the 

necessary specific emission reduction criteria. Before the economic figures of merit can be calculated, the 

cost of each component of the power plant has to be estimated for by considering size, performance and 

time factors. 

Usually, costs of various power plant components are transposed from the time a given estimate for 

certain equipment was taken to the current time on which the supportive solar plant is to be built. The 

Marshal & Swift equipment cost index (    ) is used to account yearly inflation effects that occur from 

reference year i to the current year, 2013.  
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The factor        expresses by how much the cost of a given power plant component has exceeded or 

plummeted from reference cost taken at year i.  

In the coming sections, cost elements pertaining to general plant components belonging to both parabolic 

trough and central receiver tower based hybrid coal-fired plants will be presented. Cost estimates and 

functions belonging to either of the power systems will be discussed under separate sections.  

3.7.1 Cost Modeling and Estimation for Parabolic Trough Plant 

Currently, there is not much literature available in formulating actual investment costs to help estimate the 

cost of parabolic trough plants. Alternatively, there are some researches which present the various plant 

cost element estimates pertaining to construction and deployment of this technology for reference plants.  

 The parabolic plant cost modeling process, used in this thesis, follows NREL’s physical cost model for 

parabolic trough power plant. Owing to the PTC technological maturity and its modular nature, the cost 

of parabolic plants can be calculated with small margin of error to the actual field cost. Accordingly, C. 

Turchi’s (50) cost breakdown estimates will be used for wet cooled solar plants. Cost elements that don’t 

relate to hybrid solar-coal plant operation such as the power block cost and the associated engineering 

costs are excluded towards the final specific cost of energy calculations.  

The land cost for parabolic trough field is based on the land requirement set by the design points selected 

for the solar site. Aperture area required to raise the temperature of the HTF to a field outlet temperature 

is determined for a given solar loop based on LS-2 collector design. The energy collected from a single 

solar loop is subsequently used to calculate the total field aperture area for nominal solar power output. 

The nominal aperture area is multiplied by optimum solar multiple to ensure longer design point power 

output of the power cycle.  

 According to Pai (5) , the actual land area requirement is three times the total collector aperture area 

including the area needed to include power house and other supportive buildings. On the other hand, H. 

Price puts that the land requirement to about 2.33 times its design aperture value. Since the land 

requirement for power house is avoided by utilizing the power house for the main coal plant, a sensible 

assumption to this multiplier would be 2 times its design value. Thus, the land cost can be calculated as, 

                                               3-67 
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Where:   =solar multiple          specific cost of land=2 $/m2           =aperture area of a single 

collector,            =number of collectors in a single loop         Number of loops in the solar field at 

design aperture area 

Plant labor cost is estimated from the work force requirement for operational control and field 

maintenance sections.  

The number of field maintenance technicians,     ℎ      , required for maintaining PTC field is defined 

by the total collector aperture area (                 )and the required number of personnel needed for a 

specified area of the aperture,               ℎ. 
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In the same way, the required number of control operators is obtained as, 
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Where:               ℎ= 2 persons/100,000 m2 of aperture area and                 =3 

persons/100,000 m2 of aperture area 

There is no need to include power block maintenance labor cost as the PTC solar plant is operated in 

tandem with the main coal plant hence; the maintenance labor cost is calculated as part of the main coal 

plant cost. In addition, the number of administrative workers is taken to be the same irrespective of the 

size of solar plant. The average salary of the respective job positions is enumerated in the following table. 

Table 3-10 Average salary of respective job positions at the PTC solar plant 

Cost Type Labor 
requirement 

Salary for single employee 
[$/year] 

Administration 7 62,857 
Operating cost Noperator 57,385 
Solar field maintenance Ntechnician 55,857 

 

Water cost attributed mirror cleaning is determined from specific water consumption of mirror surface 

multiplied by the total field aperture area. According to Daggett PTC plant in California, the amount of 

water used in cleaning mirror surface is about 0.81 lit/m2 in every wash with about 63 washes throughout 

the year. Based on this assumption, the total annual volume consumption of water is estimated to be 51 

liters/m2 . 
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Where:          = total effective mirror aperture area [m2]        =cost of water per m3 of volume=1.1 

$/m3 
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Table 3-11 Cost elements and assumptions taken for PTC plant 

Cost Types Inclusive costs Estimate Reference  

Direct Capital Cost    
Site Improvements land preparation, roads, 

fences, and site 
infrastructures, such as 
firewater system, 
warehouse, and control 
building 

 
15 $/m2 

 

 
(50) 

Solar Field reflective support 
structures mirrors, 
tracking system,  receiver 
module, header piping, 
inter collector piping 

 
295 $/m2 

 
(50) 

HTF system HTF pumps, solar heat 
exchangers, HTF 
expansion, vessel, piping, 
valves, and 
instrumentation 

90 $/m2 (50) 

Storage heat exchanger, hot and 
cold tank 
mechanical equipment 
(pumps and heat 
exchangers), solar salt, 
piping, instrumentation 
and electrical, and civil and 
structural 

 
 
 

30 $/KW thermal 

 
 
 

  (51) 

Balance of Plant cooling towers, water 
treatment and storage, 
electrical, and control 
systems 

7.5 % of Direct Cost (52) 

Contingency Unaccounted costs in solar 
field, Thermal storage, 
structures and 
improvements depending 
on solar construction site 

20 % on site 
improvement, 5% on 
solar field cost, 10 % on 
storage tank costs 

 
(53) 

Decommissioning Site restoration, 
environmental fines 

5 % of the Direct cost (52) 

Indirect Capital Costs    
Land Owner and Environmental 

protection cost 
2 $/m2 (9) 

Sales tax Tax on non-labor portion 
of the direct cost upon 
procurement 

No capital acquisition 
tax 

 

Operation and 
Maintenance Costs 

   

Equipment and spare 
parts 

Receiver glass 
replacement, degraded 
HTF replacement, Heat 
Exchanger cleaning 

0.4 % of Direct 
Cost/yr. 

(53) 

Mirror cleaning Water, cleaning equipment 
and demineralizing costs 

1.1 $/m3 (54) 

Labor Maintenance personnel, 
operation controller, field 
manager, ground keeping, 

Table 3-11 (53) 
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3.7.2 Cost Modeling and Estimation for Central Receiver Plant 

1) Investment Costs 

a. Direct Costs 

i. Central Tower  

The cost of the tower structure is assumed to depend on its height   . According to Kistler (47), 

employing steel tower for heights under 120 m, has been proven to provide economic advantage over 

concrete towers. For central tower above 120 m, concrete will be the viable option.  

   ,
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Tower piping cost is based on concentric hot and cold fluid pipe arrangements whereby the colder tower 

working fluid is made to pass over the outer annulus area to minimize the heat loss to the ambient. A 

detailed work on pipe modeling was presented in (48). The piping cost can thus be correlated in terms of 

the inner radius of the inner    and outer tube    in addition to its height.  

      (    (
  

    
)     (

  

    
)        (
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Where   =3,600 $/m         $/m and   =        $ was determined from Sandoz (55) for the year 

2010.   

The insulation on the outer pipe and in between the hot and the cold concentric pipes are included within 

the above relation. 

ii. Receiver  

The cost of the receiver can be determined from linear correlation made by Spelling (48) for three 

different types of receivers based on their receiver design temperatures. Accordingly, the receivers are 

classified as low-temperature (up to 600 o C), medium (up to 800 o C) and high-temperature receivers for 

which cost estimates have been derived.  
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For receiver temperatures less than 600 o C, the cost estimate for the 600 o C receiver module applies. 

Temperature of the receiver is provided in Kelvin degrees and the linear terms have to be multiplied by 

the size of the receiver      to estimate the overall receiver cost. Note that the above relation takes 

account of material property and size factor of the receiver.  

iii. Heliostat Field 

The heliostat field cost is the major controlling cost factor for Central receiver systems. In general, these 

costs cover about 50 % of the total cost of the plant and thus require precise estimation.  

The cost elements majorly include investment and installation cost of heliostats themselves, the land cost 

and the wiring between the various cells. 

The cost of heliostat mirror is calculated based on specific area of the mirror. This cost covers the cost of 

the mirror, drive, foundation, support structures and field alignment costs. By referring to the Advanced 

Thermal System (ATS) 148 m2 heliostat Glass/Metal heliostat collector, Kolb et al. (56) has found the cost 

of mirror to be 119 $/m2 excluding the wiring cost which is calculated according to the specific cell data.  

Thus, the cost function for heliostats is given as follows, 

                                          3-74 
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Similarly, the associated land cost for the heliostat field is defined according to the method developed by 

Kistler (47), 

      (                 )           3-75 

The specific cost of land       is taken to be 2 $/m2. (Reference year: 2013) The additional 30 % land 

requirement is for roads and extra land around the field. The core area of the field is accounted by the 

fixed term in the land function.  

The associated wiring cost is calculated according to the radial location         and heliostat density         

on a given cell  . The total sum of cost of primary and secondary wiring requirement of the heliostat field 

is adapted by Spelling (48) from prior analysis by Kistler as in equation 3-74. 

   (∑                       √
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The constants are set to be              and            . Generally, cells located afar from the 

central tower stipulate more primary cable as can be noted by the first term in the bracket. The second 

terms sets the requirement for secondary cable for each cell. Longer ploughed-in secondary line runs as 

the mirror density decreases with distance from the tower.  

b. Indirect Cost 

i. Engineering, Procurement and Construction (EPC) 

The civil engineering cost for heliostat field covers the cost of building and yard improvement depending 

on the whether the plant is constructed on existing or new site. For the case of Kriel power station, rough 

estimate for civil engineering expenditure range around 6-8 % of the field equipment cost based on IEA’s 

recommendation for solar thermal technologies. In addition, a 5 % procurement cost is accounted which 

all around sums up to 12 % of the solar plant’s direct cost.  

ii. Contingencies and Decommissioning 

 To account for unexpected investment costs in the solar field, a contingency fund must be set aside to 

meet these uncertainties. Because the central tower technology is a developing technology, higher 

uncertainties are introduced as compared to conventional power plants. For this purpose, a 10 % 

contingency cost is assumed for the solar field.  

After the end of its technical life, the plant must be dismantled and the site must be restored 

approximately to same condition before construction began. In solar thermal plants, the cost to 

decommission the plant is assumed to be 5% of the construction cost following the IEA’s cost 

recommendation on non-nuclear technologies. (52) During the decommissioning process, the salvage 

value of the heliostat mirrors have to be accounted to determine the net worth of the plant after 

dismantling. The cost of decommissioning is calculated based on 20 % value of the heliostat mirror after 

project life has ended in the following way. (55) 

                                                 3-77 

2) Operational & Maintenance Costs 

i. Maintenance and Spare Parts 

Maintenance and spare parts cost is calculated as a percentage of the initial investment cost by considering 

the reliability of the specific solar plant component. Since the receiver and tower piping work at the most 

harshest temperature condition, 4% maintenance cost is assumed. The heliostats are subjected to frequent 

breakage and thus, the replacement cost approximates 3% of its capital cost. The central tower, supportive 
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buildings, surrounding yard and fence require the least maintenance; hence only 1% maintenance cost 

assumption is plausible. 

ii. Service contract 

The service contracts include typical contracts and costs expected for the facility, including control 

computers, office equipment, waste disposal, and weed control (57) In addition, it includes cost for 

ground keeping and heliostat mirror washing. 

Control equipment, waste and weed control costs were reported by Sargent & Lundy LLC Consulting 

Group for Solar 50 & 100 plants. Their respective costs were found to be between 139,000 and 177,000 

$/yr. The average of these values will be used for the present case.  

Mirror washing cost function is calculated from (48), 
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The ground keeping cost is also dependent on the scale of deployment of the heliostat mirrors. 
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All the expenditures are given in terms of US dollar per year.  

iii. Labor  

The following wage estimates are taken from (48) for estimating the yearly solar plant labor cost.  

Table 3-12 Wage estimates for CRS plant 

Job Title Number Wage [$/year] 

Plant Manager 0.167 190,000 
Plant Engineer 1 184,000 
Maintenance Supervisor 1 96, 000 
Solar Field Technician  N technician 80,000 
Operation Manager 1 168,000 
Control room operator N operator 80,000 

The number of solar field technicians and control room operators are set by how large the solar field is.  
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iv. Water usage 

Water consumption associated to the CRS plant is mainly for cleaning of heliostat mirrors. Annual plant 

water consumption level is dependent on the total mirror surface area and the specific water volume usage 

on individual heliostat area,        .  
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It is important to note that there is a variation in water consumption from the summer when its usage is 

the highest to winter where the natural condition such as water precipitation and seasonal low winds drive 

the consumption down. The Department of Energy (DOE) sets an average specific water volume usage 

for mirror cleaning to be approximately 50 liters/yr-m2.  
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3.7.3 Cost modeling for main coal plant 

In this subsection, cost modeling for reference coal-fired power plant is presented. The purpose of 

estimating the total capital, operating and maintenance cost is useful for providing economical comparison 

benchmark to every solar repower option being investigated. The fossil only plant is compared based on 

its specific fuel consumption, emission rate and most importantly, based on the cost of energy on a unit of 

energy output. The underlying assumption for economic calculations on the coal only plant is that the 

plant operates at nominal conditions throughout the entire year except for the time of yearly overhaul. 

Costs of plant components are determined by referring to these nominal operating conditions.  

a. Investment Costs 

Investment cost modeling for principal steam plant components can be found in a work performed by 

Pelster (58). The cost functions presented utilize some sort of time reference to adjust the given 

equipment cost to a present timeframe. The reference year on which a certain estimate was taken is 

presented along with each function. 

i. Steam Turbine 

The costs of steam turbine stages          are calculated based on electrical power output of a given 

stage modified by certain cost correctional factors for temperature, pressure and operational speed.  

 The cost of a given turbine stage includes the cost of the turbine itself and the generator set along with it. 

Accordingly, cost functions for specific cost of a given turbine stage     has been developed by Boehm 

(59) (Reference year: 1987) 

            (
       

        
)
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Where:        =110$/KW and         = 80 MW 

The total cost of the turbine stage is scaled by its electrical power output,        . The associated 

correctional factors are subjected to technical and constructional features of the steam turbine depending 

on its operational conditions. 
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The temperature correction factor       applies to the section of the steam turbine with high temperature 

entrance condition        .  
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          relates the mechanical power output of high temperature entrance turbines with the total 

mechanical output of all the steam turbine stages. For turbine stages with reheat,           is expressed as 

following. 
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The       factor accounts for cost increase due to a separated high pressure casing in the case of a reheat 

and/or a separate, fast rotating high pressure turbine. For the current case, a value of 1.3 is adopted for 

fast running high pressure turbine with reheat.  

ii. Steam Boiler 

The steam boiler cost comprises of all the heat exchanger costs (Economizer, Evaporator, reheater and 

Superheater) and piping costs.  
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The total cost of heat exchangers can be determined as a sum of individual type of heat exchangers.  

      ∑ (   
          

        
     )

   
    3-87 

Where:    
  

        
 and   =3650 $/(KW/o K)0.8 

   
,          

, and        
 are cost correctional factors for pressure, outlet steam and gas temperatures, 

respectively. 

The pressure correction factor is calculated in terms of the live steam pressure for a given heat exchanger 

of type i as, 

   
        (
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The two temperature factors were developed with Frangopoulos and are referred to outlet steam and gas 

temperatures based on the technical limit set by the equipment manufacturer 
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      (
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iii. Heat Exchangers- deaerator 

The cost of the deaerator vessel is calculated from the mass flow rate of feed water flowing through them 

in one hour according to Boehm (59). (Reference year: 1987) 

              ̇  
              3-91 

iv. Condenser and Cooling Tower 

The condenser cost       is related to its cooling flow capacity  ̇  in addition to the heat transfer area 

      between the condensing steam and the cooling water.  

                  ̇           3-92 

Where:   =248 $/m2   =659 $/ (kg/s) 

The condenser heat transfer area in the above is calculated from the logarithmic mean temperature 

difference between the hot and cold streams.  

      
     

       
       3-93 

Where: The global heat transfer coefficient is  =2200 W/m2K 

similarly, the cooling tower cost can be modeled by directly relating the condenser heat capacity       

with other temperature correction factors. The investment cost for cooling tower, according to Boehm, is 

given as, 

              (
     

       )                          3-94 

The factor            represents the cost increase of the cooling tower due to smaller temperature 

differences between the mean cooling water  ̅   and the wet bulb temperature     of the ambient air. 

                       ̅                3-95 
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The        factor accounts for the temperature reduction in the cooling tower and expressed in the 

following three degree polynomial function. (59) 

                   
             

                    3-96 

v. Pump 

The pumping estimate can be determined from correlation made by Frangopoulos (60). (Reference year: 1991) 

The cost model uses the electrical power consumption of the pump       along with isentropic efficiency 

correction factor,    . 

                  
               3-97 

Where,  

     (
   

          
)       3-98 

The isentropic efficiency of the pump is taken to be 0.85 for condenser feed water pump and 0.8 for 

boiler feed pump. (13) 

vi. Piping and Auxiliaries  

Piping and auxiliary equipment costs cover the costs of valves, piping, water treatment and control system. 

These costs are expressed in terms of reference cost estimates for similar costs in other representative 

steam power plants. 

The cost of piping is defined in the following way, 

           ∑ (   
  ̇       )      3-99 

Where,   =11820 $/(kg/s) and    
 is the pressure correction factor for each heat exchangers expressed in 

equation 3-88.  

Generally, the auxiliary and piping costs spans 15 -20% of the investment cost of a steam plant.  

vii. Decommissioning Cost 

     For Coal power plant, the cost to dismantle and return the plant site to earlier condition is taken as 5% 

of construction cost. (52) The cost of decommissioning cost is annualized to equal payment terms over 

the 40 economic years.   

b. Operational & Maintenance costs 

i. Fuel 

Fuel cost for Kriel power plant is calculated based on historical value presented in Table 3.3.  

               
    

  
           3-100 

     =coal unit price= 55 $/ton (52) 

ii. Labor and Service contract 

It is found that there are 960 employees working in all the six power units. Information related to wages 

paid to the different class of workers is unavailable. Considering there are six power houses of similar 

capacities with the current power block, the labor requirement has been proportionally reduced. It is 

estimated that the average yearly salary of an individual employee is around $ 55,000. This amount 
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considers the average national payment scale for collar workers and technical professionals within the 

country.  

iii. Maintenance and spare parts 

The annual maintenance and spare parts’ cost is directly related to the annual electricity production level 

of the plant. Based on this thinking, for every KWh of electricity produced, 0.00175 $ of maintenance 

related cost is expended.  

iv. Taxes 

There is a new levy in South Africa that was introduced from 1 July 2009 on gross electricity produced 

from non-renewable sources of 2 cents/kWh. (52) 

For design plant capacity, cost estimates for different plant components at the nominal operating point 

have been tabulated following the foregoing cost modeling procedure. A baseline levelized cost of 

electricity (LCOE) is calculated for coal driven plant against which the different hybrid solar integration 

options are compared.  

Table 3-13 Cost estimates for 500 MW Kriel Coal power plant 

Cost type Cost element Amount in $ 

Capital Cost -Steam Turbine 
-Cost increase due to reheat for 
piping, valves and controls 

257,541,962 

Heat exchangers 55,632,148 

Piping  110,757,851 

Deaerator 1,081,355 
 

Condenser  33,943,068 

Cooling tower 9,565,881 

Pump 
-Condenser feed water pump 
-Boiler feed pump 
-Condenser water pump 

 
65,057 
779,356 
418,897 

Pipe and auxiliary cost 108,093,478 

Contingencies 18,097,065 

Land  9,960,000 

Civil engineering and 
construction cost 

18,097,065 

Decommissioning 18,097,065 

Operating Cost Coal 104,942,530 

Maintenance and Spare parts 5,868,392 

Labor 8,800,000 

CO2 tax  33,806,186 

Environmental tax 67,067,333 

Levelized cost of 
electricity(LCOE) 

 7.15 ₡/KWh 
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3.7.4 Economic and Thermodynamic parameters for comparison of powering options 

The following parameters will be used to compare the performance of hybrid power plant with that of 

coal only fired plant.  

a. Levelized Cost of Electricity (LCOE) 

The levelized cost of electricity indicates the cost of electricity production for a single KWh of 

electricity output. The LCOE is given in terms of annualized cost of capital, the operation and 

maintenance cost and fuel cost. In some cases, environmental costs related to emission penalties (eg. 

CO2 tax) calculated on volume or mass basis on the fossil fuel used for energy production are 

included in determining LCOE value.  

 

     
                               

                  

            
   3-101 

Where:       = Total Investment cost of the plant         
      =annual Operation and maintenance cost 

                = Investment cost recovery factor of the plant         =annual fuel cost  

   = Environmental cost 
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Where:   =Mass fraction of carbon in the fuel [kg of C/kg of Coal] =0.371 Kg of C/ kg of Coal 

      = mass of coal consumed throughout the entire year [ton/yr.] 

     
= CO2 tax [$/ton CO2] = 13 $/ton CO2, starting on Jan. 2015 which increases by 10% in 

every following year. 

b. Specific CO2 emission rate [ton of CO2 /MWh of electricity Output] 

The specific CO2 emission rate expresses the mass of CO2 produced per unit energy output. It is used to 

compare the specific emission reduction after integration of solar power to the main coal power plant. 
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c. Net Electrical Annual Solar ratio [ MWh of electrical solar energy / MWh of electrical 

output ]0000 

The net electrical annual solar ratio indicates the incremental electrical energy contribution of solar energy 

at the outlet to the power cycle. Since solar energy is free, the intention of this research is to maximize the 

contribution of solar energy with minimum cost incurred on KWh basis. 

       
           

                      
 

                   ̇       
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d. Incremental Solar-to-Electricity Efficiency [%] 

Incremental solar-to-electricity efficiency defines the electrical energy conversion efficiency of solar 

thermal energy.   

          
                   ̇       

            
    3-105 
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As was indicated in section 1.1.1, integration of solar energy with other conventional power plants yields 

higher thermal to electricity efficiency as compared to solar only option.  

Economic comparison was performed taking the following economic input assumptions. 

Table 3-14 Economic Input Assumptions 

Input parameters Unit Value 

Economic Life of solar plant Years 20 

Economic Life of Coal plant Years 40 

Discount rate % 10.5 

Insurance rate % 0.5 

Escalation rate % 2 

Capital recovery factor for Coal PP % 11.2 

Capital recovery factor for the Solar PP % 12.65 
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4 Annual Simulation Results & Post-processing of results 

4.1 Performance Overview 

Around the clock simulation of the hybrid system was performed on all the proposed solar-to-coal plant 

configurations for the proposed integration options. Overall mass and heat transfer balance for individual 

components within each model was calculated by TRNSYS 17 software. The hourly output of the three-

stage turbine unit was integrated over the 8760 hrs of the year to find out if the particular repowering 

option is worth implementing. Subsequently, the annual performance of reference coal only plant is 

compared against with the plants assimilated with solar heat exchangers on the five steam introduction 

points.  

Following annual yield comparison, technical details why certain particular options performed better than 

the other will be elucidated. This in turn gives the technical restrictions that is to be faced apart from other 

solar repowering methods on a different type of plants (Such as Combined cycle, hybrid solar plants with 

supplementary firing, Solar thermal aided plants).  

The following figure depicts how much energy that can be harnessed from hybrid power plant operation 

with solar field nominal thermal output ranging from 30 to 90 MW. The different solar incorporation 

methods are compared by the orders indicated in section 3.3 against the reference plant output indicated 

on the water green flat line.  

 

Figure 4-1 Annual Total Energy Production Comparison between the Proposed Five Integration Options 

As can been seen from above, Option A( Introduction of solar heat using PTC field between the HP feed 

water heaters and Economizer) and Option E (Introduction of solar heat using Central Tower receiver 

system between Reheater outlet  and intermediate pressure Turbine inlet) produce Net positive electrical 

energy in the totality of the coupled capacities. In Option C (Solar Heat Introduction between Superheater 

and HP Turbine with CRS Plant), inclusion of more solar energy is causing the main plant to lose its 

thermal efficiency as it is manifested by downward sloping curve.  Options B (Solar Heat Introduction 

between Evaporator and Superheater with CRS Plant) and D (Solar Heat Introduction between HP 
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Turbine exit and Reheater Entry with CRS Plant) also introduce efficiency penalties to the main coal plant 

the effect of which gradually seizes as more solar energy is integrated to the existing capacity as is the case 

in option D at 90 MW solar capacity.  

Since the rate of increment of annual output in option B is faster than that of option E which is operating 

under the same technology and field size, it entailed further weighing in under larger solar capacity beyond 

90 MW.  It was determined that at larger capacities option B performed weaker than option E at the same 

solar capacity. Based on this argument, only options A and E, both of which represent different context of 

technology for solar integration will be further studied.  

Examining hourly output of each scheme, it can be seen seen that the hourly output each turbine located 

downstream from point of solar energy introduction is affected. This is much related to the operational 

state point shift created on every heat exchanger section of the boiler.  

In case of option B, during solar hours, the solar heat exchanger sensibly raises the temperature of dry 

saturated steam from the evaporator and feeds it to the superheater. Since the flow and temperature of 

hot flue gas entering the boiler is fixed in order to keep the energy feed level from combustion chamber, 

the steam with increased steam entry temperature from the solar heat exchanger could only achieve a 

reduced temperature increment within the superheater. This, in turn, lowers the HP turbine entry  

pressure subsequently reducing the steam outflow from the evaporator section.   

 

Figure 4-2 A three-day (From Dec. 21- Dec 23) transient Output Plot for Solar Integrated Plant with Option B 

The overall effect of reduced steam conditons after superheater is to lower the power output of the HP 

turbine as its shown on figure 4-2. The steam temperature wavers between 424 o C and 540 o C with 

maximum achievable temperature limited to the turbine inlet design temperature of 540 o C. As more solar 

energy is added to the system, the flue gas temperature leaving the superheater section increases leaving 

more energy to be recovered at the reheater section. Since the HP turbine exit steam is at lower 

temperature, the higher temperature gradient between the hot flue gas temperature departing the 

superheater and the reheater inlet steam temperature will render higher steam inlet conditons for the 

intermediate turbine. Consequently, the IP and LP turbines’ power will be boosted as a result. The net 
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power produced will be the difference of the positive power gain from the two turbines less by the power 

output reduction of the HP turbine. 

Similar trend is observed in option D where the solar heat exchanger is located before the main plant 

reheater. The two repowering schemes are alike in the relative position of the solar heat exchanger 

preceeding principal boiler heat exchanger sections. As opposed to the prior case, the inclusion of solar 

energy affect the power output of the turbine stages after the superheater.  

 

Figure 4-3 A three-day (From Dec. 21- Dec 23) transient Output Plot for Solar Integrated Plant with Option D 

Due to the smaller temperature difference between the superheater exit steam (540 o C) and the solar salt 

set point temperature (565 o C), only a slight power boost upto 3 MW has been achieved from the HPT in 

Option C. Owing to higher HP turbine exit temperature, reintroduction would result in lesser 

thermodynamic states than the non-solar hours for the reheater which explains the power output drop in 

the IPT and LPT.   

 

Figure 4-4 A three-day (From Dec. 21- Dec 23) transient Output Plot for Solar Integrated Plant with Option C 
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Among the two configurations that produced net positive electric power, option A increases the power 

output of every turbine stage by increasing the flow demand of the Evaporator which is signaled back to 

boiler feedwater pump at elevated temperature. Since increased flow operational shift would leave more 

duty to the superheater and reheater sections, this would in turn slightly lowers HPT and IPT inlet steam 

temperatures. The net power production is raised as a result of higher operational pressure and flow 

passing through these stages.  

 

Figure 4-5 A three-day (From Dec. 21- Dec 23) transient Output Plot for Solar Integrated Plant with Option A 

Comparatively, introducing solar power after the reheater before the steam can be expanded in the IP 

turbine provides the most non-intrusive measure to the boiler operation. There is no reintroduction of  

turbine exhaust back to the boiler which gives it a flat boiler efficiency variation throughout its 

deployment. In doing so the HP power output is maintained at constant level while the turbine stages that 

come after are boosted as a result.  
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Figure 4-6 A three-day (From Dec. 21- Dec 23) transient Output Plot for Solar Integrated Plant with Option E 

Comparing the nominal capacity between options A and E during peak solar hours, higher power 

production levels are achieved with the former. This much relates to the steam pressure at the point of 

introduction of solar energy. In option A, as the solar heat is integrated to the system at higher steam 

operational pressure (169 bar and above), higher exergetic potential is available to the system compared to 

solar reheating which occurs at 39 bars. The higher exergetic potential from the solar field, as in option E, 

due to higher set point temperature cannot achieve alone a better power increment unless it is supplied to 

the load side working fluid at the highest pressure.  

From here onwards, economical and thermodynamic comparison will be presented for only options A and 

E as the rest of the proposed schemes bring about no technical benefit to the power plant.  

Based on 2,462 KWh/m2 of yearly insolation input with plant capacity factor of 98 %, the calculated solar 

share for Kriel power plant ranges from 0.3 to 1.23 % for option E while greater solar proportions 

between 0.8 to 1.74 % could be attained with option A.  Increasing the solar capacity beyond 120 MW to 

190 MW power tag would only bring about 0.075 % improvement in annual solar ratio.  
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Figure 4-7 Annual Solar Ratio Comparison for Solar Fields in the range of 30 -190 MWth for the two integration options 

Comparing the Solar-to-electric efficiency (ηsol-elec ) for the two cases, the option A outpaces the other 

scheme in the totality of the studied capacities. Option A’s solar-to-electric efficiency, if not achieved the 

efficiency of the coal plant, has surpassed average stand alone parabolic solar plant annual solar to electric 

efficiency in about half of the studied solar capacities .    

 

Figure 4-8 Annual Solar-to-electric Efficiency variation with Nominal Thermal Output of the Solar Plant 

Considering the reduced incremental cost for retrofitting the plant with greater sized turbines and 

efficiency gains from integration, it is clear that parabolic trough hybrid coal plants will be more 

competitive than their solar only counterparts keeping the plant is fitted with the right field size below 

which staggering efficiency gains can be made.  

A specific CO2 emission rate variation per unit of electricity produced for different solar field capacities 

has been plotted in the following graph. Since the maximum solar contribution is less than 1.8 % of the 
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gross energy output, the reduction of this parameter with each MWh of electricity doesn’t exceed beyond 

10 kg of CO2 /MWhe.  

 

Figure 4-9 Specific Carbon dioxide Emission Rate Variation with inclusion of different Capacity Solar Field  

The cost of each unit of electricity can be considered from two angles: First the additional electricity is 

considered to be generated from solar only plant and LCoE is calculated based on the solar plant’s field 

size and incremental integration costs. The other comparison criterion is based on the total Levelized cost 

of electricity for the hybrid plant which accounts for the additional unit cost from the solar plant.  

 

Figure 4-10 Levelized Cost of Electricity generated from Solar Plant Only using PTC & CRS technologies related to its 
annual plant solar share at different solar capacities 

From the earlier presented cost model, Option E shows a scale advantage up to the 100 MWth capacity 

above which the incremental yearly energy production rate falls faster than the investment cost to build 

additional capacities.  As per the comparison between the two, option A still beats the price in almost all 

solar ratio.  
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Figure 4-11 Total Levelized Cost of Electricity generated from Solar hybrid Coal plant related to its annual plant solar 
share at different solar capacities 

The above graph illustrates the variation of total LCoE on the hybrid solar coal plant at different solar 

shares. Since option A constitute greater solar proportion towards the yearly energy yield, the increased 

unit price from the solar plant shifts the overall electricity unit price further higher. The added electricity 

price is about 0.18 ₵/KWhe at 90 MWth solar capacity which eventually increases to 0.4 ₵/KWhe at 190 

MWth reaching about 7.55 ₵/KWhe. But looking back at accelerated rate of solar cost compared to its 

solar share, it would not be sensible to add the extra 100 MWth capacity to gain 0.253% added solar 

contribution.  

4.2 Sensitivity Analysis 

Solar projects by nature are liable to many uncertainties due to certain plant input parameters such as solar 

insolation and ambient conditions that are more likely to fluctuate by their stochastic nature. On the other 

hand, the rapidly evolving economic climate induces volatility to the cost of fuel price for the main plant 

and the principal lending rates for investments such as this one.  Apart from these external factors, 

innovative researches in developing cost effective solar field equipment such as parabolic trough collectors 

and heliostat mirrors are likely to drive the cost of production of electricity down within near future. In 

that sense, it is necessary to analyze the effect of these uncertainty variables separately so that potential 

opportunities are seized and threats be avoid ahead of implementation.  

4.2.1 Effect of Solar Insolation Variation 

As major site specific cost factor, the variation of solar energy directly affects electrical output and the 

efficiency of the coal plant as well. In order to see the effect of solar energy with deviation of ± 20 % to 

the assumed climatic data, the TRNSYS model was supplied with multiplicative factors to account for the 

variation.  

Figure 4-12 through 15 shows the effect of solar resource variation on the unit cost of electricity produced 

in terms of the incurred incremental cost related with the extra electricity produced and the total levelized 

cost for the hybrid system for each of the investigated schemes .  
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Figure 4-12 Variation of Levelized Cost of Energy for solar only plant with change in solar energy resource (Option A) 

 

Figure 4-13 Variation of Levelized Cost of Energy for the hybrid coal plant with change in solar energy resource 
(Option A) 

As it can be seen, for the same solar contribution a 20 % drop in annual solar insolation would result in an 

increase of the same percentage on the solar only LCoE up to mid solar capacity. On the other hand, as 

much as 60 % increase in the solar LCoE at the higher solar capacities. 
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Figure 4-14 Variation of Levelized Cost of Energy for solar only plant with change in solar energy resource (Option E) 

  

Figure 4-15 Variation of Levelized Cost of Energy for the hybrid coal plant with change in solar energy resource 
(Option E) 

In both cases, the total LCoE is affected less by the variation in solar energy as the maximum achievable 

solar share contributions do not extend beyond 2% of the total. The deviation in total LCoE with the 

same nominal capacity does not go above 0.2 ₵/KWhe with a drop of 20 % annual solar energy. This 

number is likely to drop further for the same increase in solar insolation.  

4.2.2 Effect of Fuel Price Hike 

Cost of coal escalation directly affects the cost of main coal plant. Indirectly, higher coal prices would 

assist the deployment of solar technologies by pushing the Levelized cost of Energy further higher to 

create a level plane field on which solar only or hybrid plants can economically compete. 

The following two plots present the effect of coal price escalation on the price of hybrid coal plant for the 

two scenarios being studied.  
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Figure 4-16 Levelized Cost of Electricity Sensitivity to Price Escalation (Option A) 

 

 Figure 4-17 Levelized Cost of Electricity Sensitivity to Price Escalation (Option E) 

In both of the investigated cases, in the lower to mid solar capacities, the overall LCoE exhibited a linear 

increment with all the assumed price rises. In the higher regime of solar deployment, higher LCoE 

variations are observed mostly due to the rapidly surging incremental solar costs. At the current coal price 

of 55 $/ton Coal, there would be reluctance for coal only utility operators to shift to more solar 

hybridized power solutions as price hikes as high as 30 % do not push prices as high for inducing trend 

shift to renewable. For solar generated electricity to be as competitive as its coal counterpart, there must 

be at least 150 % escalation in coal price which in turn translates to about 135 $ /ton of coal considering 

the current case.  

As an addendum to the prior presented two cost factors, the simultaneous increase or decrease of solar 

irradiation and fuel price fluctuation has been analyzed and the result plotted for each separate case for 90 

MW solar plant.  
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Figure 4-18 Sensitivity analysis for simultaneous fluctuation of coal fuel price and input solar energy (Option E) 

   

Figure 4-19 Sensitivity analysis for simultaneous fluctuation of coal fuel price and input solar energy (Option A) 

The above two plots demonstrated an optimistic and worst case scenarios with change of fuel and solar 

energy inputs. Accordingly, the price shift between the two cases is about 1.6 cents/KWhe. As can be 

seen in figure 4-18, Option E is more sensitive to alteration of fuel cost than solar insolation. In Option 

A, however, the effect of the two is about the same.  

4.2.3 Effect of Investment Lending Rate 

Another cost factor which has a significant bearing on the electricity price is related to financing the 

project itself. The investment lending rate as such can serve as an incentivizing mechanism by 

governments for increasing the penetration rate of solar hybrid technologies. Small lending rates which 

could go as low as 4.5 % are provided by some government sponsored banks and global development 

financial institutions such as the World bank in order to promote greener energy sources.  

For the current case, the sensitivity of LCoE to four different interest rates was analyzed for the solar 

plant only. There was no need to vary the interest rate for the main coal plant since the initial investment 
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was made more than thirty years ago at a fixed at a rate of 10.5 %. Figure 4-20 through 23 present 

sensitivity analysis for interest rates evaluated at different solar power settings.   

 

Figure 4-20 Sensitivity of the Levelized Cost of Electricity on solar only plant to the Interest Rate (Option A) 

 

Figure 4-21 Sensitivity of the overall Levelized Cost of Electricity on Hybrid Solar Coal plant to the Interest Rate 
(Option A) 
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Figure 4-22 Sensitivity of the Levelized Cost of Electricity on solar only plant to the Interest Rate (Option E) 

 

 Figure 4-23 Sensitivity of the overall Levelized Cost of Electricity on Hybrid Solar Coal plant to the Interest Rate 
(Option E) 

In both cases, the reduction of interest rates by lending institution led to significant linear reduction of 

energy unit cost. By going for lower lending rates, the financial institutions also reduce the perceived risks 

associated with lending to solar hybrid coal projects in getting assurance from the utility for producing 

electricity at a lower marketable price.   

4.2.4 Effect of Parabolic Trough Collector and Heliostat Mirror Cost Reduction 

In both of the studied repowering options, dissecting the cost of each solar cost elements would reveal a 

potential investment cost variable holding a lion share and contributing a greater portion towards the 

overall unit cost. In that sense, the parabolic trough collector cost, in option A, and the cost of heliostats 

constitute significant proportion of the cost tally. These two cost elements undergo a constant process of 

material change, innovative manufacturing processes and redesigning so as to bring down the cost of solar 

energy.  
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According to Sandia laboratory heliostat cost study,  the price of heliostat field can be brought down by 

reducing the weight of steel support components lowering the unit price of heliostat mirror from 119 

$/m2 (2006 est.) to its economical viable price (100 $/m2) even further down to 70 $/m2 in the limiting 

case . The variations of these estimates on the solar only and hybrid (overall) LCoE is plotted in Figures 4-

24 and Figure 4-25. 

 

Figure 4-24 Sensitivity of the Levelized Cost of Electricity on solar only plant to Unit prices of Heliostat Mirror (Option 
E) 

In the most optimistic estimate, a 3 ₵/KWh cost reduction can be attained on optimal size of 100 MWth. 

But this would only reduce the overall price of electricity by about 0.032 ₵/KWh of electricity.   

 

Figure 4-25  Sensitivity of the overall Levelized Cost of Electricity on Hybrid Solar Coal plant to Unit prices of Heliostat 
Mirror (Option E) 
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Similarly, the virtue of development of low cost structurally light PTC solar collectors, the unit cost of 

electricity production can be slashed even more. Three possible collector variations have been evaluated 

and the result presented in Figure 4-26 and Figure 4-27.   

 

Figure 4-26 Sensitivity of the Levelized Cost of Electricity on solar only plant to Unit prices of parabolic trough 
collector (Option A) 

 

Figure 4-27 Sensitivity of the overall Levelized Cost of Electricity on Hybrid Solar Coal plant to Unit prices of parabolic 
trough collector (Option A) 

Comparing the unit price of electricity from solar only standpoint in scheme A shows a strong linear 

correlation to the reduction in PTC cost. The cost reduction within the studied spectrum span from 2 to 6 

₵/KWh.  Contrariwise, the overall electricity prices show weaker sensitivity to the reduced production 

costs owing to the small percentage of solar energy contribution.   
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5 Conclusion 

The thesis demonstrated the technical and economic potentials of integrating solar thermal power with the 

widely utilized coal thermal plants. Five different integrations points using two principal technologies were 

initially compared on thermodynamic sense whereby two that showed superior annual performance were 

given further economic analysis.  

The result of the annual thermodynamic simulations showed superior performance was achieved by fitting 

the economizer inlet with solar heat exchanger which receives its energy from parabolic solar field. 

Although the temperature of integration is significantly lower than its central receiver assimilation scheme, 

the higher operating pressure of heat introduction has given the former a considerable leading edge over 

the later. Greater annual solar contribution was also attained ranging 0.88 to 1.77 % from this option as 

opposed to the CRS integrated option that registered annual solar proportions between 0.3 to 1.22 %. The 

possibility to reach higher solar contributions as in other Integrated Solar Combined Cycle Systems 

(ISCCS) in the scale of 6-9 % is unlikely and remains limited to around 2 %. This is because the main 

plant suffers from rapid efficiency decline as more solar capacity is accommodated to the existing plant. 

This is because during solar hours, the plant perceives the circulating steam flow is higher for the available 

heat transfer areas of the heat exchanger.  

Under nominal operating conditions and cost assumptions, the middle capacity solar Levelized cost for 

the option A is around 19 cents/KWh while this number rises to 23 cents/KWh for option E. The 

associated shift in overall LCoE in the two options from No-Solar All-Coal plant however, is between 

0.16 and 0.21 cents/KWh which means no significant incremental cost would be incurred from the power 

consumer side. This also aids in better penetration of the technology as the less sensitive unit electricity 

price drift would cause no market mistrust for potential investors by providing the assurance to capitalize 

on green related projects.    

The specific CO2 emission rate reduction achieved is directly related to incremental electric generating 

capacity achieved from the solar plant. Due to the limited solar contribution, the marginal investment cost 

for curbing the specific emission rate rises rapidly when further emission reduction is required.  

The sensitivity analysis assessed the probable opportunities and the related risk that comes in congruent 

with variations in key cost and solar field input parameters. Weighing in all these parameters, the cost of 

electricity is more likely to be affected from the change in coal price for the main plant itself and to lesser 

degree to the field input insolation and investment lending rate. 

In conclusion, there exist a technical and economic potential for using integrated solar thermal plants 

within lower to middle capacity range (30 -100 MW). The upfront high capital investment may discourage 

utility owners in implementing these environmentally sound technologies. Government bodies as such 

should incentivize such projects through provision of low interest loans, introduction of environmental 

tax credits, and offering higher prices for the incremental annual energy generated from installed 

renewable capacities. 
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6 Recommendation and Future Work 

 The current presented thermodynamic model uses a solar dispatching operational mode to calculate the 

inputs and perform mass and energy balance on the plant equipment. But such model lacks the presence 

of key load shifting solar field component such as the deployment of thermal energy storage system to 

extend the operation of the system after solar hours. A systematic scheduling of load with automated 

temperature and flow demand control on the storage system would improve the power yield while 

reducing part-load efficiency penalties of the main plant on low irradiation hours. 

Option E as studied in this thesis, maintained lower annual solar contribution and possessed lower solar-

to-electric efficiency than its counterpart. The poor performance can however not only be linked to the 

lower pressure of heat exchange but also to the exergetic potential remaining in the molten solar salt itself 

due to further temperature reduction limitations encountered during the process. Thermodynamics 

dictates that the hot side molten salt can only exit the solar heat exchanger at or slightly higher 

temperature than HP turbine exhaust fluid temperature (solar heat exchanger entry temperature of the 

cold side) in the most favorable conditions which leaves molten salt fluid with temperature greater than 

343 o C to be returned back to the storage tank without doing any further heat exchange with the system. 

This calls for future investigation by modifying the system with additional solar heat exchanger for feed 

water evaporation along sides with the reheating solar heat exchanger to further utilize the unused thermal 

potential in the HTF. Note in this case, since heat exchange is taking place at two different pressures, it 

can be foreseeable that a solar-to-electric efficiency with values far more higher than Option A could be 

achieved.    

On similar note, all the investigated solar heating schemes require total withdrawal and heating the bulk 

mass of feed water/steam to boost power. Trial calculations made by the investigator showed better 

annual output and load capacity could be achieved by partially extracting the optimum flow of the 

working fluid from the preceding boiler section and subsequently mixing the two fluid streams after the 

bypassed boiler section.  

Archimede® HCESM11 is the only commercially available Siemens UVAC 2010 ® parabolic trough 

collector mounted high temperature receiver in the world with fluid working temperature reaching as high 

as 580 o C.  The collector can be operated to harness solar energy with molten solar salts as a heat 

transporting medium flow through its tubes. Currently, this new technology is a working progress and not 

enough experimental correlations that can accurately depict the heat collector element’s efficiency with 

variation in irradiation and ambient conditions is not published as opposed to Eurotrough® and LS-2 

collectors. When such technical information and related cost elements are made publicly available, 

economic viability investigation could be performed on the integrating points where CRS plants failed to 

compete pricewise with PTC solar plants.  
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Appendix I – Economic Variables 

Levelized Cost of Electricity (LCOE) 

     
                               

                  

            
 

Capital Recovery Factor 

     
 

         
            

Where: i= discount rate and n=project life of the solar plant 

Annualized Capital Cost 

                         

          = Investment cost of a plant 

Operational and Maintenance Cost 

                                       

Annual Fuel (Coal) Consumption 

                    

Where:      =Plant coal consumption in one hour= 68.4 kg/s   CF=Plant capacity factor  

Appendix II – Physical property variations of Therminol VP-1 

Density 
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*T is given in terms of oC 


