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Abstract 

The cooperation between large scale Concentrated Solar Power plants (CSP) and Solar 

Photovoltaic (PV) parks can offer stability in power supply and enhance the capacity factor of the CSP 

plant intended to cover a common demand on the power system. Moreover, it can offer an investment 

option with lower risk. This Master thesis project presents optimum plant configurations for both 

technologies under the same meteorological and market conditions. The study is based in the South 

African electricity market and the Renewable Energy Independent Power Producer Program currently in 

place in the country. Using MATLAB and TRNSYS softwares, a series of detailed codes were designed in 

order to model both technologies energy transformation process. The main approach was to design the 

nominal operation point of both technologies for a given typical meteorological year data and respective 

technical conditions for each case. Then, a transient simulation was done in order to obtain the electricity 

yield. The intention was to measure the internal rate of return, levelized cost of electricity and capacity 

factor for each technology and the combined configuration (CSP-PV plant) under different scenarios and 

operation modes while a firm capacity was maintained. It was found that the plants can be economically 

feasible by sizing a storage unit capable of just covering the peak hours. The solar multiple sizes can vary 

depending on the scenario and plant configuration. Moreover, the internal rate of return increases with the 

capacity of the CSP in all cases. After the results were obtained, a comparison with a single CSP plant and 

the optimum CSP-PV plant was done in order to evaluate the performance of the proposed cooperation. 

Even though the internal rate of return of the CSP-PV plant was found to be within a good range for 

investment, the CSP-alone alternative offered always higher internal rate of return and lower levelized cost 

of electricity values. Nonetheless, it was found that the capacity factor of the combined configuration was 

favored by the integration of PV. The PV alone configuration hold the lowest levelized cost of electricity, 

thus considered the best option for and investment in South Africa due to its independence towards 

incentives. Combined PV-CSP systems were also found to be an attractive investment under the South 

African scheme if the CSP capacity is similar to the PV power plant. 
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1 Introduction 

Climate change and scarcity of natural resources for power generation have encouraged nations 

worldwide to seek for cleaner and more efficient techniques to cover their energy demands for the years 

to come. Renewable energy sources seem to have great potential and have emerged as good candidates to 

cover an important share on the future energy mix (1). Solar energy is the most abundant of all energy 

sources; the solar radiation that reaches the Earth surface (continental area) is 1800 times the global 

primary energy consumption (2). However, the challenge is to be able to transform this energy in the most 

efficient way. Photovoltaic (PV) panels have risen as the most cost-efficient way to do it, but there are 

some issues regarding power supply and grid integration (3). Concentrated solar power (CSP) is the 

second leading solar technology and is dragging attention within the power sector. Its unique characteristic 

of thermal energy storage (TES) makes it exclusive among renewables. Nonetheless, grid parity seems far 

away due to the high cost associated to the electricity production (4). A solution can be found by stop 

taking different paths and start thinking about combining both technologies in order to obtain a PV-CSP 

hybrid system capable of complementing each other for their own drawbacks. 

 

During the last decade, renewable energies have been in the scope of project investment and 

development for the private sector and governments respectively. This behavior has been specially 

presented in countries that lack of fossil fuel resources or do not have cheap access to it, like most of the 

European countries. This can be attributed to the historically volatile oil prices and the disruptions that 

may occur on its supply due technical or political reasons. Some of these countries have been looking to 

increase their energy security by progressively detaching themselves from the fossil fuel dependence (most 

of the European countries). Moreover, there is also the case of countries like Norway, Saudi Arabia and 

others in the Middle East region, that despite having large fossil fuel resources, are interested in reducing 

the share of these on their energy mix and instead, commit with renewable sources to enhance their 

economies. In this regard, it can be more profitable to sell fossil fuel resources rather than use them for 

electricity generation. Furthermore, inclusion of environmental-friendly policies within the political 

agendas of many countries has also given thrust to the presence of these technologies as a power 

generation alternative. However, the implementation of sustainable energy technologies comes with strong 

drawbacks. Its cost when compared to conventional power generation methods is in most of the cases 

higher. The integration to the power grid requires extra attention due to the intermittency on power 

delivery, as it is the case of CSP and PV respectively, which are the most common solar technology for 

electricity generation.  

 

PV has emerged as the leading solar technology for electricity supply, with a global installed 

capacity of around 100 GW in 2013  and expected to growth to 900 GW by 2030 (1) . Over the last years, 

the prices of PV have been plumbing due to advances on the technology and its simplicity as power 

generation technology. It has stood as a feasible solution to supply electricity for buildings in remote and 

urban areas with or without connection to the grid. Moreover, PV projects are also being developed at 

utility scale, although having the drawback of not allowing the integration of any cost-effective energy 

storage system. In this regard, conventional battery banks used for residential purposes can get very 

expensive for large PV systems. Additionally, the electricity coming from solar inverters can come with 

high intermittency and affect the power system voltage. If the PV array is connected to a weak grid, this 

will force the transmission system operator to regulate or even block the access of the PV in order to 

maintain stability on the grid.  

 

On the other hand, CSP has less installed capacity worldwide but has still been gaining a lot of 

attention nowadays. This technology can have the unique characteristic within renewables of being 

dispatchable at large scale (besides hydropower). With the right modifications, TES can be integrated and 

the power plant can be used to cover a base load demand and supply electricity after daylight and other 

periods of Sun absence. In addition, CSP plants have the advantage of being based on conventional steam 
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and gas turbine cycles. However, these power plants normally have a levelized cost of electricity (LCOE) 

above average due to the investment cost associated to the solar field. This makes it hard for CSP to 

compete with the conventional means of power generation in the market, especially on periods of low 

demand and high power supply. As such, to achieve grid parity it has been necessary to provide economic 

incentives to CSP generators. Efforts to enhance the economic viability of CSP have been mainly focused 

on increasing the efficiency of the cycle. However, the progress is getting stagnated (5). Recently, there 

have been studies about the hybridization of CSP. The integration of back up fossil fuel is a common 

practice in order to secure stable power.  

 

This work intends to determine optimum combined PV-CSP plant configurations, in terms of 

size and operation that maximize the profitability of the combined plants given the current South African 

renewable energy integration policy programs and weather conditions while guaranteeing a stable output 

capacity for grid stability. This country has an excellent solar resource and land availability for the 

deployment of these projects. Moreover, the government is currently supporting the development of clean 

technologies for power generation. Once the local data is obtained, the approach is based on doing a 

sensitivity analysis with the purpose of finding the relation between some of the design parameters and the 

economical and operational indicators chosen. 

 

Within the solar power projects, the balance has been strongly tilted towards PV due to its 

simplicity and economics. Scheduled CSP projects have been shifted to PV or even cancelled (US CASE). 

Initiatives like the Renewable Energy Independent Power Producers Program (REIPPP) in South Africa 

are necessary to promote the development and investment on modern generation technologies, as well as 

for keeping the interest and innovation within the research field. Integrating CSP with PV can be a way to 

maintain focus on the technology in order to enhance its development and offer investors a more secure 

approach to invest in.  

 

CSP and PV can be modeled in order to study its electricity yield. Similar approaches have been 

attempted before. A model for hybridization of combined cycle was developed in order to study the 

penetration of solar resource and the price of electricity on three different configurations: Solar 

photovoltaic combined cycle power plants (SPVCC), integrated solar combine cycle power plants (ISCC) 

and hybrid solar tower combined cycle power plant (HSTCC), determining a 55% of solar energy 

penetration on annual basis (5). The thermo-economics of ISCC have been also studied in order to show 

sustainability and economically feasibility of innovative designs. It was concluded that for peak prices 

hours, the economic performance of a CSP plant with storage can compete with the conventional 

combined cycle in the electricity pool price of selected markets (6). The influence of PV integration into 

CSP electricity supply for base load operations in Chile was studied by (7). It was found that the capacity 

factor of the CSP can be increased over 90% if PV is integrated. Regarding photovoltaic technology there 

have been many successful attempts in modeling the performance of the system. Optimal sizing of PV 

modules depending on the type of technology, inverter efficiency and location were studied (8). One of 

the conclusions was that the PV array must be oversized or undersized 30% depending on the invertor 

efficiency. None of the studies mentioned before have studied the economic or technical feasibility of 

operating a CSP plant in cooperation with a PV park or any other technology. In most of the cases the 

approach is pure technical and economics are leaved aside. Those who had the economic approach do it 

only for a single technology (CSP). Moreover, markets with substantial incentives for renewable 

technologies have not been studied. This research work has a techno-economic approach for CSP-PV 

cooperation under the conditions of the chosen market. The study is based on current data of the South 

African market and its incentives scheme for modern generation technologies investments. Markets like 

this one needs to be studied in order to observe the real impact of these incentives in the development of 

the technologies. Additionally, integrating PV with CSP can have potential benefits from both the 

economic and technical point of view.  
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The present research work is structured as follows. First, the main and specific objectives of the 

research are stated. It is follow by chapter 3, Theoretical Framework. This section is dedicated to the working 

principle and physics behind both technologies. It also points out the important aspects that need to be 

taken into account for a good design of these systems. The next chapter is dedicated to the location of 

interest, South Africa. Here, the current policies and available resource is explained. The next chapter, 

Modeling, covers the approach used to develop the model presented on this work. It basically shows the 

structure of the steady state and dynamic simulations done for each technology and the combined model. 

Moreover, it gives special attention to the control strategy used to regulate the power supply of both 

technologies depending on the scenario. At the end of the chapter, the economic and technical indicators 

used to measure the performance of the power plant are described. Finally, in the last chapter, Results, the 

simulation results are shown. It is mainly composed by the explanation of three different scenarios, the 

simulation parameters used and results obtained. The analysis of each scenario is included. After this 

chapter, the conclusions of the work are presented.  
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2 Objective 

Determine optimum combined PV-CSP plant configurations, in terms of size and operation that 

maximize the profitability of the combined plants given the current South African renewable energy 

integration policy programs and weather conditions while guaranteeing a stable output capacity for grid 

stability. 

2.1 Specific objectives 

 Develop techno-economic models for both technologies in order to study the performance under 
the selected location conditions. 

 Validate the proposed models with relevant previous works. 

 Develop different scenarios and control strategies for the selected location. 

 Perform a sensitivity analysis to study the trends on each scenario. 
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3 Theoretical Framework 

This section is dedicated to the physics behind the energy transformation process in both 

technologies as well as to the working principles of the selected configuration in each case, central array 

inverters for PV and central tower with molten salts storage for CSP. 

3.1 Solar Photovoltaic 

Solar PV is the most cost-effective solar technology available in the market for electricity 

generation. Its technical simplicity and the plumbing of its prices during the last decade have enabled the 

technology to penetrate several markets, especially at a distributed generation level. Nonetheless, some 

large scale projects capable of supplying electricity to the grid have been deployed. In order to design PV 

arrays it is important to know the physics behind it and the parameters that can affect its performance. In 

this section, essential definitions about PV systems will be defined as well as the procedure to design PV 

arrays in order to supply electricity. 

3.1.1 PV Fundamental Concepts and Definitions 

One of the main advantages of the PV systems is that they are capable of directing transforming 

the energy of the Sun into electricity. PV cells are made of materials with high photoelectric properties, 

capable of producing electrons when sunlight strikes them without the intervention of a secondary energy 

carrier. After this, it is only necessary to convert the direct current into alternate current capable of 

entering to the power grid. There are some basic concepts that must be clear before entering the designing 

part. In order to facilitate the understanding of such, Figure 1 illustrates the typical I-V curve (output 

current I as a function of applied voltage V) of a PV module which represents the output current of a PV 

cell or module under certain weather conditions when some voltage is being applied. In order to 

understand further definitions and principles, some essential concepts are presented below: 

Manufacturer terms 

 Short Circuit Current (Isc): maximum possible current that can be generated by a solar module 

at rated irradiance and temperature and, open circuit voltage equal to zero. 

 Open Circuit Voltage: (Voc): voltage of the PV module when no current flows through it. 

 Standard Test Conditions (STC): set of environmental parameters under which the PV module 

is able to work under rated values. Usually these values are irradiance 1000 W/m2, ambient 

temperature 25 °C and 1.5 Air Mass ratio. 

 Peak Power (Pmax): power produce by the PV module when it works under rated conditions. 

 Maximum Power Point (MPP): voltage-current pair where the PV module delivers the 

maximum power output possible for certain irradiance and temperature. 

 Maximum Power Voltage (Vmp): voltage at which the MMP can be reached. This will be the 

rated voltage provided by the manufacturer if it works at STC. 

 Maximum Power Current (Imp): current output when the maximum power voltage is applied. 

Photovoltaic physics terms 

 Photo-Current (Iph): maximum possible current that can be generated by a solar module at a 

certain irradiance level and ambient temperature. 

 Series Resistance (Rs): the series resistance accounts for base resistivity, metal-semiconductor 

contact resistance and emitter sheet resistance (9). Basically, it represents the losses due 

connections of the PV or solar cells to each other. 

 Shunt Resistance (Rsh): parasitic parameter that measures imperfections in the manufacturer 

process and alternative path that the current could take. The lower this value is, the higher the 

current losses will be (10). 
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Related terminology 

 Solar Cell: electrical device capable to generate electricity in the presence of solar radiation. 

 PV Module: group of solar cells usually connected in series. Typical PV modules can have 36, 60 

and even 90 cells.  

 PV String: group of PV modules connected in series. 

 PV Array: group of PV strings connected to each other in parallel to a load. In the case of large 

scale projects they are usually connected to a centralized inverter. 

 Battery bank: set of batteries connected in parallel and/or series that can storage the DC current 

generated by the PV for further use. 

 Inverter: electrical device capable to convert direct current (DC) power output from the PV 

module to alternating current (AC) power use in other electrical devices or the power grid. 

 Balance of System (BOS): all the elements in a PV system except for the inverter and the PV 

panels. 

 

 

   Figure 1. Characteristic I-V curve of a PV module. 

The I-V curve represents the performance of a single PV panel, string or array. It defines the 

maximum power point of operation possible under the current weather conditions. At rated conditions 

(usually STC), the PV system will give rated power. However, this will not happen most of the time 

because the performance of the PV is highly dependent on weather conditions. As such, the curve will 

change when the radiation and ambient temperature do. On the following sections, the tendency of these 

changes will be explained. 

3.1.2 Design Technical aspects 

There are two mayor factors affecting the performance of a PV module, the solar irradiance and 

the ambient temperature. When designing a PV array, especially for locations where these two variables 

have significant changes over a year, it is of highly importance to consider the necessary corrections to 

have the most accurate PV panel output. As it can be seen in Figure 2 for a fixed temperature, the output 

current will increase proportional to the irradiance and the voltage will present a minor decrease.  
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Figure 2 Variation of the PV current and voltage output for different irradiance levels and 25 °C ambient temperature. 

Similar to the irradiance case, when the ambient temperature increases, for a fixed radiation level, 

the voltage of the PV panel will decrease and the output current will present a small increase (11). This 

effect is shown in Figure 3. The increment of the PV module temperature has a direct impact on the PV 

efficiency. For modules based on monocrystaline (m-Si) and polycristalyne (p-Si) cell material the 

efficiency will decrease with the rising of the temperature, while with amorphous (a-Si) cell material this 

effect is reduced due smaller temperature coefficients. The latter technology has reported to be more 

efficient during summertime (8). 

 

Figure 3 Variation of the PV current and voltage output for different ambient temperatures and 1000 W/m2 solar irradiance 

In order to know the performance of a PV module outside rated conditions, manufacturers 
provide temperature coefficients for the Isc and Voc so the corrections can be made during the design 
process of the PV array and more accurate estimations can be achieved for its output. A detailed 
procedure on how to do this is explained in section Sizing of the PV Power Plant 

Depending on the application of the PV array, it is very important to know the maximum power 

point (MPP) of the PV under certain conditions. For small applications with battery storage, like PV 
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arrays designed to support the electricity consumption of households, this may not be so important since 

there is no a constant demand of power from the PV array and the electricity can be stored in the battery 

bank. However, for large scale applications designed to support the electricity grid, more power output 

means more revenues for the generator and it becomes necessary to achieve the MPP every time it is 

possible. 

3.1.3 Maximum Power Point Tracker 

For each combination of temperature and irradiance the PV module will have a unique I-V curve 

and MPP. As an example, it can be seen in Figure 4 that there is only one value for the current and the 

voltage where the PV module will deliver the maximum power output possible. In order to reach this 

point of operation, the working voltage of the PV must be regulated. This can be done with a maximum 

power point tracker (MPPT). Without a MPPT the PV module has to work at a fixed load voltage which 

normally is not the most efficient point since the weather conditions will vary during the day and the 

voltage will remain the same. For large scale PV applications the MPPT is included in the inverter. 

DC/AC inverters work with an input window voltage in which the voltage of the array can be controlled 

in order to always reach the MPP of the array. Another reason to control the voltage in large scale PV is 

that working outside the voltage window of the inverter will increase the ripple factor of the DC voltage 

and the quality of the AC power will decrease. If the MPP of the array is located outside the voltage 

window, the working voltage can be set somewhere close to these limits in order to not interrupt the 

power supply. 

For arrays connected to a battery bank, charge controllers can be used. These devices work as 

DC/DC converters that use internal algorithms based on the I-V and power curves showed before to 

control and determine the Vmpp for that instant. After that, the voltage can be converted to a constant load 

voltage if necessary. 

 

Figure 4. Maximum power point for irradiance 800 W/m2 and ambient temperature 28 °C. 

3.1.4 PV Systems 

The purpose of a PV system is to produce clean electricity through an array of PV modules when 

these are under the presence of solar radiation. The capacity of these systems can go from just a few kW 

to very large scale arrangements of more than 100 MW. Depending on the needs and final purpose of the 

project, these systems can have different layouts and elements on it. Regarding the PV side, the scope of 

this work is only located in the context of large scale centralized projects designed to support the 
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electricity grid, so only few comments will be made about distributed PV generation and stand-alone 

configurations.  

As mentioned before, very large scale PV projects act as centralized generators to supply the 

electricity grid. Usually, a PV farm or power plant (as they are commonly known) consists of several PV 

arrays connected to a centralized inverter which converts the DC power generated by the PV modules to 

manageable AC power to be injected on the power network. A simplified layout of this configuration can 

be observed in Figure 5. 

 

 

Figure 5. Layout of PV array with four strings for a centralized inverter configuration. 

In this small example, four strings of three PV modules each are connected to a centralized 

inverter. Also each PV module has a bypass diode in order to protect the system under irregular radiation 

(more about this will be explained in the next section, Partial Shading). The main goal of connecting PV 

panels in series is to increase the voltage of the string and/or the whole system, which is proportional to 

the power output of the system. Similarly, connecting the strings in parallel will increase the output current 

of the whole system which also is proportional to the power output. 

In order to be more illustrative on how this works, lets consider the following electrical data of a 

PV panel to do an small example (see Table 1) with the layout showed above:  

Table 1. Electrical data for PV panel SPR-X21-345 (SunPower) at STC 1000 W/m2, 25 C and 1.5 AM 

PV Module Manufacturer’s Technical Data 

Isc 6.39 A 

Voc 68.2 V 

Impp 6.02 A 

Vmpp 57.3 V 

Pmax 345 W 

Assuming all the PV modules in the system are working under STC, each PV panel can generate 

6.02 A for electrical current if the load voltage is set to 57.3 V. However, on each string there are three 

panels connected in series. From electrical circuit principles this means that the strings Vmpp will be three 
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times the Vmpp of a single PV module, approximately 172 V, but its Impp will still be the same as the one of 

a single PV. On the contrary, connecting strings in parallel will sum each string current while maintaining 

the same voltage of a single string. This effect can be seen graphically on the figure bellow (Figure 6) 

 

Figure 6. PV string and array IV-Curves when modules and strings are added respectively. 

The I-V curve of the string increases in voltage since each PV voltage is summed when PV 

modules are added to it while the array curves increases in current if parallel strings are added. As the case 

of the PV module, the whole array will have a single operation point where the maximum power can be 

obtained from it. While this point is located between the limits of the inverters voltage window, it should 

be the operating point of the array if the maximum power available is desired. 

3.1.5 Partial Shading 

One of the problems that PV farms can have is partial shading. This occurs when a section of the 

PV module is covered by a shadow and one or more of its cells have a different irradiance than the ones 

that are fully illuminated. This results in a different I-V curve and point of operation for the shadowed 

cells. The fully illuminated cells will deliver a higher current. Since all the cells are connected in series, the 

shadowed cells are obliged to let through the higher current. The only way that this can happen is that the 

cell produces a negative voltage and works in reverse bias, this means that the shadowed cell will work as a 

load. Letting a higher flow of current going through a shadowed cell will produce hot spots and the cell 

can get severally damaged due to significant increase on its temperature. To avoid this, bypass diodes are 

used to offer an alternative path to the current when these situations occur. A bypass diode can be 

activated if 20% of irradiance reduction is presented on the shadowed cell (12). Since it is considered too 

expensive to use a bypass diode for each cell, usually they are used with a group of cells. A common 

practice is to use a diode every 18 cells (13). 

Similar to the case of the PV modules and its cells, if a PV string has one of its modules under 

shadow it may be necessary to bypass it completely to avoid irreversible damage on the module. When the 

bypass diodes are activated, a power reduction on the string is presented due to an alteration of its I-V and 

its optimal power point. As an example, lets take one of the strings of Figure 5. Assuming one of the PV 

is fully illuminated getting 1000 W/m2 and the other two 10% and 17% less irradiance respectively, the 

power curve would be as presented in Figure 7. 
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Figure 7. Effect partial shading on a three PV module string. The fully lighted PV is under 1000 W/m2 and de other two have 
10% and 70% less irradiance. 

Compared to the ideal scenario where all the PV modules are under the same irradiance (red 

curve), the string curve under partial shading presents a clear power reduction. Since all the PV modules 

can not give the same current, the array will have three local MPP and only one of the PV modules will 

work under maximum power capacity in each of them. In situations like this it is very important to have 

bypass diodes and good control strategies in order to avoid damage to the system and try to get the higher 

power output possible. If the string is set to work under point 3 conditions all the PV modules will 

generate power and none of them will be bypassed, however the power output and the current will be 

very low compared to the maximum available. At point 2 there will be more output current and less 

voltage compared to point 3, also, as it can be observed in Figure 8, the power output will be the 

maximum possible. However, if this point is chosen the PV module number 3 needs to be completely 

bypassed since the current chosen is too high for it to handle under those conditions. Finally, at point 3 

higher and lower voltage than point 2 are used. At this point it may not be necessary to bypass the PV 

module number 2 since the difference in irradiance is not too high.  

 

Figure 8. Effect of partial shading on the power curve of a single PV string. 
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It is important to keep in mind that the maximum power point of the shadowed string may not 

be necessary the ideal working point. Assuming the other three strings are fully illuminated (see Figure 5) 

the working voltage of the whole array will be the one used in these strings (since they are four in total and 

only one is partially shaded) and the shaded string will have to work somewhere around point 3. If more 

strings would have been under shaded condition, the optimal MPP may lay outside the voltage window of 

the inverter. In this case, the working voltage can be set to a value close to the lower limit of the window 

in order to not stop the power production. 

As it could be seen centralized PV arrays have the disadvantage that all the strings have to work 

at the same voltage. This can reduce significantly the power output of the PV array, especially if the 

system is located around structures that can generate shadow at certain points of the day or year. 

However, large scale PV systems are usually located in plain terrains outside the cities where no shadows 

from structures can be place on them at any time of the year. The source of shadow may also come from 

the string in front but this can be easily anticipated in the design stage. It will be needed to keep in mind 

that if the distance between each string is increased the land usage and the cable distance may increase. 

These two factors are proportional to the cost of the project. However, this will be very unique to each 

location due to solar position, local labor and material costs.  

In order to be able to choose more flexible MPP, the layout of the PV system can be based on 

string inverters. These are smaller inverters that are attached directly to a single string. Since each inverter 

has its own MPPT each string is capable to work at an independent voltage. Then, the power output of 

the string can be modified without compromising the performance of the other strings. A layout of this 

configuration can be observed on Figure 9. 

 

Figure 9. Layout of a PV array for four strings and string inverters. 
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3.2 Concentrated Solar Power 

CSP is the second cost-effective technology used to transform solar energy into electricity. It has a 

worldwide operating capacity of around 2.4 GW and there are more than 17 GW at different stages of 

development around the world (4). The technology has the unique capacity among modern generation 

technologies to supply dispacthable power when it is integrated with thermal energy storage (TES). This 

allows the power plant to shift the power production when demand and tariff are higher and also enables 

it to supply stable power into the electricity grid. However these advantages are attached to high electricity 

production cost when these plants are compared to the conventional ones powered by fossil fuels. This 

makes it difficult for CSP to compete in the electricity market with the conventional technologies if there 

are no incentives present. There are three main types of CSP plants defined by the type of its solar field: 

parabolic trough, linear Fresnel and central tower. The scope of this work involves only the central tower 

type. 

3.2.1 Fundamental Concepts and Definitions 

Different from PV technology, in this case the energy from the Sun is not directly transformed 

into electricity. The power block of a CSP plant is based on the conventional power technology (steam 

and gas turbines). In this work references will be made only to the steam turbine technology. The main 

difference with the conventional approach is that sun radiation is the power source to give the carrier, in 

this case molten salts, the necessary energy for steam production. In order to understand the physics 

behind this process the following concepts are necessary: 

 Power Block: section of the plant that holds all the elements of the steam Rankine cycle. 

 Steam Turbine: device capable of transforming the thermal of the steam to mechanical power. 

 Electricity Generator: device capable of transforming the mechanical power of the steam 

turbine into alternating current capable to be fed into the power grid. 

 Gross Power: mechanical power produced by the turbine. 

 Net Electrical Power: turbine power after the generator. 

 Balance of Plant (BOP): everything that is part of the power block except for the turbine and 

boiler units. 

 Storage Tanks: these units are large tanks used to keep the salts ready for supply. The hot tank 

is in charge of supplying the steam generator and the cold tank supplies the solar receiver for 

further storage on the hot tank. This occurs in a close loop. 

 Molten salts: energy carrier used in the storage tank close loop. 

 Solar Receiver: this element receives all the solar energy redirected from the solar field. The salt 

from the cold tank is sent to the receiver in order to supply it with the necessary energy for 

running operations. 

 Solar Heliostat Field: is a field of high reflectivity mirrors that surround the solar tower. These 

mirrors are capable of tracking the sun movement throughout a day and re direct the solar beam 

radiation towards the receiver. 

 Solar Tower: structure that holds the solar receiver. 

 Solar Multiple: the ratio between the power that a solar field can produced at the design 

meteorological conditions and the nominal capacity of the power block. 

 Auxiliary Power unit: combustion unit that supplies the necessary heat power to run operations 

in the absence of storage. Usually uses fossil fuels. 

 Steam Train: set of heat exchangers in charge of transferring the heat from the salts to the feed 

water. It is compose by an economizer, an evaporator and a superheater. 

The working principle of a central tower CSP plant is illustrated on Figure 10. As it can be seen, it is 

mainly composed of three sections: the solar field, TES units and power block. The solar beams are 
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reflected by the heliostat field and focused on a single point at the top of the tower, the receiver. The 

energy reflected is proportional to the distance between the heliostat and the focus point. For those 

mirrors located farther from the tower the reflected energy will be lower because it is diffused on the way. 

The presence of other means like dust disturbs the beam path, as it happens on the way from the Sun to 

the Earth‘s surface with the clouds. Once the beams reach the receiver the heat is transferred to the 

molten salts coming from the cold tank. The salts must be kept at a minimum temperature of 230 °C, 

since below this point they freeze (14). Once the salts are heated, they can be used for steam generation or 

stored for future use. When the steam reaches the desired conditions, the turbine operates and transfers 

the energy to the generator so it can produces electricity.  

 

 

Figure 10. Solar tower CSP plant with molten salt storage. 

At the technical level, one of the problems that CSP plants have is the multiple numbers of startups 

throughout the life spam of the turbine. The changes in temperature produce thermal stress which affects 

the main components of the turbine. Conventional turbines are designed to operate even for a couple of 

years without stopping unless maintenance is required. In solar applications the startup/shut down occurs 

daily. A turbine for a conventional steam cycle can take two or three days to make a complete shot down 

(15). This is currently an important field for research for the CSP industry.  
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4 Case Study: South African electricity market 

As it was mentioned before, this research work is centered on the South African electricity 

market, more specifically in the city of Upington. The country has emerged as one of the top sites for 

solar energy projects development. There are two main reasons for this: the excellent solar resource and 

the government enthusiasm towards sustainable development. Every year the solar irradiation in South 

Africa is over 2000 kWh/m2 , resource that is only present in some countries in the world as shown in 

Figure 11. The radiation used as reference for the design point was assumed to be 85% of the maximum 

radiation according to the data used, giving an irradiance value of 862 W/m2.  

 

 

Figure 11. World map of horizontal global irradiation. 

As for the government interest in clean energy technologies, it is mainly driven for the fact that, 

currently South Africa is suffering of a generation capacity shortage and already more than 90% of 

electricity comes from coal power plants, as shown in Figure 12. Moreover, the current power plants are 

controlled as a monopoly by the state. In order to address this problem the government created the 

REIPPP to help promote foreign investment. The core of the program is to set an amount of clean energy 

technologies capacity two be installed and offer the project to independent project developers. After the 

successful deployment of the power plants, these will work under power purchase agreements (PPA). In 

this way, the plant owners can secure an electricity price that enables the economic feasibility of the power 

plant during its complete life spam. (4) 

 

Figure 12. Electricity Generation in South Africa by fuel. (16) 
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4.1 Scenarios Considered 

In order to study the feasibility of a combined PV-CSP plant, three scenarios were developed 

under the current conditions of the electricity market in South Africa. Two of them are based on the 

REIPPP tariff scheme and the third one evaluates the possibility of participating in the current electricity 

pool price with the conventional technologies. The tariffs of the REIPPP used on this model are the ones 

for the third bid window and can be observed in Table 2 (4) (17). These tariffs have been changing every 

bid window since the REIPPP started. In this last case, the peak tariff occurs only from 5 to 9 PM and the 

base tariff in the intervals from 5 AM to 5 PM and 9 to 10 PM. Outside these intervals there is no tariff 

for CSP (4). As for PV there is no peak price and its base tariff will be paid during sun hours.  

Table 2. CSP and PV tariff on the third bid window of the REIPPP 

Technology Base Tariff [USD/MWh] Peak Tariff [USD/MWh] 

CSP 150 405 

PV 90 NA 

 

In the current pool price scenario there is a single tariff for each technology and it changes with 

the season, occurring the highest prices in winter. Also, the peak prices occur twice a day. From 8 to 10 

AM and from 7 to 8 PM. The details of the tariff can be observed in Table 3. Moreover, the prices 

change during the week. The lowest prices are associated to the weekend. During these days, the electricity 

demand reduces, reducing the price at which electricity is sold.  

Table 3. Electricity pool price in Upington. 

Season Day 
Base Tariff 

[USD/MWh] 

Peak Tariff 

[USD/MWh] 

Summer 

Mon - Fri 46.11 67.00 

Sat 29.25 46.11 

Sun 29.25 29.25 

    

Winter 

Mon - Fri 62.22 205.00 

Sat 33.79 62.22 

Sun 33.79 33.79 

 

The main values used in the simulation regarding the location are the followings: 

 
Table 4, Main parameters of the location used in the simulation. 

Section Parameter Value used Unit 

Weather related 

Time zone meridian 30 ° 

Longitude 21.27 ° 

Latitude -28.43 ° 

Max. Ambient temp. 41.3 C° 

Min. Ambient temp. -3.5 C° 

Mean Ambient temp 20.43 C° 

DNI 862 W/m2 

    

Economics 

Real Debt Interest Rate 0.02 % 

Annual Insurance Rate 0.01 % 

Plant Life Spam 30 years 



-28- 
 

5 Modeling 

This section covers all the aspect of the methodology procedure used to develop both technology 

models and the combined one. First, an overview of the approach used in every model is given. Then, the 

specific modelling approach is shown for every technology. This section is reinforced with the most 

relevant equations and assumptions used on each case. For the combine model, a special attention is given 

to the control system used to link both technologies operations; this is the core of the PV-CSP model. 

Once the model is described, the cost functions and performance indicators used for the performance 

comparison are explained. At the end, the details of the sensitivity analysis used to find the best operation 

point are shown.  

The procedure taken to develop this combined PV-CSP model was based on the experience that the 

KTH-Solar Group has with their in house tool DYESOPT. It is an optimization tool for energy systems. 

The approach is to use a series of input parameters related to the technology and the location of interest. 

The input parameters are related mainly to two fields: the technology used and the location of 

deployment. For the technology, besides the technical data it is necessary to have cost functions in order 

to estimate the capital expenditures (CAPEX) and the operation (OPEX). As for the location, it is 

necessary to have the meteorological and electricity market data. With the technology information a static 

simulation is done in order to find the nominal point of operation. Then, using the location data a 

transient simulation is done in order to find the variation of desired output parameter during a range of 

time. A general view of the procedures can be observed on Figure 13  

 
Figure 13. DYESOPT simulation flow chart. (18) 

For this research, the main idea was to develop a PV power plant model (PVPPM) and a CSP plant 

model (CSPPM) in order to do transient simulations to estimate the electricity yield for both plants. The 

first thing that was done was to size the desired power plant based on the location of interest and once the 

nominal point is calculated run a transient simulation. Two softwares were used for this, MATLAB and 

TRNSYS. A flow chart is shown in Figure 14. In this section, the detailed procedure of development will 

be explained. During the explanation, several developed MATLAB functions will be pointed out. For 

complete details about these functions, please refer to the appendix section. 
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Figure 14. Flow chart of the complete simulation process. 

After the power output of each power plant is obtained, the general idea was to do a sensitivity 

analysis with some of the input design parameters in order to obtain different values of the performance 

indicators on each of the proposed operation strategies. 

5.1 PV Power Plant Model  

The PVPPM is completely MATLAB-based and was divided in three main parts (functions): input, 

sizing and output. The model was focused on the design of large scale PV solar parks based on a central 

inverter layout. The proposed model accounts for the following: temperature and irradiance effects over 

the PV, solar geometry, solar radiation components, MPPT, solar tracking system (if there is any), 

transmission (DC side) and conversion (DC to AC) losses. The steps taken to develop the model are the 

followings: 

 The input parameters were supplied. Including PV manufacturer data, Inverter 

manufacturer data, desired nominal capacity, local weather data and economic parameters. 

 Using the design values the nominal point of the PV solar park was obtained. For this the 

number of PV panels and inverters were estimated. 

 The solar position throughout a year was calculated 

 The solar radiation over the PV panel surface was calculated for every instant taking into 

account the chosen tracking system method. 

 Electricity yield of the PV panels was obtained (DC side). 

 Electricity yield of the inverter was obtained (AC side). 

In the following sections an explanation of each calculation procedure will be given.  

5.1.1 Input Parameters 

The first function is in charge of collecting all the desired data to run the model. It involves the 

technical data from the PV modules and the inverter, as well as the meteorological data from the desired 

location. At this point no calculation procedure is taken. The main variables are the: 
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Table 5. Main input parameters for PV plant sizing 

Section Parameter Value used Unit 

System and foundation 

Desired Capacity 50 MW 

Oversize factor for current 1.25 - 

Tracking system Fixed-tilt - 

PV tilt angle 28.43 ° 

PV orientation (North-ref) 180 ° 

DC transmission losses 1 % 

PV electrical data 

Rated power 345 W 

Efficiency 0.215 - 

Maximum power voltage 57.3 V 

Maximum power current 6.02 A 

Open circuit voltage 68.2 V 

Short circuit current 6.39 A 

Maximum system voltage 1000 V 

STC radiation 1000 W/m2 

STC Air Mass factor 1.5 - 

STC Temperature 25 C° 

NOCT 45 C° 

Power coefficient 0.30 %/ C° 

Voltage coefficient (Voc) 167.4 mV/ C° 

Current coefficient (Isc) 3.5 mA/ C° 

Manufacture tolerance 3 % 

Inverter electrical data 

Inverter efficiency 0.985 % 

Max. voltage window 850 V 

Min voltage window 525 V 

Maximum DC voltage 1000 V 

Maximum DC current 1240 A 

Rated power 1250 kW 

 

It is important to point out that this function and the input function from the CSP model are 

combined in one for the final simulation. However, it is showed this way because both models are 

independent from each other and could run independently.  



-31- 
 

5.1.2 Sizing of the PVPP 

Once the input parameters are set, the next step was to size the solar farm. The sizing basically 

determines the necessary number of PV modules, how many of them are connected in series on each 

string and how many strings are connected in parallel with the central inverter, the number of arrays and 

inverters. The sizing model is based on the work done in reference (19). 

The first step was to calculate the limit values of the voltage in the PV modules due to changes in 

the cell temperature. For it, Equation ( 1 ) was used using as references the works on (20) and (21) : 

            (       )
 

     
 ( 1 ) 

Where Tamb, NOCT, G and GNOCT are the ambient temperature, the cell temperature at NOCT 

conditions (can be found with the manufacturer data), irradiance and irradiance at NOCT. If the weather 

data of the place is available one can find the minimum and maximum PV module temperature (Tcell_min 

and Tcell_max ) using the minimum and maximum values of Tamb and G (ex: minimum ambient temperature 

and irradiance will give the minimum module temperature). The average temperature can be calculated 

doing the same. After, it was necessary to calculate the estimated PV capacity to cover the desired one. 

This is done because the rated capacity of each module only occurs under STC and this does not includes 

other losses like manufacture‘s tolerance (ftol), DC transmission losses (fDC_trans), power derating due 

temperature variations (fPower) and the inverter efficiency (hInv). It is illustrated in Equation ( 2 ): 

             
                   

                         
 ( 2 ) 

Here, fPower can be calculated with Equation ( 3 ) as follows: 

                (                   ) ( 3 ) 

Where γPower is the power factor given by the manufacturer. It must be used in the equation as 

fraction. The next step was to estimate the minimum and maximum voltage that the module can face due 

to temperature changes. For this, a MATLAB function was created (IV_PVCURVE) which for a given 

level of radiation and temperature returns the Vmp and Imp. How this function works will be explained with 

more details in section: Electricity Yield and Voltage Levels. Once the limit temperature conditions were 

known, the numbers of PV modules in a string could be calculated. Using the data from the inverter 

manufacturer the maximum number of PV modules allowed in each string according the Voc_max and 

Vmp_max can be found as follows, Equation ( 4 ) and ( 5 ): 

                     
                

       
 ( 4 ) 

                     
                  

       
 ( 5 ) 

A security factor of 95% the upper band of the maximum voltage window value was used. The 

minimum value obtained between Equations ( 4 ) and ( 5 ) was used in order to guarantee that the 

voltage window limit will not be exceeded. The number obtained is rounded down. Similarly, the 

minimum number of PV modules per string is obtained with Equation ( 6 ): 
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 ( 6 ) 

The security factor used in the bottom voltage window was 10 % its value. In this case the value 

obtained was rounded up so the voltage of the string never falls below the lower band. Similarly, using 

Equation ( 7 ) the maximum number of strings allowed per inverter is given by the maximum DC 

current limit of the inverter and the Isc of the PV. Also, a factor to oversize the current is used for security 

because the PV modules can be under the effect how higher radiation than its rated, which will lead them 

to produce more electricity than the one at rated conditions. 

                    
           

               
 ( 7 ) 

Now, using Equations ( 8 ) to ( 10 ) the PV array can be sized 

 
                   

          

            
 

( 8 ) 

 
                                                        

( 9 ) 

               
                  
                  

 ( 10 ) 

The final number of arrays was rounded up in order to have all of them of the same size. 

Finally, the final number of PV modules, the array capacity and the total solar farm capacity were 

calculated as follows with Equations ( 11 ) to ( 13 ): 

                                                 ( 11 ) 

                                                ( 12 ) 

                                            ( 13 ) 

 

5.1.3 Solar Position 

One of the most important aspects when working with solar technologies is to know the available 

solar resource on the location of interest. In order to know this, it was necessary to estimate the position 

of the Sun according to the movements of the Earth. As it is known, the Earth rotates around the Sun. As 

it does this, it also rotates over its own vertical axis and tilts on one of its vertical planes. These 

movements make that the ―position‖ of the Sun respect to a point in the Earth changes every instant. An 

accurate calculation of the solar position is necessary to have accurate radiation estimations. 

The solar geometry was modeled with a MATLAB function (SOLAR_GEOMETRY) which 

returns the solar angles when the location and surface data is given. The first step in this process was to 

calculate the solar time for the desired location. Every place on Earth has a respective Time Zone 

Meridian (TZM) from which the local time is corrected using the Greenwich Meridian as the reference. At 
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solar time the day starts when the Greenwich Meridian (GM) faces the Sun, this means that the places 

located to the west of the GM will have a delay in starting the day compare to the solar time. Equation ( 

14 ) can be used to make the conversion to solar hours 

               
              

   
 
   

  
     ( 14 ) 

where tclock is the local time in hours, ψTZM and ψLcl_Long are the corresponding TZM and the local longitude 
in degrees and referenced to the west, DST the daylight saving time correction and EoT is the equation of 
time showed with Equation ( 15 ). 

          (  
   

   
)      (  

   

   
)      (  

   

   
)      (  

   

   
) ( 15 ) 

The constants A, B, C and D are 0.258, -7.416, -3.648 and -9.228 respectively (2). Once the time 
was known it was possible to determine the position of the Sun by calculating a series of angles. The first 
one to be calculated was the declination angle (δ) which measures the tilt that the Earths has with its 
vertical axis along a year. Due to this inclination, when it is summer in the Northern hemisphere it will be 
winter in the Southern hemisphere and vice versa. The declination was calculated as follows using 
Equation ( 16 ): 

       [           (  
     

   
)] ( 16 ) 

using N as the days of a year according to the Gregorian calendar (January 1st is 1) . Parallel to this, the 

hour angle which defines the rotation of the Earth since solar noon and was calculated with Equation ( 

17 )  

   
 

  
(         ) ( 17 ) 

Once this information is known it was possible to start calculating the solar angles. The first one 
was the solar zenith. It is the angle between the normal vector of a point over Earth‘s surface and the 
center of the Sun. It can be determined with Equation ( 18 )  

        (   (        )    ( )    ( )     (        )    ( )) ( 18 ) 

Where ψLcl_ltd is the local latitude in degrees and referenced to the North. On the contrary, the elevation 

angle is the angle between the horizon and the center of the Sun and can be easily calculated with 

Equation ( 19 ) 

             ( 20 ) 

After this, it was necessary to calculate the solar azimuth. This angle represents the direction of the Sun. 

Usually, and also in this work, it is referenced clockwise due south. It can be determined with Equation ( 

21 ) 
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        ( ) |    (
   (  )    (        )     ( )

   (  )    (        )
)| ( 21 ) 

Finally, the solar incidence angle can be calculated with Equation ( 22 ). It measures the angle 
between a particular surface‘s normal and the center of the Sun. It is important to have the surface‘s 
normal aligned as much as possible to the solar beams if the higher irradiance flux is desired. 

           (   ( )    (  )     ( )    (  )    (       )) ( 22 ) 

The variables β and θAS are the tilt angle of the surface and the surface‘s azimuth respectively. 

The surface azimuth is referenced counter-clockwise due south. Alternatively, the incidence angle can be 

calculated in a more general way using Equation ( 23 ) 

 

          (   ( )    (        )    ( )     ( )    (       )    ( )    ( )

    ( )    (       )    ( )    ( )

    ( )    (       )    ( )    ( )    ( )

    ( )    ( )    ( )    ( )) 

( 23 ) 

 

This last equation was not used since the beginning because it was within the interests to know 

specifically the other solar angles for further calculations. 

5.1.4 Solar Radiation for Fixed-Tilt Surfaces 

After the solar position was defined it was possible to calculate the solar flux over a certain 

surface. In this section the focus will be on fixed-tilt surfaces. This is the case of PV solar parks with no 

tracking system. The solar radiation has three main components: beam, diffuse and ground reflected. The 

sums of these three components form the global total solar radiation over a surface. This behavior was 

modeled with a MATLAB function (RADIATION_TILTED_SURFACE) which returns the components 

and the global total solar radiation when the solar geometry is given. Once the local weather data is 

obtained with the beam (Gb) and horizontal radiation (GT,h), the first thing is to obtain the diffuse 

radiation. It can be defined as follows: 

                (  ) ( 24 ) 

The component of the diffuse radiation represents the share of radiation that reaches the Earth after being 

scattered by any other particles on the way (water and air in clouds for example). It can be calculated using 

the model developed by Klucher (22) illustrated on Equations ( 25 ) and ( 26 )  

        [   (     (
 

 
))] [       (
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     (
    
    

) ( 26 ) 

Usually, the meteorological data that can be found shows beam and global total radiation over 

horizontal surfaces. It is necessary to correct this in order to obtain the radiation on the tilted surface. This 

can be done using Equation ( 27 ) 



-35- 
 

             (     ) ( 27 ) 

The third and last component is the ground reflected radiation. It represents the share of solar 

radiation that reaches the surfaces after being reflected by the ground surface (Equation ( 28 )). 

      
 

 
     (      ) ( 28 ) 

Where ρ is the ground albedo and it is equal to 0.2 (8). Once the three components are known 

then it is possible to obtain the global total solar radiation over the tilted surface by Equation ( 29 ) 

                     ( 29 ) 

As it was mentioned before, this procedure was used only in the cases where the PV modules 

are fixed-tilt. For the case when they have single or double axis tracking angle some modifications in the 

angles must be done. This is also the case for the mirrors in the CSP plant solar field (SF). The procedure 

will be explained in the next section. 

5.1.5 Solar Radiation for Tracking Surfaces 

In order to avoid losses in the radiation absorbed by the PV modules or reflected by the SF 

mirrors it is necessary to track the movement of the Sun and get as much as the direct beam radiation as 

possible. In the case of the PV modules this tracking was modeled to be optional single (vertical or 

horizontal) or double axis (both). For the CSP mirrors double axis was always considered. The procedure 

was to apply the angles from Equations ( 30 ) to ( 37 ) on the equations for the radiation components 

(diffuse, beam and ground reflected) as corresponds depending on the tracking case: 

Vertical axis 

      ( 30 ) 

    (  )     (    ) ( 31 ) 

The solar incidence and azimuth angle must be changed by θt and ρ respectively. 

 

Horizontal axis (North-South) 

       (
   (  )

   (  )
) ( 32 ) 

    (  )  √     
 (  )    

 (  ) ( 33 ) 

The surface tilt and the solar incidence angle must be changed by ρ and θt respectively. 

 

Horizontal axis (East-West) 



-36- 
 

       (
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   (  )
) ( 34 ) 

    (  )  √     
 (  )    

 (  ) ( 35 ) 

The surface tilt and the solar incidence angle must be changed by ρ and θt respectively 

 

Double axis 

       ( 36 ) 

       ( 37 ) 

The change on solar zenith and azimuth needs to be tracked at every instant. 

The model created on this work was developed to be flexible enough to consider different 

tracking mode types currently used on solar park PV modules. This includes: single axis (vertical or 

horizontal), double axis or non-tracking (fixed-tilt). Depending on the tracking mode the radiation 

absorbed by the module will be higher and with it also the yield of electricity. More about this will be 

explained in the following analysis sections. 

5.1.6 Electricity Yield and Voltage Levels 

After the solar radiation flux is obtained, the performance of the solar park can be calculated 

through the electricity yield and the working voltage of the PV modules. To do this, a MATLAB function 

was created (IV_PVCURVE_TRANSIENT) in order to obtain the Imp and Vmp when the weather 

conditions change during a range of time. The model is mainly based on previous works of a single diode 

circuit to model a solar cell (23). However, this model has the simplicity of not considering series and 

shunt resistance. This was done for two main reasons. First, to save simulation time and second, because 

the effect of shunt and series resistance is more notorious on low solar radiation levels (9). This work 

focuses its simulations on locations with high solar resources which can avoid errors due this 

simplification.  

The general equation for the single diode model is defined by Equations ( 38 ) and ( 39 ) 

         [ 
     
   ]  

     
   

 ( 38 ) 

   
          

 
 ( 39 ) 

Where      and    are the Boltsmann‘s constant (1.3805 × 10-23 J/K), electron charge (1.6 × 10-19 C) 

and the ideality factor (1.6). If the resistances are not taken into account the expression would be as shown 

in Equations ( 40 ), and it can be solved using Equations ( 41 ) to ( 44 ) (24) : 

         [ 
 
   ] ( 40 ) 



-37- 
 

 
    (

    

    
)       

( 41 ) 

               (          ) ( 42 ) 

 
      (

     
    

)
 

 
  
   (

 

    
 

 

     
) 

( 43 ) 
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( 44 ) 

 

Where   is de band gap for silicon equal to 1.1 eV. The main idea with this function is to obtain Imp and 

Vmp by changing the voltage in order to find Pmax for every instant and simulate the MPPT of the inverter. 

Then, the DC power output of the PV array can be calculated with Equations ( 45 ) to ( 47 ) 

                                   ( 45 ) 

                                ( 46 ) 

                               ( 47 ) 

Once the DC power is obtained, the next step was to model and inverter to convert the DC 

power to AC power capable to be fed into the grid. This was done through a MATLAB function 

(ARRAY_INVERTER) that returns the equivalent AC power when the DC power and the inverter 

technical data are given. The model is based on the work done by NAME (reference) and the expression 

can be observed in Equation ( 48 ) 

 
          

 (    )  √(    )
     (   

         
          

)

 
  

          

 
( 48 ) 

Where the coefficients C1, C2 and C0 are proposed by the author to be the followings depending 

if a high or low efficiency inverter is considered: 

Table 6. Inverter AC Power Coefficients 

Inverter Efficiency C0 C1 C2 

High 0.01 0.015 0.06 

Low 0.005 0.005 0.06 
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Additional to this, the model in this work regulate the DC power input (like it would have to be 

done in real operations) in the way that if the inverter‘s Prated is exceeded, the power output of the inverter 

will be its rated value. Whenever this occurs in the simulation: 

                       

Finally, the solar power output of the whole solar park can be obtained if the AC power of the 

array is multiplied by the total number of arrays calculated previously. 

In order to be able to use this data later in the TRNSYS model, the results obtained were saved 

in a data test file for further processing in the CSP Plant Model (CSPPM). 

5.2 CSP Plant Model  

Using the same structure of the PVPPM (input, sizing and dynamic simulation) a CSPPM with 

tower layout and molten salt storage was developed. However, this model uses MATLAB and TRNSYS. 

The difference in this case is that the transient part is done in TRNSYS. This was done because CSP 

plants have many more components and variables than PV farms, which could generate significant 

complexity and calculation capacity to a MATLAB-based model. TRNSYS offers a variety of components 

that facilitates transient simulations for power plants. Another reason was the control strategies. In several 

cases, the power output of the CSPPM will depend on the current generation by the PV solar farm. These 

regulations can be done with in TRNSYS through control components like PID and valves (this will be 

explained with more detail in the control strategies section). 

 

The main idea is to determine the nominal point of the CSP plant and then use these values to 

run a dynamic simulation in TRNSYS under the same site conditions than the PVPPM. This includes 

nominal point of the power block, solar field, storage tank and solar tower. The scope of this work only 

included the development of the power block, the other models were given by the KTH-Solar Group and 

only small modifications were made to them in order the couple them to the power block. Nonetheless, all 

models will be explained since they all form part of combined PV-CSP model. The steps taken to develop 

the model are the followings: 

 The input parameters are supplied. Including desired temperature and pressure of the 

turbine inlet, desired nominal capacity, local weather data and economic parameters. 

 The power block of the CSP plant is sized. This section mainly includes the layout of the 

Rankine cycle used for the power block. 

 The size of the power block is estimated (in terms of capacity). 

 The storage cycle and the heat exchangers are sized. 

 Sizing of the solar field. Power input and number of heliostats is estimated. 

5.2.1 CSP Input Parameters 

In this case the input parameters function is divided in three sections: the solar field, the power 

block and the TES. Same as the PV part, no calculations are done at this point. The main values to be 

supplied are the followings: 
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Table 7. Main input parameters for CSP plant sizing 

Section Parameter Value used Unit 

Solar Field 

Solar multiple  1:3 - 

Mirror area 120 m2 

Heliostat reflectivity 0.94 - 

Receiver diameter 12 M 

Receiver efficiency 0.88 - 

Receiver set temperature 568 C° 

Tower height 170 m 

TES 

Storage size  2:12 hrs 

Tank height 10 m 

Temperature loss 5 C° 

Power Block 

Nominal capacity 50:150 MW 

Generator efficiency 0.98 - 

HPT inlet pressure 115 bar 

LPT inlet pressure 35 bar 

Feed water pumps eff. 0.85 - 

HPT extractions 2 - 

LPT extractions 3 - 

TTD cold side (PH) 5 C° 

TTD hot side(PH) 2 C° 

TTD reheater 16 C° 

Economizer pinch point 8 C° 

Economizer pressure drop 3 bar 

Superheater pinch point 8 C° 

Superheater pressure drop 6 bar 

Reheater pressure drop 3 bar 

5.2.2 Sizing of the CSP Plant 

As mentioned previously, the model layout is based on a central solar tower with molten salt 

storage. The power block of the power plant is structured as a Rankine reheat cycle with steam extractions 

on both high and low pressure turbines. All the components in the thermodynamic cycle are sized 

according to the inputs parameters given.  

 

Before sizing the power block a labeling strategy was implemented to tag the different states in 

the Rankine cycle. The idea was to develop a function in MATLAB that ‗Sketches‘ the cycle depending on 

the input data. Even though, the layout of the power block will be always a Rankine reheat cycle, the 

number of steam extractions on each turbine is flexible and chosen in the input parameters. Depending on 
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the number of extractions, the label of some of the states may change. The labeling is done by assigning a 

unique number to each state. By doing this, a matrix can be created were the thermodynamic properties 

are the columns and the state number are the rows. This establishes a simple structure to access 

information whenever is needed during the sizing of the components in the power block. Just for giving a 

structure to the labeling procedure, the labels were divided in three categories: fixed labels, related labels 

and variable labels. 

 

The first thing to do is to assign the fixed labels. These ones belong to those states which their 

label will always have the same value independently from input parameters. For all the configurations 

possible, the states after the condenser and the low pressure pump will be always the only ones with fixed 

labels. As an example, these labels were set to 1 and 2 respectively. After this, the related labels are set by 

writing algorithmic relations between states that have a relation regarding their location in the layout. For 

example, the cold inlet to the deaerator will have the following relation: 2(number of LPT extractions) + 

2, where ‗+2‘ indicates the two states before the first subcooler. Finally, in a similar way the variable labels 

are set to the preheaters and the turbine stages. Once all the labels are set, the layout is complete and the 

power block calculations can be done. To see the detailed labeling procedures please refer to the 

MATLAB code in the appendix of this report. As an example, the layout used in a design with one 

extraction on each turbine is showed on Figure 15. 

 
Figure 15. Typical layout for the Rankine cycle used in the modeling process. 

Once the layout is designed, the cycle must be solved using the parameters given. The approach 

was to solve the thermodynamic cycle and find the feed water mass flow out of the deaerator that gives 

the desired nominal capacity stated in the input parameters through an iterative process with the heat 

exchangers mass flows at each of the turbine stages. In order to solve the cycle the following assumptions 

were made: 

 The pressure ratio on the stages is constant. 

 The states after the evaporator, economizer, feed water preheaters and deaerator are saturated. 

 Both pumps increase the temperature of the fluid by 1 °C. 

 The terminal temperature difference at the outlets of the feed water preheater is predefined on 

the input parameters. 

Starting at the first stage of the HPT the iterative process to find the mass flows goes as follows 

in Equations ( 49 ) to ( 51 ):  

  ̇   ̇     ( 49 ) 
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                   ( ̇) ( 50 ) 

                          (                   ) ( 51 ) 

 

where  ̇,  , and     are the assumed feed water mass flow, the specific volume and isentropic efficiency 

of the stage. After the enthalpy of the stage is defined, the mass flow of the extraction can be calculated by 

simply doing heat balance in the hot water preheater. Knowing the extracted mass flow, the inlet mass 

flow for the next stage can be found. The process is repeated for every stage and the deaerator extraction. 

Then the power is of the turbines can be obtained. If it matches the desired power the iterations stop, 

otherwise the process is repeated from the inlet of the HPT. After the mass flows in the cycle are found, 

all the heat exchangers can be sized. The first step was to calculate the effectiveness for each one of them 

depending on the information needed. Equations ( 57 ) and ( 57 ) were used: 
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Where the acronyms h, c, i and o are referred to hot side, cold side, inlet and outlet. Ch and Cc are specific 

heats of each fluid. Then, the UA value for the economizer, evaporator and feed water preheaters were 

calculated using the following equations: 

        [   (        )    ] ( 54 ) 

              (         ) ( 55 ) 

              (             ) ̇  ( 56 ) 

 

The super heater and re-heater use the same equations as the economizer, and the subcooler as the 

evaporator. 

The solar field was modeled using an in-house model developed by the KTH-Solar Group. It is 

based on the approach used in (25). Basically the idea is to calculate the power of the field by section and 

not on each heliostat. The heliostats in one section are assumed to have the same performance. An 

expression for a single heliostat performance and the field section density are obtained as follows by 

Equation ( 57 ) 

   ̇               (     )(      )(        ) ( 57 ) 

            (     
  
  
)       ( 58 ) 

Where AH ,      ,    ,     ,       , rh and hT are the heliostat surface area, surface effectiveness, shadowing 

losses, attenuation losses, spillage losses, distance to the central tower and the receiver height respectively. 

5.3 Combined model 

After both power plants are sized the next step is to run the transient simulation for the 

combined PV-CSP plant. It is mainly based in different levels of control with the purpose of linking all the 

models described before. The main inputs for the transient model are: the market, demand and weather 

data of a TMY, and the operation strategy designed for the electricity supply on each scenario (green 
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clouds on Figure 16). Due to the nature of the PV proposed model, its electricity yield throughout a TMY 

can be known before the dynamic simulation takes place and be used as an input.  

 

Figure 16. Combined PV-CSP simulation approach. 

Knowing all this information prior the dynamic simulation allows the control system to plan the 

strategy. The control unit is divided in two levels. The first one is in charge of setting a firm capacity 

through the CSP in order to compensate the PV plant intermittency. It basically determines the working 

set point for the CSP at every instant. The second level creates the dispatch strategy for the CSP plant. It 

is a set of instructions that tells the power plant when to startup and shut down. Both control levels are 

described in the following section 

5.3.1 Control system 

The control system of the combined plant is one of the most important elements because it 

links the PV to the CSP. It is used to regulate the output of the turbine with the intention of working 

under the desired operating values. In order to do this, a proportional-integral-derivative (PID) control 

was established using the respective component on TRNSYS. The variable to control is the salt flow going 

into the steam generator unit (or out of the hot salts tank) and the controlled variable is the turbine 

output. The set-point of the control unit is the difference between the current demand and the available 

PV power at every instant. If there is no PV power available it will be set to the nominal capacity of the 

CSP plant. This can be observed on Figure 17.  

 

 

 
Figure 17. PID control for CSP plant working point. 
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The tuning of the controller was done through trial and error methods until getting the desired 

response signal (as it is usually done in reality). Since the tuning is independent of the set-point, the 

calibration was done only one time. The values obtained for the gains are the followings: 

 
Table 8. PID controller gain parameters used. 

Gain type Value 

Proportional  9.8 

Integral  0.025 

Derivative 0 

 

The proportional gain value was mainly used to adjust the response time of the power plant at 

which the set point is found as shown on Figure 18. It can be observed that it takes approximately 0.25 

hours to reach the operation point at the beginning of the day. Then the response becomes more faster. 

This is mainly due to the fact that at the startup moment, the controller must switch from zero to the 

value of the set point at that instant, so more time is required to find the respective salt flow. Some step 

changes can be observed also, this is because the PV time step data is associated to the radiation data 

which has a time step equal to 1 hour. The simulation time step was 0.01 hours. Moreover, for this 

example, the nominal capacity is 100 MW, however, this point is not exactly reached. This is because the 

proportional gain needed to be higher. But increasing this value will increase also the oscillations during 

each time step. In order to reduce the oscillations, the integral gain needs to be increased. Nonetheless, 

high values for the integral gain affect the response time. The best balance was found with the values 

showed on Table 8. This is one of the main drawbacks of the model, especially if the plant is designed to 

operate for short intervals due to the delay on the startup. As for the derivative gain, it was found that 

increasing this value, the oscillations increased. According to some literature reviewed (26) (27), this value 

is more associated to systems that depend on differential equations, which is not the case. It is important 

to mention that the component used simulates the behavior of a PID by just iterating in shorter time steps 

than the general TRNSYS iterations and reducing the error with the supplied set-point. The controller is 

not linked at all to the physics behind the system. The values of the proportional, derivative and iterative 

gain may not be the same as the ones used in a PID controlling a system of the same nature (26). 

 

 

 
Figure 18. Response time for selected gain values. 

Once the load controller is set, the next control level is the dispatch plan. All the input values to 

the dynamic model are given in sets of one year. This allows planning ahead the dispatch strategy for the 
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CSP plant. Thus, the control plan is given for the whole year. In reality this planning is done one or two 

days in advance due to the difficulties that currently exist in predicting the solar radiation for several days 

periods. The core of the operation strategy is a set of instructions suited to the scenario characteristics so 

the best performance of the plant can be obtained. It tells the CSP plant when to dispatch electricity at the 

salt flow set by the PID. The intention with this ahead planning is to know the amount of salt available 

per day so the operating hours can be scheduled. Knowing the salt production per day it is possible to 

estimate the possible hours that the CSP plant can work if the salt consumption is known. Since this value 

is given by the PID during the transient simulation it was necessary to do trial runs in order find the salt 

consumption depending on the capacity and the set point. An example can be observed on Table 9. Once 

these values are obtained, interpolation can be done to find the desired value. This type of table was done 

for every CSP nominal capacity studied. 

 
Table 9. Portion of corresponding values of salt demand on a 50 MW CSP plant for the proposed model. 

50 MW Nominal Capacity 

Set point [MW] Salt demand [kg/hr] Set point [MW] Salt demand [kg/hr] 

50 1402300 38,001 1094300 

49,001 1365100 37,001 1065900 

48 1331900 36,001 1040200 

47 1305500 35,001 1008600 

46,001 1294700 34,001 982450 

45,002 1267000 33,001 968890 

44,001 1244700 32,001 952050 

43,001 1222900 31,001 925650 

42,001 1183800 30,001 903230 

41,001 1156700 29,001 877240 

40,001 1130500 28,001 851500 

 

Once the values of the salt consumption are known, the possible hours that the CSP plant will 

be able to work on each day can be estimated as shown on Figure 19. The main idea is to assign as many 

hours of operation as possible to a day without depleting the tank below a security margin of 2.5% its 

maximum capacity. Moreover, the hours are assigned with a priority level, being peak hours the most 

important ones. Within the peak hours, the priority is given to the hours that have the highest penetration 

of PV in order to safe storage. 

 

 

 
Figure 19. Daily operation hours estimation flow chart. 
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The advantage of an anticipated dispatch strategy is that operation priority can be given to hours 

of interest. As an example, hours where the electricity is sold at a higher tariff or when PV is available so 

the use of storage can be optimized. This had to be done since the dynamic performance of the plant is 

not known at this point, specially the one of the storage tanks because it depends in a large set of factors. 

The estimation made on the pre-planning regarding the salt consumption can be under or over estimated. 

It attaches a small degree of inefficiency on the operation strategy. Finally, the operation strategy control 

goes as shown in Figure 20, where the ―Yes‖ signal leads to startup/continuing operations and ―No‖ to 

shut-down/remain off operations. 

 

 
Figure 20. CSP plant operation strategy flow chart. 

5.3.2 Performance Indicators 

After the operation strategy is defined, the simulation setup is ready. After the transient 

simulation is completed, the post processing of data occurs. At this point the performance indicators are 

calculated. For each set of input parameters a unique LCOE, IRR and capacity factor is obtained. The 

LCOE represents the minimum price at which electricity should be sold in order to not have any 

economic losses after the decommissioning of the power plant. It was calculated as follows: 

 
      

            

    
 ( 59 ) 

 
  

     (       )
 

(       )
   

      ( 60 ) 

Where CAPEX and OPEX stand for capital and operation and expenditures. As for the capital 

investment it holds direct and indirect costs. The operation expenses are integrated by variable and fixed 

operation and maintenance costs. The factor   is an analyzing factor that takes into account the interest 

rates used. The life spam of the project (years) is represented by   and the capital insurance rate by     . 

These costs are very susceptible to the type of technology and the place where the project is going to be 

developed. Moreover, project developers are usually very jealous with this information. For this reason, 

the best approach found to estimate the CAPEX and OPEX was to collect as much information as 

possible about projects of the same nature in the location of interest and adapt it to the size of interest 

(capacity of the power plant). So far there are no CSP power plants in operation currently in South Africa. 

Reports specialized on the deployment of CSP plants were used instead (4). As for the PV case, the first 

three solar PV parks started operation last year. A report with detailed costs report could be found for one 

of them, the 75MW Letsatsi Solar Park, and used as reference costs for the sizing adaptation of the PV 

plant (28). 

CSP cost functions 

For the CSP plant, a reference plant of 55 MW was considered. The different reference costs 

associated to this plant were taken from reference (4). They reference cost and sizes can be observed in 

the appendix section. The equations used to adapt the reference costs to the desired plant size are shown 

below: 
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Where             is defined as the sum of equations ( 61 ) to ( 66 ) and               the sum from 

equations ( 61 ) to ( 66 ). Finally the total       is defined as the sum of both values, direct and indirect. 

It was also necessary to estimate the      for the PV side. Using the same approach, the cost functions 

used are the followings 
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Finally, the OPEX is the sum of Equations ( 72 )to ( 77 ). 

PV cost functions 

As for the CSP plant, some cost functions were used to adapt the reference values found to the 

desired size of the PV solar park. Different from CSP plants, there are currently some operational PV 

solar parks in South Africa. As it was mentioned before, the 75 MW Letsatsi solar park was used as 

reference. The cost functions used are showed below 
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In this case, the       was considered to be the sum of all costs associated to the PV plant (Equations 

( 78 )to ( 82 )). Next, the OPEX was calculated: 
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Finally, the OPEX was calculated by adding the values from Equations ( 83 ) to ( 85 ).  
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Another important definition is the net present value (NPV). It compares the present value of 

the project today to the present value of the project in the upcoming years, considering the return rate and 

the inflation. It can be calculated as showed in Equation ( 86 ) 
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Where REV and Cdec are the revenues produced by selling electricity and the decommissioning 

cost respectively. Once it is known the NPV, the IRR is obtained by finding the interest rate   that zeroes 

the value of NPV.  

Finally, the capacity factor is defined as the amount of time in a year at which the power plant 

operated at its nominal capacity. In other terms, it is the ratio between the electricity produced in one year 

and the electricity produced if the works at nominal capacity during the whole year. For the combined 

configuration is calculated as follows: 

      
                      
                   

 ( 87 ) 

 

5.3.3 Sensitivity Analysis 

In order to be able to observe tendencies, it was necessary to do a sensitivity analysis varying the 

SM, storage size and the capacity of the CSP respect to the one of the PV  park (equal, double and triple). 

The nominal capacity of the PV solar park was set to 50 MW. The details of the sensitivity analysis can be 

seen in Table 10. The aim of the analysis was to calculate the performance indicators for each case. On the 

economical side the IRR and LCOE of the whole project for the combined configuration, CSP alone and 

PV alone power plants. And regarding the operation side, the capacity factor Fcap was measured. The 

values used for the sensitivity analysis are shown in Table 10 

Table 10. Sensitivity analysis variables. 

Variable Range  Step 

SM 1:3 0.4 

Storage Size [h] 2:12 2 

CSP nominal capacity [MW] 50:150 50 

 

The transient simulation is repeated for many combinations of these three variables within a 

selected range. As an example, the aim of this approach can be observed in Figure 21. It shows how the 

IRR is affected by the size of the plant in terms of solar multiple and storage. It was found that the 

optimal point under those conditions lies around a SM of 1.8 and 4 hours of storage. The complete 

analysis of the results obtained is discussed on the next chapter, Results 
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Figure 21. Influence of the SM and the storage size on the IRR for  the a PV-CSP plant. 
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6 Results 

This chapter presents the results obtained after the simulations. The first two scenarios 

described represents the conditions of the REIPPP and the third one the current electricity pool prices in 

South Africa. Every scenario is explained showing the operation strategy developed accompanied by the 

performance indicators for each technology. The results are presented in tables so the trends can be 

observed. At the end of the chapter a global explanation is given showing all the results obtained. 

6.1 REIPPP with Fixed Demand 

This scenario represents the current state of the REIPPP according to the last bit window. A 

typical week of operation in summer for the combined and CSP alone configuration is showed on Figure 

22 and Figure 23 respectively. The operation strategy has as priority to work during the peak tariff hours; 

this means that storage must be always available to cover the peak hours as long as the storage is sized 

large enough. These hours are located mostly outside sun hours, especially in winter. If a day of bad 

radiation is expected, the plant is set to work only during the peak hours. This allows securing the storage 

for the hours of priority. It was defined a day of bad radiation as those days who has lower salt production 

than 50% of the average production throughout the year. Sunday on Figure 22 is an example. For the 

combined configuration the working point of the CSP will be set as the difference between the current 

available PV power at that instant and the fixed demand. As for the CSP alone case, the working point will 

be its nominal design point (Figure 23). 

 
Figure 22. Typical operation week for the combined plant under the REIPPP with fixed demand scenario. 

 
Figure 23. Typical operation week for the CSP alone plant under the REIPPP with fixed demand scenario. 
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Since the grid is considered weak and susceptible to strong frequency changes, the PV power 

can never enter into the grid by itself, it always have to be backed up by CSP in order to supply stable 

power to the grid. If there is no production of CSP power, the PV supply must be curtailed. Moreover, if 

the available PV power exceeds 70% of the CSP nominal capacity, the exceeding power must be curtailed 

in order to not set the CSP working point under 30% its nominal capacity. Below this point the turbine 

can not operate. Both curtailment methods are applied on all the scenarios and operation strategies. 

One of the aspects the proposed model does not consider is the startup of the turbine. The salt 

consumption during this process is not being taken into account. For this reason, during the whole year 

the plant will have only one startup per day and will stop operations when there is no more TES available 

or when the peak hour interval ends.  

The results obtained in this scenario are showed in Table 12 and Table 12. The first table 

shows the results for the CSP alone configuration. It can be observed that for all capacities, the CSP plant 

is economically feasible with good values of IRR. The main reason behind this is the difference between 

the tariffs with incentives and the ones of the conventional pool price. These incentives have a direct 

positive effect on the IRR. Moreover, it was found that the IRR increases with the nominal capacity of the 

CSP plant. This result is mainly driven because the CAPEX of the plant does not increase linearly with the 

size of the plant but the revenues do. Regarding the LCOE, it can be observed that it has the same 

tendency as the IRR, its value improves when the capacity is increased. This occurs for the same reasons 

of the IRR case.  

Table 11. CSP Alone Performance Indicators for the REIPPP with fixed demand scenario. 

Configuration Indicator 
CSP Nominal Capacity [MW] 

50 100 150 

CSP alone 

IRR [%] 16.91 17.16 18.63 

Fcap [%] 45.70 18.77 19.17 

TES [h] 4 4 4 

SM [-] 2.2 1 1 

    

LCOE [USD/MWh] 84.60 83.19 77.48 

Fcap [%] 45.70 45.11 45.22 

TES [h] 4 4 4 

SM [-] 2.2 2.2 2.2 

 

As for the sizes values, SM and storage hours, both LCOE and IRR have the optimal point of 

operation at 4 hours. This behavior is normal because the peak tariff is 2.7 times the base one and it is 

available for 4 hours. Moreover, the peak hours occurs at late evening when the Sun is about to set and 

the radiation is almost zero. As such, it is necessary to have enough storage when this time arrives, 

especially in winter. If the peak hours were located permanently during sun hours, at noon for example, a 

smaller storage can be expected because high and lower rates of salt production and consumption 

respectively, takes place at the same time for larger periods.  

It can also be observed that the solar multiple in the LCOE is higher than the one in the IRR 

for the 100 MW and 150 MW case. The small size of the CSP plant for the IRR is due to the high 

incentives and this is a value that the LCOE does not take into account. Small SM and storage is 

associated to small electricity yield throughout the year. While the electricity yield is larger, the LCOE will 

be reduced. The sizing values do not change with the capacity except for the 50 MW case on the IRR 

section. This should not occur in reality because for a single operation strategy, the capacity factor should 

be the same regardless of the nominal plant capacity. The source of error relies on the control system and 

the salt output tables created for each capacity (Table 9 ). This table was created under steady state 

conditions. When the simulation is run on transient intervals the salt consumption was found to be higher 

than the estimated value. As such, the planning is done with more working hours than possible. In some 
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cases this can compromise the storage planned for the peak hours since operations start earlier than it 

should. One example of this is Thursday on Figure 22. It can be observed how the set point of the CSP 

plant starts oscillating due to the lack of storage. It was observed that this effect was reduced when the 

capacity of the CSP increased. Regardless this issue, the comparison of the combined model with the CSP 

alone plant is not affected. The difference between both configurations can still be observed using Table 

12 . The first aspect to discuss is that the combined configuration is also economically feasible within 

good ranges. However the values in each case are smaller than the CSP-alone configuration. The main 

reason behind this result is that the upfront cost of the combined strategy is considerably higher than the 

CSP-alone. In both cases, the same CSP plant is needed. Due to the integration of PV, the CAPEX and 

OPEX can increase even up to 50% when PV penetration is the highest (50 MW case). Moreover, the 

surplus on electricity yields generated by PV does not compensate for the increment on investments. The 

tariff associated to PV electricity is very low compared to the CSP tariff. This explains why the SM values 

are higher for the IRR in the combined configuration. By increasing the SM, more working hours can be 

scheduled for the CSP plant. 

Table 12. Combined Performance Indicators for the REIPPP with fixed demand scenario. 

Configuration Indicator 
CSP Nominal Capacity [MW] 

50 100 150 

PV-CSP 

IRR [%] 8.90 13.21 14.45 

Fcap [%] 45.65 42.74 38.35 

TES [h] 4 4 4 

SM [-] 1.8 1.8 1.8 

    

LCOE [USD/MWh] 124.09 97.82 92.77 

Fcap [%] 49.18 48.29 45.95 

TES [h] 4 4 4 

SM [-] 2.2 2.2 2.2 

 

As for the capacity factor, it is observed an increment when PV is integrated. It can be seen that 

for the LCOE both configurations have the same SM and storage. But the capacity factor is higher on the 

combined configuration in every case. If PV is integrated, storage is saved and the production on the CSP 

side can be extended to larger periods due a reduction in the hot salt tank demand, thus increasing the 

capacity factor. When the CSP capacity increases and the PV capacity remains the same this effect is lost. 

As it can be observed in Table 12, Fcap decreases with the increment of the CSP capacity, up to the point 

that in the 150 MW case, it is almost similar as the CSP alone configuration 

6.2 REIPPP with Variable Demand 

This scenario is also based under the scheme of the REIPPP. A typical week of operation in 

summer is showed on Figure 24. The main variation with this scenario is the increment of the demand 

during peak hours. It was increased 20% respect to the base demand. This illustrates in a more realistic 

way how the demand may change throughout a day in Upington. Peak hours are paid higher because the 

demand increases during this period. As the previous scenario, the goal here is to work as much as 

possible during the day without compromising storage for the peak hours. The PV curtailment strategy 

and the single startup operation are also maintained. 

As it was expected, all the tendencies explained on the previous scenario results were also found 

on this one. The results of the CSP-alone configuration are shown in Table 13. The IRR was found to be 

higher in all cases compared to the prior scenario. The increment on the nominal capacity is the main 

driver for this result. This will increment the electricity production, which is proportional to the revenues. 

It was also found that the CSP can be sized smaller in all possible cases. In this case, the SM used is 

associated to a higher capacity than the one that is operated outside peak hours, resulting on more salt 
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available to work with for salt consumption below the nominal point outside the peak hours interval, thus 

the capacity factor increases. The cases of 100 MW and 150 MW show no reduction in the SM because 

this value is already the lowest allowed by the sensitivity analysis. CSP plants can be designed with SM 

lower than one if the plant is intended to work during peak times (29). If SM values below 1 would have 

been considered in the analysis, most likely, this would have been the case of the 100 MW and 150 MW 

plants since the optimal storage point is just enough to cover all of the peak hours. In this case, the plant 

can save storage all day to be used only on the peak hours.  

 

 
Figure 24. Typical operation week for the combined plant under the REIPPP with variable demand scenario. 

 
Figure 25. Typical operation week for the CSP alone plant under the REIPPP scheme with variable demand scenario. 

The error associated to small capacities is also presented here but with a smaller gap. It was 

expected since all the capacities were increased 20%. Another cause of this error is that the time step used 

in the planning (1 hour) is not the same as the one in the transient simulation (0.01 hour). As an example, 

if the remaining storage at the end of the day is 0.9 hours, the planning strategy will not consider this as 

available storage. As such, sometimes some storage is lost. As it can be seen on Figure 22, for some days, 

the tank level does not go below approximately 25% which can represent an hour of operation in a 4 

hours storage tank. 
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Table 13. CSP Alone Performance Indicators for the REIPPP with variable demand scenario. 

Configuration Indicator 
CSP Nominal Capacity [MW] 

60 120 180 

CSP-alone 

IRR [%] 18.05 19.06 19.97 

Fcap [%] 38.43 21.89 21.67 

TES [h] 4 4 4 

SM [-] 1.8 1 1 

    

LCOE [USD/MWh] 86.57 82.43 81.22 

Fcap [%] 43.07 39.16 37.39 

TES [h] 4 4 4 

SM [-] 2.2 1.8 1.8 

 

Regarding the combined configuration, the results are shown in Table 14. The IRR was found 

to be positive and within good ranges but still lower than the CSP-alone configuration. Though, a smaller 

gap exists in this case because the penetration of PV is reduced. Moreover, the capacity factor is also 

higher in all cases when compared to the CSP-alone configuration. For different capacities, Fcap was found 

to be higher when PV penetration was the maximum possible. Compared to the previous scenario the 

difference between capacities is smaller because as the CSP plant growths in capacity, the benefits of PV 

penetration are lost. 

 
Table 14. Combined performance Indicators for the REIPPP with variable demand scenario. 

Configuration Indicator 
CSP Nominal Capacity [MW] 

60 120 180 

PV-CSP 

IRR [%] 10.46 15.10 16.23 

Fcap [%] 41.26 38.76 33.35 

TES [h] 4 4 4 

SM [-] 1.4 1.4 1.4 

    

LCOE [USD/MWh] 119.18 92.47 87.72 

Fcap [%] 44.27 43.99 41.83 

TES [h] 4 4 4 

SM [-] 1.8 1.8 1.8 

 

Finally, the results for the PV-alone scenario are shown in Table 15. This table is valid for both 

REIPPP scenarios since the output and tariff of the PV plant is the same. It was found that it holds the 

lowest LCOE and IRR. This occurs because the CAPEX of the PV plant are considerably lower but the 

tariff is also low for this technology. Still, from and investment point of view the value of IRR obtained is 

within a good range. Even though, PV plants rarely work at nominal capacity, the Fcap obtained is fairly 

high. This is attributed to the fact that sometimes radiation is higher than the one at STC conditions, 

which means the power output will be higher than the rated.  

 
Table 15. PV Alone for both REIPPP scenarios. 

PV alone 
IRR [%] LCOE [USD/MWh] Fcap [%] 

5.6 74.62 27.59 

6.3 South Africa Pool Prices 

The main idea with this scenario was to study the performance of both technologies and its 

combination when they compete with the conventional generators by participating in the electricity pool 

price. One of the main differences with the two previous scenarios is that there are two intervals of peak 

hours, at early morning and late evening. Under these conditions it is imperatives to make two startups in 
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one day, especially for small sized plants. Also, the operation strategy varies depending on the day. On 

week days, the plant was set to operate during the peak times and outside it only if the storage is not 

compromised for the next day. Since there is a peak time in the early morning, the storage to cover these 

hours must come from the previous day. On Saturdays the tariff is reduced and so the operation hours of 

the plant because the first peak is longer. On Sundays the price is the lowest and constant throughout the 

day. For this day the plant was set to do only one startup and operate at noon in order not to use the 

storage. 

 
     Figure 26. Typical operation week for the combined plant under the South Africa pool price scheme scenario 

 
    Figure 27. Typical operation week for the CSP alone plant under the South Africa pool price scheme scenario 

The results obtained for the CSP-alone configuration are shown on Table 16. The first 

difference is a significantly reduction on the IRR. The project reaches the point where it is not anymore 

economically attractive. Conventional technologies, like coal power plants, have very low LCOE 

associated, as such; the market is adjusted to these prices. In this case the electricity price falls below the 

optimum LCOE, which is a clear sign of the unprofitability of the project. For both IRR and LCOE, the 

optimal storage size was found to be 6 hours. A larger storage is required due to the morning peak. The 

SM and storage size turned out to be higher because the operation hours in this case tend to be more. 

Moreover, usually CSP plants have auxiliary fuel back up that is used to cover the demand on early 

morning periods while the storage tank is filling up (30). The proposed operation strategy does not 

consider any backup system. A share of the salts production of each day must be saved to cover the 

morning peak of the next day. If the daily operation is to be maintained, the salt production and storage 

size must increase.  

 

Finally, it can be observed that the values of the LCOE were kept on the same range. This 

happens due to the fact that it does not depend on the electricity tariff 
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Table 16. CSP Alone performance indicators for the South African pool price scenario. 

Configuration Indicator 
CSP Nominal Capacity [MW] 

50 100 150 

CSP alone 

IRR [%] -0.99 0.23 0.63 

Fcap [%] 41.43 38.62 39.28 

TES [h] 6 6 6 

SM [-] 2.6 2.2 2.2 

    

LCOE [USD/MWh] 103.69 94.74 90.51 

Fcap [%] 41.43 38.62 39.28 

TES [h] 6 6 6 

SM [-] 2.6 2.2 2.2 

 

The results of the combined configuration can be observed in Table 17. For this configuration 

the IRR is always negative, which means that no profits were generated during the life time of the power 

plant. The capacity factor of the combined configuration was found to be higher in all cases. However, 

there is no difference between the cases of the PV-CSP plant, the capacity factor remained the same. 

What happens in this scenario is that the values for SM and storage are higher, especially the SM. 

Regardless the increment of capacity factor that is associated with PV integration, for a CSP plant of such 

size, the capacity factor is already high enough to cover the maximum of operating hours possible, thus 

the benefit of PV is not relevant.  

 

Even though the project is not economically feasible, the values between the IRR of the CSP 

alone and the PV-CSP plant are fairly similar. The explanation behind this relies on the specific cost for 

each technology. The kWh produced by the PV share on the combined operation had a lower investment 

cost and are being paid the same as the ones of CSP which are related to a higher CAPEX. This can leave 

the door open to think that if PV prices continue with a decreasing tendency, the combined strategy can 

have a better economic performance than both technologies working alone (in terms of IRR). However 

under this same line of thinking, the prices of CSP should decrease also, which also can increase the 

profitability of the CSP alone option. 

 
Table 17. Combined performance indicators for the South African pool price scenario. 

Configuration Indicator 
CSP Nominal Capacity [MW] 

50 100 150 

PV-CSP 

IRR [%] -4.73 -1.51 -0.55 

Fcap [%] 44.37 43.62 43.66 

TES [h] 6 6 6 

SM [-] 2.2 2.2 2.2 

    

LCOE [USD/MWh] 140.38 109.99 99.22 

Fcap [%] 44.37 43.62 43.66 

TES [h] 6 6 6 

SM [-] 2.2 2.2 2.2 

 

Regarding the PV alone case (Table 18), it was found that under these conditions it is not 

profitable, still, it shows better IRR than the 50 and 100 MW case of the combine generation. Also, the 

values are very close to the ones of CSP alone. This occurs because the PV alone configuration is not as 

dependent of the incentives as CSP plants. The LCOE of this technology is the lowest. As such, from an 

investment point of view, it should be the investment alternative.  
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Table 18. PV Alone for the South African pool price scenario. 

PV alone 
IRR [%] LCOE [USD/MWh] Fcap [%] 

-0.97 74.62 27.59 

6.4 Overall Discussion 

As a general comment, it is important to point out that most of the values obtained for the SM 

can be considered high for the small storage associated to the optimal configuration found (30). As 

mentioned before, the time step used for the planning does not match the simulation time step. Moreover, 

the step used for the SM in the sensitivity analysis should be smaller in order to get more accurate results. 

However this value was necessary to be kept in order to reduce the simulation time. In order to solve this, 

the operation strategy accuracy must be reviewed so it can offer a more efficient use of the storage. On 

Figures 22 to 27 it can be observed that in most of the cases there is always some storage capacity that is 

available and it is not being used. Nonetheless, the comparison between technologies can be done.  

On table Table 18 it can be observed that for all scenarios and cases the IRR is proportional to 

the capacity of the CSP plant. As explained before, the profits generated by increased the CSP size are 

larger than the investment cost of it. As it can be seen, the most profitable scenario is the one with the 

highest nominal capacity on the CSP plants. For both scenarios under the REIPPP the IRR can be 

considered attractive for investment. The pool price scenario shows worst number for IRR from an 

investment point of view. However, the gap between the IRR of this scenario and the ones with incentives 

was significantly reduced, showing the importance that the PV tariff has for a PV-CSP plant under these 

conditions. 

Table 18. IRR for all scenarios. 

Configuration Scenario 
IRR 

50 100 150 

PV-CSP 

REIPPP - Fixed 8.90 13.21 14.45 

REIPPP - Variable 10.46 15.10 16.23 

Pool Price -4.73 -1.51 -0.55 

     

CSP-Alone 

REIPPP - Fixed 16.91 17.16 18.63 

REIPPP - Variable 18.05 19.06 19.97 

Pool Price -0.99 0.23 0.63 

 

The values of LCOE for all scenarios are shown in Table 18. Same as the IRR, the value 

improves with the increment of the CSP capacity. Generally, at higher capacities more electricity is 

generated. The REIPPP – Fixed scenario was found to be the best in terms of LCOE and IRR. According 

to reference (29), CSP plants designed to work only during high demand periods are associated to higher 

LCOE because the CSP plant must be larger in capacity. As it can be observed, the REIPPP-Variable 

scenario holds larger LCOE values than the REIPPP – Fixed scenario even when the SM in the first case 

is smaller (REIPPP-Variable). The comparison is not valid for the pool price scenario because a different 

operation strategy was used. When PV is integrated, the REIPPP – Variable scenario has the best LCOE. 

However, this effect is mostly driven for the reduction in the SM and not for the benefits of PV 

integration. 
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Table 19. LCOE for all scenarios. 

Configuration Scenario 
LCOE 

50 100 150 

PV-CSP 

REIPPP - Fixed 124.09 97.82 92.77 

REIPPP - Variable 119.18 92.47 87.72 

Pool Price 140.38 109.99 99.22 

     

CSP-Alone 

REIPPP - Fixed 84.60 83.19 77.53 

REIPPP - Variable 86.57 82.43 81.22 

Pool Price 103.69 94.74 90.51 

 

The PV-alone system seems to be the most attractive from an investment point of view. Even 

though it does not offer the highest revenues in any case, this system is the most independent of 

incentives of all the three configurations. This lowers the risk of investment which is a very important 

indicator for any investor and it cannot be measure by any of the performance indicators used in this 

research. Even though, the REIPPP offers PPA for 20 years, the risk of this scheme collapsing will always 

be present. It already happened in Spain, which at some point the market for solar technologies was 

considered as good as South Africa is considered now. Moreover, the structure of the South African 

electricity market is a monopoly, where the state company controls the transmission and distribution 

market. In the events of the REIPPP failure there will be only one buyer to sell electricity to, and 

technologies more distant from grid parity will be the most affected. Under this line of thinking, a PV-

CSP configuration where the capacity of CSP is close to the one of PV could rise also as a lucrative 

investment option. As it was found in all cases, this configuration will also offer higher capacity factor, 

which can be useful to attack the outages of power that currently occurs due to the lack of installed 

capacity. Higher capacity factors can bring benefits at grid level that were not addressed in this work. 

Table 20. PV Alone indicators for all scenarios. 

PV alone 

Scenario IRR [%] 
LCOE 

[USD/MWh] 
Fcap [%] 

REIPPP 5.6 74.62 27.59 

Pool Price -0.97 74.62 27.59 
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7 Conclusions 

 A techno-economic analysis for the performance of combined PV-CSP plants under different 

scenarios in South Africa is presented in this Master Thesis project. A model capable of estimating the 

optimal configuration of combined PV-CSP plants in terms of SM and storage size designed to supply 

stable power to the grid was successfully developed. Additionally, the model was tested under different 

scenarios and control strategies suited for the selected location.  

The results obtained showed that integrating PV to the operation strategy of a CSP plant 

reduces the profitability of the project under the REIPPP scheme. For the current pool market prices 

scenario the strategy was not profitable at all. This clearly highlights the importance of government 

initiatives in order to promote the development of renewable energy technologies. It was also found that 

the best economic performance occurs when the technologies work by themselves. The highest IRR and 

the lowest LCOE were always linked to the CSP and PV alone configuration respectively. However, in 

terms of capacity factor the combined strategy was superior, showing in some cases increments of more 

than 30%. Through the sensitivity analysis some tendencies were observed regarding the optimal points of 

design. For the REIPPP scenarios the optimal design point was always located at 4 hours of storage and at 

higher solar multiples for the LCOE indicators when compared to the IRR values. For the real market 

scenario the SM and storage size where the same for the performance indicators in the combined 

configuration. Generally, the SM values obtained can be considered high. Even though the model is 

capable of finding the optimal point for certain operation strategy, it does not necessary means that the 

operation strategy used is optimal. A refining of the operation strategies used is necessary in order to get 

more accurate results. Nonetheless, the comparison between technologies could be done with the results 

obtained. 

From an investment point of view it seems that the best option is the PV-alone system because 

it is less dependent on the incentives. However, a combined strategy with a small gap between both 

technologies capacities can be an interesting investment option if the investment risk is to be decreased. 

This will allow taking advantage of the incentives while the risk of investment is reduced. The profitability 

of a PV-CSP plant was found to be very sensible to the difference between the tariffs of CSP and PV. A 

sensitivity analysis using both tariffs would be needed in order to find the tariff that offers higher IRR for 

the PV-CSP plant than for the CSP alone. 

The incentives schemes for power generation technologies like the one proposed in the REIPPP 

are susceptible to frequent changes. Thus, fast and efficient tools are necessary to analyze the feasibility of 

these systems in the most effective and accurate way. The model presented in this work propose a fast 

preliminary assessment on the economic and technical feasibility of combined PV-CSP plants, thus it 

offers a valuable tool to support decision making process for investments on modern generation 

technologies. 
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8 Future Work 

The model presented on this work was found to be a useful tool for techno-economic analysis 

of combined PV-CSP power plants, yet there is still room for improvements. Some of the planned future 

work is: 

 Refine the assessment of operation hours for each day so the use of storage can be optimized. 

They planning of the operating hours should be done according to the time step of the transient 

simulation. 

 Consider the performance cost of the turbine startups. This is associated to salt consumption 

that was not considered on this work. 

 Refine the steps in the sensitivity analysis so more accurate results can be obtained. 

 Perform optimization work by including more than three variables in the sensitivity analysis. As 

an example, the PV capacity must vary also. 

 Perform studies were the CSP plant is intended to work as a base load power plant. 

 Study performance indicators at grid level. Usually, power systems need infrastructure 

reinforcement when intermittent power sources are integrated. By supplying firm capacity this 

can be avoided. 
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10 Appendix 

 

Appendix 1. CAPEX reference costs for CSP. 

Expenditure type Cost [Euros] 

Balance of Plant (BOP) 4884162.00 

Steam generation unit 10863968.74 

Power block 31333964.53 

Feed water preheater 1014148.64 

Solar Receiver (instrumentation and control incl.) 7935100.00 

Solar field 48667834.29 

Salts cost 360106.46 

TES system(without salts) 9621596.00 

Tower (Riser/Down comer piping incl.) 10148000.00 

Civil works and land preparation 20641467.03 

Evaporation ponds 93263.62 

CAPEX 191271814.50 

 

 
Appendix 2. CAPEX reference sizes for CSP. 

Expenditure type Reference Size 

Power block [MW] 55.00 

Receiver area [m2] 130.03  

Receiver power [MWth] 241100.00 

Solar field (mirror area) [m2] 435735.00 

TES capacity [MWth] 405.9 

Land Area [m2] 2430000.00 
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Appendix 3. OPEX reference costs for CSP. 

Expenditure type Cost [Euros] 

Operations Labor 1 730350.00 

Operations Labor 2 612900.00 

Power block labor 1 334800.00 

Power block labor 2 1017900 

Solar field labor 1 7935100.00 

Solar field labor 2 874800 

Site miscellaneous 61924.40 

Solar field miscellaneous 194671.34 

Receiver miscellaneous 54249.79 

TES miscellaneous 28864.79 

Power block miscellaneous 210000.00 

Services 199827.00 

Utility water 79842.00 

Utility electricity 111320.00 

 

 
Appendix 4. OPEX reference sizes for CSP. 

Expenditure type Reference Size 

Aperture area [m2] 435735.00 

Receiver area [m2] 130.03  

Receiver power [MWth] 241100.00 

Solar field (mirror area) [m2] 435735.00 

TES capacity [MWth] 405.9 

Land Area [m2] 2430000.00 
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Appendix 5. CAPEX reference costs for PV. 

Expenditure type Cost [USD] 

Balance of system (BOS) 51596161.67 

EPC project 97581309.50 

Contingency 5030339.15 

Grid connection  2795254.24 

Miscellaneous  231151.40 
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