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Abstract 
Above 90% of the current installed concentrating solar power plants are based on conventional 

steam-turbine cycles. The operation of steam turbines in these plants is distinctive when compared 

to traditional base-load power plants. The reason goes back to the intermittent nature of solar 

power which, in the absence of thermal energy storage or a back-up combustion boiler, forces 

plant operators to shut down the turbines during night time or at times of low solar radiation. 

Furthermore, such intermittency often leads to undesirable off-design turbine operating 

circumstances, either by load variations or changes on live-steam conditions. 

The present study examines the influence of implementing two operating strategies dealing with 

steam flow control as a function of incoming solar power for enhancing the thermo-economic 

performance of a direct steam generation solar tower power plant. The first one consists of a 

simultaneous high pressure turbine stage- and feed-water preheater bypass. This strategy is used 

during periods in which the solar radiation is higher than nominal. On these occasions, the plant is 

capable of generating a larger flow of steam, which allows for an increase in the power production 

when inserting the additional steam in the turbine bypass. On the other hand, the second operating 

strategy consists of using an additional feed-water preheater when the power from the field is 

lower than nominal. In this way, the feed water can reach a higher temperature prior entering the 

boiler, which is not only beneficial during times of cloud-passages, but also during the start-up 

process. 

A dynamic model of a direct steam generation solar tower power plant has been developed 

following design and operation specifications of an existing reference plant. The two proposed 

strategies were implemented to the reference model, then a whole year worth simulation was 

performed for both the reference and the modified models. Lastly, the thermodynamic and 

economic performance of both systems was measured for the purpose of comparison, by means of 

using KTH in-house tool DYESOPT. Results show that the implementation of the proposed 

strategies can enhance the economic viability of the systems by yielding a reduction of 8.7% on 

the levelized cost of electricity, mainly due to allowing achieving a 12% increase in the net 

electricity production. 
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1. Introduction 
Demand for energy in order to achieve economic development and improve human welfare and 

health is increasing. Although access to cheap energy has become essential to the functioning of 

modern economies, several global energy challenges still do exist. Energy challenges such as: 

energy security and energy access take place due to the fact that the global energy market is 

dominated by fossil fuels, which are non-renewable and not evenly distributed or accessible to 

different regions around the world. A formula that is modified from the Klass model approximates 

fossil fuel reserve depletion times for oil, coal and gas to be 35, 107 and 37 years respectively 

(Shafiee & Topal, 2009). Another challenge that is related to the use of fossil fuels is the 

phenomenon of global warming. Recent data confirm that fossil fuels consumption results in the 

majority of anthropogenic greenhouse gas emissions (Kristin, et al., 2012). Consequences of 

global warming are: a rise in the sea level, an increase in the frequency and intensity of extreme 

events like floods, droughts and heat waves, a change in the amount and pattern of precipitation as 

well as a probable expansion of subtropical deserts (Lu, et al., 2007). The only solution for 

solving the aforementioned challenges is to find an alternative energy source that is clean, 

renewable and evenly distributed around the globe and that is why the world is shifting gradually 

towards deployment of renewable energy technology.  

Solar energy is one of the renewable technologies which harness the energy of solar irradiance to 

produce electricity using photovoltaic (PV) or concentrating solar power (CSP), to have heating or 

cooling (either passive or active) or to meet direct lighting needs. This project focuses on 

electricity generation using the CSP technology, which shows a great potential for supplying the 

electricity needs of numerous countries with excellent solar conditions (International Energ 

Agency, 2010). There are various configurations for central solar tower receiver power plants 

according to the mechanism by which steam is generated. One of these is the direct steam 

generation (DSG) configuration, which utilizes water directly to collect the concentrated radiation 

to generate steam. Thermal energy storage (TES) hasn’t yet proven its economic viability when 

coupled with large scale DSG plants, as shown by the results of one of the studies which 

concluded that the levelized cost of electricity (LCOE) is raised by 11% in the event of including 

TES. Keeping in mind that solar radiation is variable (seasons, and clouds effects) and intermittent 

(day and night) implies shutting down the power plant throughout the night, or whenever the 

available solar radiation is not enough. Some components of the CSP plant take long time to start 

operation, two examples are the steam turbine and the evaporator. When the turbine is cold started 

after a long time of being offline, energy is wasted since the solar energy input is higher than what 

the turbine can accept (Jöcker, 2012). Material properties of the turbine components limit the 

speed by which a turbine can start because of the thermal stresses that are developed in 

components like the casing and the rotor, due the temperature gradients (Kosman & Rusin, 2001). 

Another component is the boiler, which is limited by the time taken for feed water to boil and start 

generating enough steam for proper functioning of the turbines. This leads to the second objective 

of the present study, which is explained next. 

 Objectives 

The first objective of the project is to create a dynamic model for a DSG solar tower power 

plant, using design parameters of an existing power plant. The second objective is to study 
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the effect of implementing two different operating strategies, which aim to increase the 

flexibility of DSG power plants. Evaluation of these techniques implies quantifying the 

overall thermo-economic performance improvement of the plant, by comparing several 

performance indicators. 

 Methodology 

A review of the principles of concentrating solar power plants, regenerative Rankine 

reheat cycle and the proposed operation strategies will be performed as a first step, 

including the motivation behind implementing the enhancements.  

The next step is to select an existing DSG power plant to act as a reference for the model 

to be created. Steady state sizing of the components of the reference model is performed 

first, followed by a dynamic simulation using the parameters that were calculated 

throughout the steady state sizing process and meteorological data at the location of the 

chosen reference plant. The enhancements to be studied are then added to the model. 

Finally a comparison is made between the performance of the model both before and after 

implementing the operation strategies. This comparison will be made through calculating 

thermodynamic and economic performance indicators which shall quantify the 

improvements.   
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2. Theoretical Framework 
This chapter describes the basic theory behind the operation of the DSG CSP plants. In the 

beginning the working principle of CSP plants is discussed, followed by the mechanism by which 

steam is generated in DSG plants. The chapter is concluded by introducing the theory behind the 

proposed enhancing strategies. 

 Concentrating Solar Power plants  

More than 90% of the current installed CSP plants are based on conventional steam-

turbine cycles (CSP Today, 2013), in which mirrors or lenses are used to concentrate and 

collect direct sunlight on a receiver. The collected thermal energy is then used to generate 

steam which is converted into electricity by means of a steam turbine. Heat collected 

during day time can be stored in liquid or solid media (molten salts and ceramics), in order 

to be used at peak times, or whenever the solar radiation is not available. The CSP plant 

consists of four main elements: a concentrator that collects the radiation and focuses it, a 

receiver, a medium of transporting the heat energy and power conversion. Types of power 

plants can be categorized based on the type of the concentrator and receiver used into two 

main categories of CSP namely, point focusing and line focusing systems. Line focusing 

systems have a concentration factor of 100, compared to 1000 of the point systems. As a 

result line systems achieve lower temperatures, 550°C, compared to temperatures of more 

than 1000°C for the point focusing systems. Central solar tower receiver and parabolic 

dish (Figure 1) fall under the point focusing systems, while linear Fresnel trough and 

parabolic trough (Figure 2) fall under the line focusing systems (Richter, et al., 2009). 

 

 

Figure 1: Technologies for concentrating solar radiation: left side central solar tower receiver and right 

side parabolic dish (CSIRO, 1996) (Reporter, 2001) 
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Figure 2: Technologies for concentrating solar radiation: left side parabolic trough and right side linear 

Fresnel trough (TEEIC, 2012) 

 

Solar tower CSP plants fall under the category of the point focusing systems, in which the 

receiver is mounted on top of a tower. As shown in Figure 3, heliostats surrounding the 

tower in circles track the sun individually and focus the sunlight on the receiver. 

Concentration levels of 600–1000 times are reached and temperatures from 800°C to well 

over 1000°C are achieved (Müller-Steinhagen, et al., 2004). Different heat transfer media, 

like steam, air and molten salts have proven to be technically feasible in different projects. 

The high temperatures available in solar towers can be used to drive gas turbines and 

combined cycle systems as well (Richter, et al., 2009). 

 

Figure 3: Central receiver collector (Richter, et al., 2009) 

 

The advantage of the solar power tower over the parabolic trough or Fresnel collector is 

that the sunlight falling on the central receiver is focused on a smaller area. As a result, the 

heat transfer medium (water/steam in case of direct steam generation) is not required to be 

piped all over the solar field. And that is why this configuration achieves the highest 

working fluid temperatures and pressures. Another privilege is the flexibility that this 

configuration offers when it comes to the plant construction, as the heliostats are controlled 

in a separate manner (individually) and thus do not need to be placed on an even surface.  
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 Regenerative Rankine Reheat Cycle 

In order to generate electricity, the collected solar power by the solar field must be 

converted with an appropriate power cycle. The power cycle used in the DSG power plants 

is a regenerative Rankine reheat cycle. The purpose of reheating in the cycle is to remove 

the moisture carried by the steam at the final stages of the expansion process. In this 

variation, two turbines work in series. The first turbine (HP) receives vapor from 

the boiler at high pressure. After the vapor has passed through the first turbine, it re-enters 

the boiler and is reheated before passing through a second lower-pressure (LP) turbine, as 

it can be seen from state 7 to state 8 of Figure 4. The reheat temperatures are very close or 

equal to the inlet temperatures, whereas the optimum reheat pressure needed is only one 

fourth of the original boiler pressure. Among other advantages, this prevents the vapor 

from condensing during its expansion and thereby damaging the turbine blades, and 

improves the efficiency of the cycle, given that more of the heat flow into the cycle occurs 

at a higher temperature. Another efficiency improvement can be achieved by using a feed 

water heater where a portion of the hot steam coming out of the turbine is extracted and 

used to heat the feed water. This process increases the inlet temperature of stream entering 

the boiler and reduces the heating requirements of it, which accordingly increase the 

overall efficiency of the cycle. Two steam extractions are shown in Figure 4, which are 

used to heat the feed water (states 4 to 5) and (states 2 to 3) taken from HP and LP turbines 

respectively.  

 

 

Figure 4: T-S diagram for a steam re-heat cycle 

 

 Power plant enhancements 

In order to maximize the energy gained from the incoming solar radiation while taking 

into account its variable behaviour, the DSG power plant needs to be more flexible to react 

to any change in the meteorological conditions. The proposed modifications that will be 

discussed in this project offer the plant this option via increasing or decreasing the main 

http://en.wikipedia.org/wiki/Turbine
http://en.wikipedia.org/wiki/Vaporization
http://en.wikipedia.org/wiki/Boiler
http://en.wikipedia.org/wiki/Condensation
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steam mass flow rate. The basic theory behind the proposed operation strategies are 

discussed below. 

2.3.1. HP feed water top heater  

Whenever the solar radiation input received by the Rankine cycle is not high enough for it 

to reach its nominal design conditions, it would be an advantage to raise its efficiency by 

adding an additional steam extraction. The feed water top heater (FWTH), which is shown 

in Figure 5, acts as an auxiliary feed water heater. As discussed previously, a preheater 

raises the efficiency of the power cycle through raising the temperature of the feedwater 

before it enters the boiler and thus the amount of heat needed by the water to boil is 

reduced. The frequency by which part load conditions is encountered by a power plant 

depends on its design conditions. A power plant that was designed to handle the highest 

thermal radiation inputs (during summer months) would frequently be subjected to part 

load operating conditions.  

 

 

 

2.3.2. HP stage bypass combined with controlled HP feed water heater bypass  

This would be the case when the power plant is designed based on the minimal thermal 

radiation conditions, which is during the winter months. In this case, the capacity needs to 

be increased whenever the thermal energy input is higher than the nominal capacity, and 

that is when the modification plays a role. Increasing the mass flow rate in the cycle 

compared to the nominal mass flow rate would increase the live steam pressure all over the 

cycle. And since the swallowing capacity of the turbine is limited, it would not be possible 

to have the inlet pressure of the HP exceed the nominal value. One solution to avoid the 

excess amount of steam raising the live steam pressure in the cycle is to have it bypassing 

the turbine inlet. The number of sections that the excess steam bypasses affects the 

performance of the cycle. The closer is the insertion point of the bypassed steam from the 

HP turbine inlet, the higher is the encountered back pressure. Having a high back pressure 

causes ventilation to take place in the turbine, which is accompanied by heat production 

Figure 5: HP feed water top heater 

(Wechsung, et al., 2012) 
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and might cause local overheating (Tajc, et al., 2012). In order to have power output from 

any turbine section, a pressure difference needs to exist between the inlet and outlet of the 

turbine. By increasing the back pressure, the inlet pressure of the turbine needs to be 

increased for generating power. Since the steam will not enter the turbine inlet but would 

enter at a later stage, a relatively lower temperature steam would be required. Bypassing 

the last HP feed water heater and the first high pressure turbine section, the steam would 

not be required to have as high temperature as compared to at the turbine inlet. The HP 

feed water heater bypass coupled with HP stage bypass is shown in Figure 6. 

 

 

Figure 6: HP stage bypass combined with controlled HP feed water heater bypass (Wechsung, et al., 2012) 
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3. Modeling  
Since the objective of the study is to evaluate the performance of proposed operation strategies 

applied to a DSG plant, the analysis process begins with power plant design based on a reference 

plant (Figure 7). Key design parameters of the model are selected, and steady-state calculation 

routines are then used to identify the nominal operating conditions, besides sizing all the 

equipment utilized in the power plant. This process is performed using standard thermodynamic 

equations and is described in detail in section 3.1.  

Having determined the design parameters and the nominal size of the power plant equipment, the 

second step is to transmit this data to the transient simulation model, where an entire year worth of 

operation can be simulated, based on meteorological data that are inputted and a designated 

operating strategy for the power plant. The transient simulation process is performed using 

TRNSYS software, which is described in more detail in section 3.2. The equipment sizes and 

nominal point data are also used to calculate the cost of the power plant equipment. Cost functions 

are then used to estimate the investment cost of the power plant along with the annual 

maintenance and labour costs. These cost functions are described in section 4.2.  

Finally, the results of the transient performance analysis and the cost calculations are combined. 

As output, the analysis process produces a series of thermoeconomic performance indicators, such 

as total investment costs and levelised electricity costs. These performance indicators are 

described in section 4.14.2 and section 4.2. Starting from the second step, the process is repeated 

once more, after applying the proposed modifications to the reference model. Using the 

thermoeconomic indicators, the performance of both of the models can be evaluated and 

compared. 

 

Figure 7: Flowchart demonstrating the methodology of the thermo-economic analysis process 

 

In order to develop a dynamic model for the DSG power plant, each component of the model has 

to be sized in advance based on its operating parameters at design conditions. In order to identify 

the specifications of the components, a steady state model is created using MATLAB (The code 

for sizing the power cycle is shown in Appendix II). The steady-state model of the DSG power 
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plant calculates the thermodynamic states (temperature, pressure, enthalpy, etc.) as well as the 

different mass flows at every point within the cycle. The first step in designing a plant is to choose 

a layout, which is shown in Figure 8. This layout will be the reference for the steady state RM and 

the transient state RM. Each of the two models will be discussed in the following sub-sections. 

 

Figure 8: Schematic diagram showing the layout of the reference model  

 

3.1. Steady State RM Sizing 

The steady state model of the DSG power plant consists of three main sub-components:  

- The solar field (labelled as SF in Figure 8): is a field of two-axis-sun-tracking mirrors, 

called heliostat, which concentrates the solar power onto a central receiving point on top of 

a tower, where the steam generator is located.  

- The steam generator (labelled as the Receiver in Figure 8): it converts the thermal power 

absorbed from the power field into superheated steam.  

- The power cycle (labelled as the Power block in Figure 8): it converts the superheated 

steam into electric power. 

A detailed explanation of the calculations made, through which each of the three sub-components 

are sized when operating at steady state design conditions, are discussed below. 

3.1.1. The Power Block Model 

Figure 9 shows the chosen layout for the power cycle to be modelled. All the state points which 

will be repeatedly used while explaining the steady state sizing are shown in this figure. The 

turbine units are denoted HPT and LPT for the high- and low-pressure turbine stages and the heat 

exchangers in the steam generator are denoted SH, RH, and EV for the superheater, reheater, and 

evaporator respectively. The condenser and pumps are denoted ACC and P respectively and the 

de-aerator is denoted DA. The 4 steam extractions are shown in red in the figure. The cycle starts 

with the steam generator (receiver) generating superheated steam at 545 °C and 165 bars. The 

superheated steam travels first through the HPT, where it expands to produce power. Two 

extractions are taken from the high pressure turbine; these extracted steam lines are used to 
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preheat feedwater in two closed feedwater heaters. At the exit of the high pressure turbine, the 

steam is reheated, where it is superheated to 485 °C and a pressure of 39 bars at nominal steady 

state conditions. A portion of the reheated steam is extracted and directed to the de-aerator. The 

superheated steam then passes through the low pressure turbine, where again the steam expands 

and propels the turbine blades. Another two steam extractions are taken from the low pressure 

turbine and fed to feedwater heaters. The steam leaving the LPT is condensed using an ACC. The 

condensed steam (now referred to as feedwater) is pumped using P1 to a sufficiently high pressure 

(39 bars) which is the same pressure as the pressure of the reheated steam, to allow it to pass 

through the 2 low pressure feedwater heaters and into the DA. The feedwater is pumped again 

using P2 at the outlet of the DA, to a pressure slightly higher than the boiling pressure in the 

steam generator (183 bars, at rated power conditions). Feedwater passes through the two high 

pressure feedwater heaters before returning to the EV to complete the cycle. 

 

 

 

Figure 9: Schematic diagram showing the layout of the power cycle of the RM with the state points indicated 

 

The power cycle has been designed for a nominal power output of 126 MWe. Parameters of the 

steady state model of the power block, shown in Table 1, were based on Ivanpah’s power block 

parameters found in Plotkin’s et al. paper (Plotkin, et al., 2011). The governing equations used 

while sizing each of the components of the power block are shown below, starting with the air 

cooled condenser.  
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Table 1: Input parameters of the steady state model of the power block (Plotkin, et al., 2011) 

Parameter Quantity 

Heat Transfer Fluid Water 

HP Turbine Inlet Temperature 545 °C 

LP Turbine Inlet Temperature 485 °C 

HP Turbine Inlet Pressure 165 bar 

LP Turbine Inlet Pressure 39 bar 

SH Pressure drop  8 bar 

EV Pressure drop  10 bar 

RH Pressure drop 3 bar 

 

3.1.1.1. Air Cooled Condenser 

Key Assumptions used for this component 

 One key assumption for this component is that feed water exits the condenser as saturated 

liquid (point 11) 

 The ambient temperature [𝑇𝐴1] is chosen to be 25 °C and the ambient pressure to be 1 bar 

 The initial temperature difference (ITD), which is the temperature difference between the 

ambient temperature [𝑇𝐴1] and condenser outlet temperature [𝑇11] is chosen to be 24 °C 

 Air temperature difference [𝑇𝐴2-𝑇𝐴1]  is chosen to be 19 °C 

 Pressure drop (Δ𝑝) of the fan is taken as 0.005 bars 

 Efficiency of the fan is taken as 85% 

Upon exiting the low pressure turbine, the working fluid proceeds to the condenser. The function 

of the condenser is to condense the turbine exhaust from vapor to liquid, so that the working fluid 

can be pumped back to the boiler. As shown in Figure 10, a fan drives the cooling process through 

producing a forced air draft. This explains why the performance of an air cooled condenser (ACC) 

is heavily influenced by the dry bulb temperature, and explains why larger heat exchange areas 

and greater power consumption is needed to achieve the desired heat rejection rate from the cycle 

compared to wet cooled condensers (Dudley, et al., 1994).  

 

 

Figure 10: Flow diagram of an air cooled condenser (state points indicated in brackets) 
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Using the aforementioned assumptions, the exit state of the condenser can be calculated. Equation 

1 can be used to calculate the effectiveness (ɛ) of the condenser as a function of the heat transfer 

rate (Q) [kW], and the heat capacity (𝐶𝑝) [kW/K] (Conradie & Kroeger, 1996).  

 𝑄 = ɛ 𝐶𝑝 (𝑇𝑐 − 𝑇𝑎𝑚𝑏) (1) 

 

For sizing the condenser, the overall heat transfer coefficient (𝑈𝐴) [kW/k] and the power needed 

by the fan (W) [kW] are calculated. Based on the obtained value of the effectiveness, equation 2 is 

used to calculate the overall heat transfer coefficient of the condenser. The work done by the fan 

is calculated using equation 3, where the volume flow (V) rate of air is calculated using the ideal 

gas law. 

 
ɛ = 1 − exp[−

𝑈𝐴

𝐶𝑝
] 

(2) 

 𝑊 = 𝑉 Δ𝑝 (3) 

 

3.1.1.2. Pump 

Key Assumptions used for this component 

 The temperature difference across the pump is 1 °C 

 Hydraulic efficiency of the pump is 85% 

The pumps in the cycle serve to increase the pressure of the working fluid. There are two pumping 

processes on the working fluid side of the power cycle. One set of pumps is located at the 

condenser outlet (Figure 11), to pump the fluid from its condensing pressure to flow through the 

low pressure feedwater heaters and deaerator. Another set of pumps is located at the de-aerator 

outlet, to pump the fluid from the extraction pressure to the high pressures required at the boiler 

inlet. Equation 4 calculates the power required by the pump as a function of the fluid mass flow 

rate (ṁ), the hydraulic efficiency (𝜂𝑝), the fluid density (𝜌), and the required pressure difference 

(Δ𝑝). 

 
𝑃𝑝𝑢𝑚𝑝 = (

1 

𝜂𝑝
)

ṁ Δ𝑝 

𝜌
 

(4) 
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Figure 11: Flow diagram of the condenser pump, with state points indicated between brackets 

3.1.1.3. Turbine stage 

Key Assumptions used for this component 

 Pressure ratios (PR), which is the ratio between the working fluid pressure at the turbine 

inlet to the pressure at the turbine outlet, in the HPT (1.43) and the LPT (5) sections are 

constant. 

As mentioned before the steam turbine is divided into two high pressure sections (HP) and two low 

pressure sections (LP), with reheating between the last HP and the first LP turbine sections. A 

schematic of the first HP turbine section is shown in Figure 12. Steam extraction to the feedwater 

heaters is taken from the exit of each turbine section. Pressure Ratio (PR) of the HP and LP turbine 

sections are assumed to be 1.43 and 5 respectively. Having defined the pressure ratios of the 

turbine sections, all the pressure lines of the cycle are known. The performance of the turbine 

sections is defined by its isentropic efficiency.  

 

 

 

 

 

 

 

 

 

 

Exit enthalpy (ℎ𝑜𝑢𝑡) is calculated from the inlet enthalpy (ℎ𝑖𝑛) as a function of the isentropic stage 

efficiency (𝜂𝑖𝑠) and the isentropic exit enthalpy (ℎ𝑜𝑢𝑡,𝑖𝑠) using equation 5. ℎ𝑜𝑢𝑡,𝑖𝑠 is calculated 

using the outlet pressure and the inlet entropy. 

Figure 12: Flow diagram for the 1st HPT section, with state points indicated between brackets 
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 ℎ𝑜𝑢𝑡 = ℎ𝑖𝑛 − 𝜂𝑖𝑠 . (ℎ𝑖𝑛 − ℎ𝑜𝑢𝑡,𝑖𝑠) (5) 

Equation 6 is used to calculate the isentropic stage efficiency as a function of the volume flow rate 

of steam (V) and the wetness losses (𝜂𝑙𝑜𝑠𝑠 𝑤𝑒𝑡). Efficiency loss due to condensation (wetness 

losses) is calculated based on the average vapor content (𝑥𝑚𝑒𝑎𝑛) as shown in equation 7 (Pelster, 

1998).   

 𝜂𝑖𝑠 = (0.835 + 0.02 𝑙𝑜𝑔𝑉) − 𝜂𝑙𝑜𝑠𝑠 𝑤𝑒𝑡   (6) 

 

 𝜂𝑙𝑜𝑠𝑠 𝑤𝑒𝑡 = 4.536 . (1 − 𝑥𝑚𝑒𝑎𝑛)2 + 0.0367 . (1 − 𝑥𝑚𝑒𝑎𝑛) (7) 

 

Equation 8 is used to calculate the power produced by the first HP turbine stage, using the main 

steam mass flow rate and the enthalpies at the inlet and outlet of this stage. The gross power is 

calculated by adding the respective power produced at each of the 6 turbine HP and LP stages. 

Using equation 9, the net power is then calculated by subtracting the parasitic consumption of the 

2 pumps calculated from equation 4 and the condenser fan power consumption calculated in 

equation 3 from the gross power. 

 𝑃𝑠𝑡𝑎𝑔𝑒 =  𝑚𝑠𝑡𝑒𝑎𝑚. (ℎ2 −  ℎ3) (8) 

 

 𝑃𝑛𝑒𝑡 =  𝑃𝑔𝑟𝑜𝑠𝑠 − 𝑃𝑝𝑢𝑚𝑝𝑠 − 𝑃𝑓𝑎𝑛 (9) 

 

3.1.1.4. Feed water Preheater 

Key Assumptions used for this component 

 Condensed steam exits the feed water heater as saturated liquid (points 23, 25, 27, 29) 

 Heat exchangers are counter flow heat exchangers  

 Terminal Temperature Differences (TTD) for the hot preheaters and cold preheaters are 2 

°C and 5 °C respectively. 

Figure 13 shows a flow diagram for the first HP preheater, in which heat is exchanged between 

the feed water (blue stream) and the HP steam extraction (red stream) before entering the boiler. 

Feed water preheaters reduce the need for heat addition from the solar field, besides increasing the 

thermal efficiency of the power cycle. Heat transfer in the closed feedwater heater takes place on 

three stages:  

1. Desuperheating, in which the steam is reduced to saturated vapor.  

2. Condensing, in which the steam condenses from saturated vapor to saturated liquid. 

3. Subcooling or drain cooling stage, in which the condensed steam is cooled to a 

temperature below its saturation temperature.  

 

The size and conductance of the preheater, just like any other heat exchanger, is characterized by 

the overall heat transfer coefficient (UA). Each stage in the closed feedwater heater will have an 

associated UA value.  
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The process of preheating the feed water before entering the boiler is performed on two stages in 

the model of the DSG plant. The first stage combines both desuperheating and condensing of the 

extracted steam. This stage is modelled using the closed feedwater heater, labelled as FWH in the 

layout of the cycle shown in Figure 9. The second stage models subcooling of the extraction 

mass flow. This stage is modelled using the subcooler, labelled as SC in Figure 9. Both 

components are sized as discussed below. 

 

The effectiveness-NTU method is used to design the heat exchanger and select its geometry. The 

effectiveness of heat exchangers (ɛ) (dimensionless) is determined using equation 10 (Incropera & 

Dewitt, 2011), where Δ𝑇𝑚𝑖𝑛 is the minimum approach temperature, 𝑇ℎ,𝑖 and 𝑇𝑐,𝑖 are inlet 

temperatures of the hot and cold streams respectively. The minimum approach temperature is 

chosen based on the two stream types, from the standard values shown in Table 2 (Maréchal, 

2003). 

 
ɛ = 1 −

 Δ𝑇𝑚𝑖𝑛

(𝑇ℎ,𝑖 − 𝑇𝑐,𝑖)
 

(10) 

 

Table 2: Standard minimum approach temperatures (Maréchal, 2003) 

 

Stream Type ΔTmin/2 

Gas Stream 20 

Liquid Stream 5 

Evaporating Stream 3 

Condensing Stream 2 

 

All the unknown temperatures of the hot and cold streams entering and the exiting the feed water 

preheaters are determined based on the chosen TTD, and using equation 11 and equation 12 

(Incropera & Dewitt, 2011), where 𝑇ℎ,𝑜 is the outlet temperature of the hot stream, 𝐶ℎ (W/k) is the 

Condensed 

Steam outlet 

[23]  

X=0 

Steam inlet 

[3] 

Feed water 

outlet [22] 
Feed water 

inlet [21] 

Figure 13: Flow diagram for the 1st hot closed feed water heater, with 

state points indicated between brackets 
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heat capacity of the hot stream and 𝐶𝑚𝑖𝑛 (W/k) is the smaller heat capacity rate of either the hot or 

the cold stream. 

 
ɛ =

 𝐶ℎ(𝑇ℎ,𝑖 − 𝑇ℎ,𝑜)

𝐶𝑚𝑖𝑛(𝑇ℎ,𝑖 − 𝑇𝑐,𝑖)
 

(11) 

 

 ɛ =
 𝐶𝑐(𝑇𝑐,𝑖 − 𝑇𝑐,𝑖)

𝐶𝑚𝑖𝑛(𝑇ℎ,𝑖 − 𝑇𝑐,𝑖)
 

(12) 

 

After calculating the temperatures of the cold and hot streams, the enthalpy at each state can be 

determined. The following step is to calculate the mass flow rate of each steam extractions. An 

energy balance is performed at each feed water preheater using equation 13, in which m and h are 

the respective mass flow rate and enthalpy at each state shown in Figure 14. 

 𝑚3. ℎ3 + 𝑚21. ℎ21 =  𝑚22. ℎ22 + 𝑚23. ℎ23 (13) 

 

The overall heat transfer coefficient (𝑈𝐴) is calculated as a function of the heat capacities and the 

effectiveness of the heat exchanger as shown in equation 14 (Incropera & Dewitt, 2011).  

 
𝑈𝐴 =

𝐶𝑚𝑖𝑛

𝐶𝑟 − 1
ln (

ɛ − 1

ɛ 𝐶𝑟 − 1
) 

(14) 

Cr =
𝐶𝑚𝑖𝑛

𝐶𝑚𝑎𝑥
, is the capacitance rate ratio of the fluid streams (the ratio of the smaller total heat 

capacitance of the two streams to the larger heat capacitance of the streams). 

3.1.1.5. Open Feed water Heater (De-aerator) 

The open feedwater heater is modelled as a fluid mixer with three inlet streams and a single outlet 

stream. The three inlet streams shown in Figure 14 are the extracted steam from the last stage of 

the high pressure turbine (state 31), the drain water from the high pressure feedwater heaters PH1 

and PH2 (state 26), and the feedwater from the low pressure feedwater heaters (state 16). One key 

assumption in the model is that the feed water exits the De-aerator as saturated liquid (state 17). 

Mass flow rate of the de-aerator extraction is determined by performing energy balance as shown 

in equation 15, in which m and h are the respective mass flow rate and enthalpy at each state 

shown in Figure 14. 

 𝑚17. ℎ17 =  𝑚26. ℎ26 + 𝑚31. ℎ31 + 𝑚16. ℎ16 (15) 
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Figure 14: Open feedwater heater diagram, with state points indicated between brackets  

 

3.1.2. The Solar Receiver Model 

Key Assumptions used for this component 

 Conductive heat losses are neglected in this study 

 Steam exits the boiler as saturated vapor (point 1) 

 The wall temperature of the receiver is assumed to be equal to the wall temperature of the 

tubes. 

 Maximum solar flux is chosen as 650 kW/m2 for the evaporator and 300 kW/m2 for the 

superheater and the re-heater, based on the maximum values that the components can 

withstand (Sanz-Bermejo, et al., 2012).  

 The absorber tubes are made of a refractory alloy, Inconel 625, with a non-selective paint 

coating, Pyromark 2500, applied to the surface of the tubes (Boubault, et al., 2014). The 

properties the Inconel 625 with the coating material applied are shown in Table 3 (Ho, et 

al., 2013) (Vesel, et al., 2014). Values used in the steady state model are shown in Table 4.   

 ANSI Sch. 80(3/4)” pipes were selected for both the evaporator and superheater and 

reheater, while ANSI Sch. 80(1
1

2
)” pipes are selected for the reheater. The pipe dimensions 

are shown in Table 4 (Rao, 2006). 

Table 3: Properties of Inconel 625 with Pyromark 2500 applied to its surface (Ho, et al., 2013) (Maglić, et 

al., 1994) (Vesel, et al., 2014) 

Property Value Unit 

Absorptivity 96 to 97 % 

Emissivity 80 at 100 °C to 90 at 1000 °C % 

Conductivity 13 at  200 °C to 27.5 at 1000 °C W/m.k 

Melting Temperature 1350  °C 
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Table 4: Input parameters of the steady state model of the receiver 

 

Parameter Value Unit 

Receiver width 12 m 

Wind velocity 4 m/s 

View factor 1 - 

Absorptivity 0.96 - 

Emissivity 0.89 - 

Conductivity 25 W/m.k 

SH Pipe internal diameter 19 mm 

SH pipe thickness 3.912 mm 

SH Pressure drop 8  bar 

EV Pipe internal diameter 19 mm 

EV pipe thickness 3.912 mm 

EV Pressure drop 10 bar 

RH Pipe internal diameter 38.1 mm 

RH pipe thickness 5.08 mm 

RH Pressure drop 3 bar 

 

Figure 15 shows the configuration of Ivanpah’s central solar receiver (Plotkin, et al., 2011). As 

has been mentioned before, the receiver is divided into three sections with the superheater on top, 

the evaporator in the middle and the reheater at the bottom.  

 

Figure 15: Setup for Ivanpah’s DSG tower receiver (Plotkin, et al., 2011) 

 

The first step in sizing the DSG tower receiver is to calculate the wall temperature of the receiver. 

This will be performed by going through the heat transfer taking place between the fluid and the 

outside. The surface temperature is calculated using equation 16 (Incropera, et al., 2006), where U 

is the global heat transfer coefficient [W/m2k] which is calculated using equation 19 (Kandlikar, 

1990), 𝐴𝑐𝑜𝑛 is the contact surface area between the receiver and the heat transfer fluid [m2] and 
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ΔT is the temperature difference between receiver inlet and outlet. The contact surface area used 

in equation 16 is calculated as a function of the diameter and length of the tube using equation 17. 

The length of the tube is estimated using the Darcy-Weisbach equation (Rohsenhow, et al., 1985) 

shown in equation 18 as a function of the pressure drop shown in Table 4.   

 𝑄𝑓𝑙𝑢𝑖𝑑 = 𝑈. 𝐴𝑐𝑜𝑛. ΔT (16) 

 

 𝐴𝑐𝑜𝑛 = πDL (17) 

 

 
Δp = 𝑓𝐷

𝐿

𝐷

𝜌𝑣2

2
 

(18) 

 

𝑓𝐷 is Darcy Friction Factor, 𝑣 is the mean velocity of the flow [m/s], 𝜌 is the density of the fluid 

[kg/m3]. 

 

 
𝑈 =  

1

 1
ℎ𝑐𝑜𝑛𝑣,

+
 𝐷𝑒𝑥𝑡,𝑡𝑢𝑏𝑒

2𝑘𝑡𝑢𝑏𝑒
log (

𝐷𝑒𝑥𝑡,𝑡𝑢𝑏𝑒

𝐷𝑖𝑛𝑡,𝑡𝑢𝑏𝑒
)
 

(19) 

 

U is calculated as a function of ℎ𝑐𝑜𝑛𝑣, which is the heat exchange coefficient at the inner receiver 

pipe wall. It depends on the flow regime whether it is a single phase (in case of the superheater 

and reheater) or two-phase (in case of the evaporator). In case of the evaporator, it is calculated 

using the Kandlikar correlations shown in equation 20 (Kandlikar, 1990). 𝑘𝑡𝑢𝑏𝑒 is the thermal 

conductivity of the pipe. 𝐷𝑒𝑥𝑡,𝑡𝑢𝑏𝑒 and 𝐷𝑖𝑛𝑡,𝑡𝑢𝑏𝑒 are the external and internal pipe diameters 

respectively. 

 ℎ𝑐𝑜𝑛𝑣,2 𝑝ℎ = ℎ𝑐𝑜𝑛𝑣,1 𝑝ℎ  (𝑐1𝐶𝑜𝑐2 + 𝑐3𝐵𝑜𝑐4) (20) 

 

Nusselt number is calculated using the Dittus-Boelter correlation shown in equation 22 (Incropera, 

et al., 2006). Co is the convection number (Co) calculated in equation 21, and Bo is the boiling 

number calculated in equation 23 as a function of the heat of vaporization of water (𝐿𝑣𝑎𝑝) [kJ/kg]. 

The values of 𝑐1, 𝑐2, 𝑐3 and 𝑐4 coefficients depend on the convection number (Co) calculated in 

equation 21 as follows: 

If Co is lower than 0.65: 𝑐1 = 1.1360, 𝑐2=-0.9, 𝑐3 = 667.2 and 𝑐4=0.7 

If Co is higher than 0.65: 𝑐1 = 0.6683, 𝑐2 = −0.2, 𝑐3 = 1058 and 𝑐4=0.7 
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𝐶𝑜 = (

1 −  𝑋𝑏𝑜𝑖𝑙𝑒𝑟,𝑜𝑢𝑡

𝑋𝑏𝑜𝑖𝑙𝑒𝑟,𝑜𝑢𝑡
)

0.8

(
 𝜌𝐷𝑟𝑦 𝑠𝑡𝑒𝑎𝑚

𝜌𝑤𝑎𝑡𝑒𝑟,𝑖𝑛𝑙𝑒𝑡
)

0.5

 
(21) 

 

 
ℎ𝑓 =

 𝑁𝑢𝑓 . 𝑘𝑎𝑖𝑟

𝐻𝑟𝑒𝑐
 

(22) 

 

 
𝐵𝑜 =

 𝑄𝑣𝑎𝑝

ṁ𝑤𝑎𝑡𝑒𝑟  𝐿𝑣𝑎𝑝
 

(23) 

 

After calculating the surface temperature of the receiver, the total energy losses can now be 

estimated. Total losses in the receiver consist of reflective and thermal losses, as shown in 

equation 24. Thermal losses are emissive losses (Qrad) and convective losses (Qconv). 

 𝑄𝑙𝑜𝑠𝑠 = 𝑄𝑟𝑒𝑓 + 𝑄𝑟𝑎𝑑 + 𝑄𝑐𝑜𝑛𝑣 (24) 

 

Equation 25 (Sanz-Bermejo, et al., 2012) shows that the reflective losses are estimated from the 

view factor and the absorptivity of the receiver. Emissive heat losses are calculated as a function 

of the area of the receiver and its surface temperature using equations 26 (Sanz-Bermejo, et al., 

2012).  

 𝑄𝑟𝑒𝑓 = (1 − 𝛼) . 𝐹𝑟 . 𝑄𝑖𝑛 (25) 

 

As 𝑄𝑖𝑛 is the incoming solar power from the field [kW]. Iteration is performed in order to 

calculate the actual 𝑄𝑖𝑛, using the power absorbed as an initial value. Fr is the view factor, 

calculated by dividing the surface area of the receiver by the aperture area. 𝛼 is the absorptivity  

 𝑄𝑟𝑎𝑑 = 𝐴𝑟𝑒𝑐 .  𝐹𝑟  .  Ɛ𝑎𝑣𝑔 . 𝜎 . (𝑇𝑠𝑢𝑟 
4 − 𝑇𝑎𝑚𝑏 

4) (26) 

 

 

𝐴𝑟𝑒𝑐  is the area of receiver [m2] calculated by dividing the incoming power from the field [kW] 

by the maximum solar flux of the receiver [kW/m2]. Ɛ𝑎𝑣𝑔 =
Ɛ𝑤

Ɛ𝑤+(1−Ɛ𝑤).𝐹𝑟
 is the average emissivity. 

𝜎 is Boltzmann constant, which is equal to 5.67×10−8 [W/𝑚2. 𝐾4]. 𝑇𝑠𝑢𝑟 is the average surface 

temperature of the receiver [K]. 𝑇𝑎𝑚𝑏 is the ambient temperature [K]. 

 

 𝑄𝑐𝑜𝑛𝑣 = 𝐴𝑟𝑒𝑐 .  ℎ𝑐𝑜𝑛𝑣  .  (𝑇𝑠𝑢𝑟 − 𝑇𝑎𝑚𝑏) (27) 

 

ℎ𝑐𝑜𝑛𝑣  is a combination of the natural and the forced convective heat coefficients as shown in 

equation 28 (Sanz-Bermejo, et al., 2012). The coefficient (a) is equal to 3.2 for external receivers 

(Siebers & Kraabel, 1984). Natural convective heat coefficient is calculated using equation 29 
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(Sanz-Bermejo, et al., 2012), and the forced convective heat coefficient is calculated using 

equation 30 (Sanz-Bermejo, et al., 2012). 

 
ℎ𝑐𝑜𝑛𝑣 = (ℎ𝑓 

𝑎 + ℎ𝑛
𝑎)

1
𝑎 

(28) 

      

 ℎ𝑛 = 0.81 . ( 𝑇𝑠𝑢𝑟 
0.8 + 𝑇𝑎𝑚𝑏)0.426   (29) 

 

 
ℎ𝑓 =

𝑁𝑢𝑓 . 𝑘𝑎𝑖𝑟 

𝐻𝑟𝑒𝑐 
 

(30) 

 

Total power from the solar field can be calculated by adding the total losses to the absorbed power 

by the receiver, which is the power transmitted to the power cycle. This is shown in equation 31 

(Sanz-Bermejo, et al., 2012). After calculating the actual incoming power from the field, the right 

value of the receiver height is obtained. Iterations are then performed in order to determine the 

amount of tubes in each of the EV, SH and RH. Basically the maximum amount of tubes that can 

fit inside the receiver dimensions without exceeding the maximum wall temperature is aimed for. 

 𝑄𝑖𝑛 = 𝑄𝑙𝑜𝑠𝑠 +  𝑄𝑎𝑏𝑠 (31) 

 

 

  

3.1.3. The Solar Field Model 

 

Table 5: Input parameters to the steady state model of the solar field (Collado, 2008) (Gonzalez-Aguillar, et 

al., 2007) 

Parameter Value 

Mirror reflectivity 0.93 

Mirror cleanliness 0.95 

Ratio of the mirror area to total area  0.96 

Shadowing and blocking factor 0.05 

 

The total power delivered to the receiver by the heliostat field (𝑄𝑓𝑖𝑒𝑙𝑑) is calculated using equation 

32 as a function of the incident solar flux (𝐼𝑏) [W/m2], which is an input to the model, the 

individual heliostat area (𝐴ℎ) [m2], the field efficiency matrix (𝜓), which maps the solar position 

(azimuth 𝛾𝑠 and elevation 𝜃𝑠) to a value of the overall heliostat field efficiency and the number of 

heliostats (𝑁ℎ), which are both based on the cell-wise method used by (Kistler, 1986). 

 𝑄𝑓𝑖𝑒𝑙𝑑 = 𝐼𝑏𝐴ℎ𝑁ℎ. 𝜓(𝜃𝑠, 𝛾𝑠) (32) 

 

The aforementioned approach simply divides the land around the tower into a number of cells 

(Figure 16), in order to accelerate the calculation process. It first estimates the power produced 

from a single heliostat located at the centre of the cell, as a function of various efficiency and loss 
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factors (as shown in equation 33). Then it estimates the total power produced from the field by 

summing the power output of each cell using equation 34. The final stage is to select the cells that 

yields the maximum annual specific power output using, and iterate for the number of cells that is 

needed to produce the nominal field power. 

 

Figure 16: Layout of a cell-wise heliostat field model 

 

 𝑄𝐻
+ = 𝐴𝐻 . 𝐼𝑏 . ε𝑐𝑜𝑠. ε𝑠𝑢𝑟𝑓 . (1 − 𝑓𝑠𝑏)(1 − 𝑓𝑎𝑡𝑡)(1 − 𝑓𝑠𝑝𝑖𝑙𝑙) (33) 

 

𝐴𝐻 is the surface area of the mirror [m2]. ε𝑐𝑜𝑠 = cos 𝜃𝑀, is the cosine efficiency calculated 

as a function of the angle (𝜃𝑀) between the orientation of the heliostat and the reflected 

radiation. Cosine losses take place when the heliostat surface is not perpendicular to the 

incoming rays (Sattler, et al., 2013). ε𝑠𝑢𝑟𝑓 = 𝜌𝑀𝑓𝑐𝑙𝑒𝑎𝑛
𝐴𝑀

𝐴𝐻
  is the surface efficiency, 

calculated as a function of the reflectivity of the mirror panels (𝜌𝑀), the mirror cleanliness 

factor (𝑓𝑐𝑙𝑒𝑎𝑛), the ratio of the mirror area to total area (
𝐴𝑀

𝐴𝐻
) and 𝑓𝑠𝑏 which is a factor for the 

shadowing and blocking losses. All these factors are listed in Table 5 as input parameters. 

Shadowing losses take place when heliostats shadow each other during day time. Blocking 

losses take place when the reflected solar rays hit a heliostat rather than the tower receiver 

(Sattler, et al., 2013). 𝑓𝑎𝑡𝑡 is a factor for the atmospheric attenuation, which results from the 

scattering of the reflected radiation when passing through air.  𝑓𝑠𝑝𝑖𝑙𝑙 is a factor for the 

spillage losses, which take place when the rays do not emanate from a point source. 

 
𝑄𝐹

+ = ∑ 𝜌𝐹

𝑐𝑒𝑙𝑙𝑠

𝐴𝑐𝑒𝑙𝑙

𝐴𝐻
𝑄𝐻

+ 
(34) 

 

3.1.4. Steady state Model Verification 

Verification of the steady state model was performed by comparing the results obtained 

from the MATLAB model with the results of simulating the same model using TRNSYS. 

The sizes of the components are taken from the MATLAB steady state model, and the input 

power from the solar field is forced manually as a steady state input to the receiver 

component. Table 6 shows the results of simulating the steady state model using the 

TRNSYS, with the flow sheet of the TRNSYS model demonstrated in Appendix I (Figure 
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37). The nominal net Rankine cycle efficiency is calculated to be 43%, which is 

comparable to an efficiency of 40.4% of Ivanpah (Sanz-Bermejo, et al., 2012). 

 

Table 6: Steady State model verification results 

 MATLAB MODEL TRNSYS MODEL DEVIATION 

[%] 

Net Power Output [MW] 126 121.3 3.7 

Main Mass flow rate [kg/s] 124.4 130 4.5 

Re-heat Mass flow rate 

[kg/s] 

104 100.9 3 

Condenser Mass flow rate 

[kg/s] 

73 67 8 

EV outlet Pressure [Bar] 173 175 1.1 

SH outlet Pressure [Bar] 165 166 0.6 

HPT outlet Pressure [Bar] 39 37.7 3.4 

RH outlet Pressure [Bar] 36 35 2.8 

Condensing Pressure [Bar]  0.1175 0.1194 1.6 

EV outlet Temperature [°C] 353 354 0.28 

SH outlet Temperature [°C] 545 533 2.2 

HPT outlet Temperature 

[°C] 

334 318 4.7 

RH outlet Temperature [°C] 485 470 3 

LPT outlet Temperature 

[°C] 

49 49 0 

EV inlet Temperature [°C] 319.76 319.1 0.18 

Effectiveness of subcoolers 

[1,2,3,4] 

[0.75, 0.86, 0.88, 0.88] [0.73, 0.64, 0.88, 

0.59] 

[2.7, 25, 0, 32] 

Effectiveness of FWH 

[1,2,3,4] 

[0.92, 0.95, 0.91, 0.91] [0.91, 0.95, 0.91, 

0.91] 

[1, 0, 0, 0] 

Effectiveness of Condenser 0.8 0.82 [2.5] 

 

3.2. Transient Model  

Two transient models are simulated using TRNSYS throughout this study: a transient 

model for the reference plant (Figure 37 found in Appendix I) that has the same outline as 

the one shown in Figure 8 and a modified transient model (Figure 38 found in Apendix I). 

The modified transient model will be based on the RM with minor modifications added, 

which will be discussed in details under section 3.2.3. TRNSYS is used to build both 

models, using the STEC library components from the Rankine sub-library. The following 

STEC library Types: 317, 318, 320, 384, 389, 394 and 390 are used to model the, 

preheaters, steam turbine stages, sub-coolers, deaerator, controlled splitters, heliostat field 

and pumps respectively. Off-design performance of the power block takes into account 

variations in efficiency and mass flow as a function of the turbine inlet conditions using 

the Stodola ellipse law (Cooke, 1983). The TRNSYS library can be referred to for full 
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details and equations governing each of the component models (Schwarzbözl, 2006). 

However, the existing STEC library of TRNSYS does not include the following 

components: a DSG tower receiver, an air cooled condenser, and solar power splitter. The 

first two components were developed and compiled using the FORTRAN compiler and 

then integrated into TRNSYS, while the splitter was modelled by inserting user defined 

equations into TRNSYS. The transient models of these components are discussed below, 

after introducing the input data needed by the TRNSYS model. 

TRNSYS Model Input Data 

In order to run a simulation in TRNSYS, two types of inputs are needed by each 

component in the TRNSYS model: 

1. The nominal operating point and design parameters of the power plant equipment. These 

are the values calculated by the steady-state MATLAB model (refer to section 3.1) and are 

sent to TRNSYS as fixed values, which aren’t changed throughout the simulation process.  

These values include: 

- For each of turbine sections: the design inlet and outlet pressures, the design flow 

rate and the design inner efficiency. 

- For the receiver: the nominal power absorbed, power lost, pressure drop, mass 

flow rate, maximum flux, receiver surface area and minimum solar power input. 

- For the two pumps: the design inlet pressure, hydraulic efficiency, and the density 

of water. 

- For each of the feed water heaters: the overall heat transfer coefficient, cold fluid 

specific heat capacity and the cold side design flow rate. 

- For each of the subcoolers: the overall heat transfer coefficient, specific heat 

capacities of the hot and cold fluids and the cold fluid design flow rate. 

- For the ACC: the nominal condensing temperature, fan power, air mass flow rate, 

TTD and the overall heat transfer coefficient. 

- For the SF: number of heliostats, heliostat surface area, reflectivity factor, and the 

efficiency matrix. 

2. The meteorological data for the chosen location of the power plant. This study is 

performed using Daggett, California as the location. This specific location was chosen 

since the location of Ivanpah, which is the DSG plant that this study is based on, is close to 

it. The required meteorological data for the location was obtained from the Meteonorm 

dataset (Solar Energy Laboratory, 2007). This data includes ambient temperature, which 

has a direct effect on the operation of the air cooled condenser, direct solar insolation data, 

which determines the input to the heliostat field, as well as wind speed information that 

affects losses from the solar receiver and the operation of the solar field. Weather data 

with a time step of 1 hour was used for running the transient simulation. This 1-hour time 

step is often used for electricity yield calculations of solar thermal power plants (Jones, et 

al., 2001). 
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3.2.1. Receiver Transient Model 

As stated under section 3.1.2, the DSG receiver is divided into three parts namely: EV, SH 

and RH. For the transient model of the components there is a difference at operating level 

between the EV and both the SH and the RH. The main difference relies on the fact that 

the evaporator will calculate the mass flow which it can boil, given the amount of heat 

input received from the solar field, while the SH and RH components will use the mass 

flow rate as an input. Both components will simply heat up this steam vapour to whichever 

superheated state achieved. 

3.2.1.1. Evaporator Transient Model 

Table 7 shows the parameters, input and output of the evaporator transient component. 

Most of the parameters of this component are inputs from the steady state model, which 

was discussed in section 3.1.2. The only parameter that is not identified from the steady 

state is the minimum field power. As recommended by Siemens, the minimum load that 

the turbine should not be operated below is 25% of the design load (Pacheco, et al., 2013). 

The minimum mass flow rate that the power plant can operate is chosen to be 30% of the 

nominal one. This takes place when the incoming power from the field is 35% of the 

nominal field power. So, the minimum solar power from the field is determined to be 

116.41 MW. The maximum solar power of the evaporator is calculated from the maximum 

heat flux, which was discussed previously. The actual solar power, the temperature of the 

feed water entering the evaporator and the outlet pressure are all inputs from other 

components in the model.   

Depending on the solar power transmitted from the Solar Filed (SF) to the receiver 

component, its operation mode is decided as follows:  

1. If the actual solar power is lower or equal to the minimum designed field power (Qin ≤ 

Qmin), the receiver component is switched off, and in turn the whole model will not 

operate. 

2. If the actual solar power input is lower or equal to the maximum designed field power (Qin 

≤ Qmax), the component operates regularly. 

3. If the actual solar power is higher than the maximum designed field power (Qin > Qmax), 

then the input power to the model is set to be equal to the maximum designed field power. 

Table 7: Specifications of the evaporator TRNSYS component 

Parameters Input Output 

Nominal field power [W] Incoming solar power [W] Outlet temperature [°C] 

Minimum field power [W] Feed water temperature [°C] Inlet pressure [Bar] 

Nominal mass flow rate [kg/s] Outlet pressure [Bar] Steam mass flow rate 

[kg/s] 

Maximum heat flux [W/m2]  Absorbed solar power 

[W] 

Component area [m2]   

Nominal pressure drop [Bar]   

Nominal energy losses [W]   
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The model starts its operation by scaling the losses based on the nominal losses that were 

calculated in the steady state, using the ratio between the actual field power and the nominal field 

power. Equation 35 is used to calculate the receiver losses. Having the total losses calculated, the 

power absorbed by the receiver can then be calculated using equation 36.  

 
𝑄𝑙𝑜𝑠𝑠 = 𝑄𝑙𝑜𝑠𝑠,𝑛𝑜𝑚𝑖𝑛𝑎𝑙

𝑄𝑖𝑛

𝑄𝑖𝑛,𝑛𝑜𝑚𝑖𝑛𝑎𝑙
 

(35) 

 

𝑄𝑙𝑜𝑠𝑠,𝑛𝑜𝑚𝑖𝑛𝑎𝑙 is the steady state receiver losses [kW]. 𝑄𝑖𝑛,𝑛𝑜𝑚𝑖𝑛𝑎𝑙 is the nominal incoming solar 

power from the heliostat field [kW]. 𝑄𝑖𝑛 is the actual solar power from the field, which is an input 

to the component [kW]. 

 𝑄𝑎𝑏𝑠 = 𝑄𝑖𝑛 − 𝑄𝑙𝑜𝑠𝑠 (36) 

 

At this point a seed for the inlet pressure is assumed. With the inlet pressure, the inlet enthalpy 

and the mass flow rate of steam that can be boiled by the evaporator are calculated. This process is 

repeated until the assumed inlet pressure makes equation 37 (Jonshagen, 2011)  an identity. 

Equation 37 scales the pressure drop taking place in the evaporator based on the nominal mass 

flow rate. 

 

 
Δ𝑝 = Δ𝑝 𝑛𝑜𝑚𝑖𝑛𝑎𝑙(

ṁ

ṁ𝑛𝑜𝑚𝑖𝑛𝑎𝑙
)2 

(37) 

 

Verification of the Evaporator component 

Using the same way of validating the MATLAB steady state model, the receiver component is 

validated. The output values of the EV TRNSYS component; inlet pressure, mass flow rate, outlet 

temperature and absorbed solar power, are compared to the steady state values computed by 

MATLAB. Table 8 compares both of the results at steady state, with the MATLAB results being 

the reference values. It can be shown in the table that a maximum error of 3.8% takes place.  

Table 8: Evaporator TRNSYS component verification 

Parameter MATLAB TRNSYS Component Deviation 

[%] 

Inlet pressure [Bars] 183 176 3.8 

Mass flow rate [Kg/s] 126.46 129 2 

Outlet temperature [°C] 353.7 354 0.08 

Absorbed solar power [kW] 1.38*105 1.42*105 2.8 

 

3.2.1.2. Superheater and Reheater Transient Models 

Once the steady state of the SH/RH is performed we already know its basic and detailed 

dimensions. The same TRNSYS component is used for both the SH and RH, with one of the 
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parameters shown in Table 9 setting its operation mode, 1 for SH and 2 for the RH. The 

parameters, inputs and outputs are similar to the evaporator’s. However, as previously mentioned 

the mass flow, which was calculated by the evaporator component, is taken as an input and is 

heated up accordingly with the actual solar power inputted from solar field. In case of the SH, the 

steam inlet temperature is needed, and in case of the RH the specific enthalpy is inputted instead. 

One of the parameters needed by both of the components is the maximum outlet temperature of 

steam, since an attemperator is used at the inlet of the HP turbine section to cool down the steam 

so that it matches the design value, in case that the inlet conditions to the HP turbine is higher than 

the nominal conditions.  

Table 9:  Specifications of the superheater and reheater TRNSYS components 

Parameters Input Output 

Nominal field power [W] Incoming solar power [W] Outlet enthalpy [kJ/kg] 

Minimum field power [W] Steam inlet temperature 

(SH)[°C]/enthalpy 

(RH)[kJ/kg] 

Inlet pressure [Bar] 

Nominal mass flow rate [kg/s] Outlet pressure [Bar] Absorbed solar power [W] 

Maximum heat flux [W/m2] Mass flow rate [kg/s]  

Component area [m2]   

Nominal pressure drop [Bar]   

Nominal energy losses [W]   

Maximum outlet temperature 

[°C] 

  

Mode   

 

The same equations used by the evaporator component: equation, equation, equation and equation 

are used by this component. However, unlike the EV component, since the mass flow rate is 

already an input to the component, the component does not have to iterate for solving the 

equations.  

Verification of the SH and RH components 

The output values of both the superheater and reheater TRNSYS components; inlet pressure, 

outlet enthalpy and absorbed solar power, are compared to the steady state values computed by 

MATLAB for verification purposes. Table 10 compares both of the results at steady state, with the 

MATLAB results being the reference values. It can be shown in the table that a maximum error of 

4.1% takes place for both of the components.  

Table 10: Superheater and Reheater TRNSYS components verification 

Parameter MATLAB TRNSYS Component Deviation 

[%] 

Super-Heater 

Inlet pressure [Bars] 173 175 1.1 

Outlet Enthalpy [kJ/kg] 3.42*103 3.38*103 1.1 

Absorbed solar power [kW] 1.12*105 1.106*105 1.2 



37 

 

Re-Heater 

Inlet pressure [Bars] 36 37.5 4.1 

Outlet Enthalpy [kJ/kg] 3.416*103 3.382*103 1 

Absorbed solar power [kW] 3.75*104 3.68*104 1.8 

 

3.2.2. ACC 

Parameters needed by the ACC TRNSYS component, which are listed in Table 11, are already 

determined from the steady state calculations (section 3.1.1.1). The transient component use these 

parameters along with the input from the last LPT section component (listed in Table 11) to 

calculate the outputs. The UA [kW/k] is varied following a simple power law relation such as that 

implemented in other TRNSYS components (Type5 for heat exchangers) (Schwarzbözl, 2006). 

Table 11: Specifications of the air cooled condenser TRNSYS components 

Parameters Input Output 

Design Condensing 

Temperature [°C] 

Steam Inlet Specific 

Enthalpy [kJ/kg] 

Flow rate of air [kg/s] 

Design Fan Power [kW] Steam Inlet Temperature 

[°C] 

Condensing Temperature 

[°C] 

Design Overall Heat Transfer 

Coefficient [kW/k] 

Air Inlet Temperature [°C] Condensing Pressure [Bars] 

Design Terminal Temperature 

Difference [°C] 

Mass flow rate [kg/s] Outlet Flow rate of water 

[kg/s] 

Overall Heat Transfer 

Coefficient Scaling Factor 

 Outlet Temperature of air 

[°C] 

Design Flow Rate of Air [kg/s]  Effectiveness  

  Overall Heat Transfer 

Coefficient [kW/k] 

  Fan Power [kW] 

  Rate of heat removal [kW] 

 

Verification of the ACC transient component 

The output values of the ACC TRNSYS component are compared to the steady state values 

computed by MATLAB. Table 12 compares both of the results at steady state, with the MATLAB 

results being the reference values. It can be shown in the table that a maximum error of 4.5% is 

found. 
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Table 12: ACC TRNSYS model verification 

Parameter MATLAB TRNSYS Component Deviation 

[%] 

Fan Power [kW] 5127 4993 2.6 

Air Flow Rate [kg/s] 10187 8900 12 

Condensing Temperature [°C] 49 49 0 

Condensing Pressure [Bars] 0.1175 0.1194 1.6 

Air outlet Temperature [°C] 44 46 4.5 

Effectiveness  0.79 0.82 3.7 

 

3.2.3. Operation Strategies 

The MM is targeted to have a more flexible operation that is automatically adjusted to match the 

varying solar power input, obtained through implementing the following two modifications to the 

RM: 

1. HP feed water heater bypass coupled to HP stage bypass. It is demonstrated in yellow 

colour in the layout of the MM shown in Figure 17. 

2. HP FWTH, demonstrated in red colour. 

Figure 17 also demonstrates the controllers’ distribution in the power cycle. The MM will need a 

total of 7 controllers, with each serving a different purpose according to the incoming solar power, 

whether it is part load (Qin<Qin nominal) or overload (Qin>Qin nominal). The ratio 

X=Qin/Qnominal, where Qin is the actual power received from the heliostat field and Qnominal is the 

nominal field power, is the main parameter that all the controllers of the transient model are based 

on. The ratio (X) is used for controlling the 7 valves shown in Figure 17, which allows for a 

proper functioning of the modifications.  
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Figure 17: Power plant modifications with the valves needed for proper operation 

 

Having the DSG tower receiver divided into three components implies to split the solar power 

coming from the field into three portions: the EV, the SH and the RH. These proportions are pre-

calculated for the model as a function of the ratio X, based on some criteria that will be 

mentioned. A controller, named as the splitter and shown in Figure 18, will be used to control the 

splitting process during part load cases and over load cases.  

 

 

 

Figure 18: Schematic showing the splitting of the solar field input 

power onto the receiver components 
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3.2.3.1. At over load (Qin>Qin nominal) 

In order to make use of the excess solar insolation and generate more steam, the receiver has to be 

able to withstand higher flux densities compared to the nominal case. As mentioned in 

section 3.1.2, the maximum heat flux that can be absorbed by the receiver’s surface is limited by 

what the material can withstand. In one of the NREL technical reports (Ferguson & Janzou, 

2014), the maximum solar flux that DSG receivers can withstand is stated as follows:  

- For the evaporator the maximum solar flux is 800 kW/m2. 

- For the super heater the maximum solar flux is 500 kW/m2. 

- For the re-heater the maximum solar flux is 350 kW/m2. 

The maximum amount of solar power that each component of the receiver can withstand is 

calculated by multiplying the maximum solar flux value found in the NREL report by the area of 

each component. The maximum total solar power input that the receiver is able to handle is found 

to be 395 MW, which is 19% higher than the nominal power needed by the power cycle (X=1.19). 

This implies that the over load operation of the MM will be taking place between (1<X<1.19). 

The feed water temperature that is received by the boiler during over load does not have to be as 

high as in the nominal case, and this makes it possible to bypass Preheater 1 and the FWTH. This 

control process is performed via valves 2 and 6 for PH1 and valves 3 and 5 for the FWTH (refer 

to Figure 17). At over load the four valves are closed (no flow) and the steam flows through valve 

1 instead. In this case the plant has only one extraction in the HP portion of the plant. In contrast 

to the part load case, where the four valves are open and valve 1 is closed, raising the number of 

preheaters and extractions at the HP portion into 3. 

When the boiler absorbs the excess solar radiation, more steam flows are produced which would 

result in more power production. The high pressure steam exits the receiver into a flow splitter, 

which splits the flow into two streams. A controller calculates the amount of mass flow to be 

bypassed from the first HPT section, entering the second HPT section, with the rest of the mass 

flow entering the first HPT section. The closer the insertion of the bypassed steam to the HPT 

inlet, the higher is the back pressure as discussed in section 2.3.2. 

Determining the splitting proportions of the field power at over load is based on three main 

criteria: 

a. T[2]≤T[2]nom (545 C), where point 2 is located at the outlet of the SH 

b. T[6]≤T[6]nom (485C), where point 6 is located at the outlet of the RH 

c. P[2]≤P[2]nom, where point 2 is located at the outlet of the SH 

The first two criteria limit the temperature at the outlet of the superheater and the reheater to be 

lower than or equal to the nominal temperature at these two states, since the temperature at the 

inlet of the superheater is limited by the attemperator at 545 C, it would be a waste of energy for 

the outlet temperature to exceed the nominal one (refer to section 3.2.1). Superheated states were 

targeted at these two states in order for moisture not to be formed inside both the HP and the LP 

turbines as well as to yield the maximum power output. Regarding the third criterion, the turbine 

inlet pressure is limited by the swallowing capacity of the turbine, and in turn has to be kept at the 

nominal value. Having higher solar power falling onto the receiver compared to the nominal 
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power received drives the evaporator to produce higher steam flow rates that can be boiled. The 

more the mass flow rate entering the turbine section, the higher is the inlet pressure of the turbine. 

This is demonstrated by the Stodola ellipse law shown in equation 38 (Cooke, 1983) that is used 

to model the turbine section component in TRNSYS, in which the inlet pressure (PI) is modelled 

as a function of the ratio between the actual mass flow rate (FLI) and the nominal mass flow rate 

of steam squared. That is why another controller, the steam bypass controller, is used at over load 

cases, and will be discussed below.  

 𝑃𝐼 = √((FLI/FLREF)2  ∗  (PIREF2  −  POREF2)  +  PO2 ) (38) 

 

The proportions of the solar power inputted to the evaporator and the superheater are governed by 

equation 39 and equation 40 shown in Figure 19 (left). These two empirical correlations that 

determines the solar field power division between the receiver components are formed based on 

two initial proportion values (at minimum and maximum overload conditions), which fulfilled the 

pre-set criteria. Then using linear interpolation the behaviour of the intermediate values is 

predicted. The two initial proportions determine which component is favoured with regards to the 

input power share, and that explains why the evaporator always has the highest share of power. 

The reheater’s share of the incoming solar power is the remaining power after subtracting the 

shares of the EV and the SH from the SF input power. Using the two equations to plot the power 

of each component as a function of X yields the profile shown in Figure 19 (right).   

 𝑄𝐸𝑉 = (−0,16 𝑋 + 0,65). 𝑄𝑖𝑛 (39) 

 

 𝑄𝑆𝐻 = (0.16 𝑋 + 0,2163). 𝑄𝑖𝑛 (40) 

 

 

Figure 19: SF power splitter controller behaviour at overload 

As mentioned earlier, the steam bypass controller (shown as valve 4 in Figure 17) is used to lower 

the amount of mass flow rate entering the HPT inlet, in order for the inlet pressure not to exceed 
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the design inlet pressure (165 bars). It functions only during overload cases. The controller 

calculates the amount of steam to be bypassed (ṁ𝑠𝑝𝑙𝑖𝑡) as a function of X using equation 41. 

Similar to the splitter, the governing equation of the steam bypass controller is formed using linear 

interpolation based on two initial values which fulfilled the third criterion.  

 ṁ𝑠𝑝𝑙𝑖𝑡 = 2,5𝑋 − 2,49 (41) 

 

3.2.3.2. At part load (Qin<Qin nominal) 

When having lower solar input from the solar field, it would be an advantage to raise the rankine 

cycle efficiency of the power plant in order to maximize the outcome out of the incoming solar 

power. This is achieved by adding an extra extraction, shown in red in Figure 17, to the existing 

two extractions at the HP section. The increased number of extractions is mainly to raise the 

temperature of the feed water before entering the boiler. This in turn lowers the amount of power 

needed by the water to boil, and raises the thermal efficiency of the cycle. It is possible to estimate 

the minimum power needed by the MM to operate, knowing that the minimum feed water 

temperature difference (ΔT) at part load is 4 °C (as will be shown in section 6.2), the mass flow 

rate (ṁ) at the minimum Qin (estimated in section 3.2.1) is found to be 44 kg/s, and the specific 

heat capacity rate (𝑐𝑝) is assumed to be 5kJ/kg.k. Using equation 42 (Incropera, et al., 2006), the 

minimum power needed by the MM is estimated, and resulting in a ratio of X=0.345. So the part 

load operation of the MM will be taking place between (0.347<X<1) compared to (0.35<X<1) for 

the RM. 

 𝑄 = ṁ𝑐𝑝ΔT (42) 

 

Adding a 3rd HP extraction to a plant that was designed initially to have 2 HP extractions is found 

to have a negative effect on the power output of the cycle. The reason goes back to the higher 

amount of high pressure steam mass flow that is demanded by the feed water preheaters, based on 

the sizes of the heat exchangers which were designed to match a fewer number of extractions. One 

impractical solution is to change the size of PH2 (as changing the sizes of the other two HP 

preheaters were found to be not affecting the total mass flow rate of the extractions). An 

alternative to that would be installing a flow controller, which limits the amount of mass flow 

extracted by PH2 during part loads. This controller is shown as valve 7 in Figure 17. 

Similarly like in the part load case, the two empirical modelling equations for the SF power 

splitter were initially formed based on two initial proportions that fulfilled the three pre-set 

criteria. However, when linear interpolation was performed and the resulted two equations were 

used by the splitter, the mass flow rate passing through the LPT increased at high part loads close 

to the nominal power (X>0.9). This is caused by the PH2 controller, which reduces the amount of 

steam extracted as explained earlier. Having higher steam flows than designed causes the inlet 

pressure of the HP turbine to rise, which is undesirable due to the limitation set by the designed 

swallowing capacity of the turbine, which prevents the inlet pressure from exceeding the nominal 

value. One simple solution was to modify the splitter equation, in order to lower the share of the 

EV and in turn lower the mass flow rate produced. Linear regressions is performed using a couple 
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of proportions that were calculated while fulfilling the criteria, by which the behaviour of the 

intermediate values is predicted. Using equation 43 and equation 44 (Figure 20 left) to plot the 

power of each component as a function of X yields the profile shown in Figure 20 (right).   

 

 𝑄𝐸𝑉 = (−0,22 𝑋2 + 0,023 𝑋 + 0,6439). 𝑄𝑖𝑛 (43) 

 

 𝑄𝑆𝐻 = (−0,23 𝑋2 − 0,06  𝑋 + 0,25). 𝑄𝑖𝑛 (44) 

 

Knowing that 𝑄𝐸𝑉 and 𝑄𝑆𝐻 are the solar power shares of the EV and the SH respectively. 𝑄𝑖𝑛 is 

the solar power input from the SF. 

  

Figure 20: SF power splitter controller behaviour at partload 

 

A summary of the control scheme as a function of the ratio X, by which 7 valves operate is shown 

in Table 13.  

Table 13: Controlling the valves of the power plant for a proper functioning of the modifications 

 X>1 X<1 X=1 

Valve 1 1 0 0 

Valve 2 0 1 1 

Valve 3 0 1 0 

Valve 4 1 0 0 

Valve 5 0 1 0 

Valve 6 0 1 1 

Valve 7 1 partial 

flow 

1 
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4. Thermo-Economic Models 
In order to evaluate the technical and the financial performances of both the RM and the MM and 

be able to compare them, thermodynamic and economic indicators are employed. A total of seven 

thermo-economic performance indicators are employed, namely capital costs (CAPEX), the 

annual operating costs (OPEX), levelized cost of electricity (LCOE), net power production, 

capacity factor, power cycle efficiency and number of operating hours (NOH). A detailed 

description of each of the indicators will be discussed in this section. 

4.1. Thermodynamic Performance Indicators 

The annual net electrical output of the model is the most basic thermodynamic performance 

indicator, which affects all the other performance indicators. It is calculated using equation 45, 

where 𝐸𝑔𝑟𝑜𝑠𝑠 and 𝐸𝑝𝑎𝑟 are the gross electrical output and plant parasitic consumption integrated 

for a period of one year. As mentioned previously, the parasitic consumption takes into account 

the power consumed by the two pumps and the fan of the ACC. 

 𝐸𝑛𝑒𝑡 = ∑ (𝐸𝑔𝑟𝑜𝑠𝑠 − 𝐸𝑝𝑎𝑟)

𝑦𝑒𝑎𝑟

𝑄𝐸𝑉 
(45) 

 

The average annual power cycle efficiency gives an indication to the thermodynamic performance 

and the scale of the losses taking place at the level of the power cycle. As shown in equation 46, 

the average annual efficiency (𝜂𝑡ℎ) is obtained by taking the yearly average of the ratio between 

the net power production and the total amount of power absorbed by the power cycle (𝑄𝑎𝑏𝑠), 

calculated during the hours of operation of the power plant (NOH).  

 

𝜂𝑡ℎ =
∑

(𝐸𝑔𝑟𝑜𝑠𝑠 − 𝐸𝑝𝑎𝑟)
𝑄𝑎𝑏𝑠

𝑦𝑒𝑎𝑟

𝑁𝑂𝐻
⁄

 

(46) 

 

The level of utilization of the available capacity of the power plant is expressed by the capacity 

factor. It is the ratio of the actual annual electrical output of the plant to the theoretical one that 

would have been yielded when operating at full capacity the entire year. Equation 47 is used to 

calculate this indicator, where 𝐸𝑛𝑜𝑚 is the nominal capacity of the plant, and 𝑡𝑦𝑒𝑎𝑟 is the time in 

seconds throughout a year. 

 
𝑓𝑐𝑎𝑝 =  

𝐸𝑛𝑒𝑡

𝐸𝑛𝑜𝑚 .  𝑡𝑦𝑒𝑎𝑟
 

(47) 

 

4.2. Economic Performance Indicators 

The total investment cost needed to build the power plant is an important economic performance 

indicator. CAPEX was calculated using equation 48 by adding all direct and indirect costs of 

investment. The breakdown of the direct costs is shown in equation 49, where all equipment 

related costs including purchasing and onsite installation are taken into account. The breakdown 

of indirect costs is shown in equation 50, where it covers the costs incurred through 
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commissioning such as land purchase, labor and taxes. The costs were calculated with reference to 

the models found in (Turchi & Heath, 2013) and (WorleyParsons Group, 2009). Equation 51 is a 

cost scaling function, used in the models to estimate the costs based on values from reference 

plants and respective material and labor cost multipliers.  

 𝐶𝐴𝑃𝐸𝑋 = 𝐶𝑑𝑖𝑟𝑒𝑐𝑡 + 𝐶𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡 (48) 

 

 𝐶𝑑𝑖𝑟𝑒𝑐𝑡 = 𝐶𝑃𝐵 + 𝐶𝑆𝐹 + 𝐶𝑟𝑒𝑐 + 𝐶𝑡𝑜𝑤𝑒𝑟 + 𝐶𝐵𝑂𝑃 + 𝐶𝑐𝑜𝑛𝑡𝑖𝑛𝑔𝑒𝑛𝑐𝑖𝑒𝑠 (49) 

 

 𝐶𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡 = 𝐶𝐸𝑃𝐶_𝑜𝑤𝑛𝑒𝑟𝑠ℎ𝑖𝑝 + 𝐶𝑇𝑎𝑥 + 𝐶𝑙𝑎𝑛𝑑 (50) 

 

 

𝐶𝑚 = ∑ {𝐶𝑟𝑒𝑓,𝛾. ∏ [(
𝑋𝑚,𝛽

𝑋𝑟𝑒𝑓,𝛽
)

𝑦𝛽

]
𝑛2

𝛽=1
}

𝑛1

𝛾=1

 

(51) 

 

As m is the cost of equipment, 𝐶𝑟𝑒𝑓,𝛾 is the reference cost values, 𝑛1 is the number of reference 

cost values, 𝑋 is the critical design parameter, 𝑛2 is the number of critical design parameters, 𝑦 is 

the size scaling exponent. 

Cost data for the USA were extracted from SAM Cost Database (NREL, 2014) and were modified 

accordingly to better suit DSG power plants, since the reference costs are for molten salt tower 

plants. For the RM, the costs of salt heat exchangers, hot salt pumps and piping are excluded in 

the Balance of Plant cost estimation (𝐶𝐵𝑂𝑃), since DSG plants lack these components. Dry cooling 

requires higher investment and eventually leads to 5 – 10% higher cost compared to wet cooling 

(Richter, et al., 2009). Another way of estimating the specific CAPEX of the dry cooling system is 

through equation 52, which calculates the specific capital cost of the ACC (in EUR/kWe) as a 

function of the initial temperature difference (refer to section 3.1.1.1). The modifications 

performed to the RM are represented in the cost estimation of the MM as additional costs of: one 

extra preheater, seven extra controllers and the modifications performed to the turbine. 

 𝑐𝑖𝑛𝑣,𝐴𝐶𝐶 = 0.7437. 𝐼𝑇𝐷2 − 48.72. 𝐼𝑇𝐷 + 1017 (52) 

 

The specific investment cost of the whole power plant 𝑐𝑖𝑛𝑣 (in USD/kWe) is included as one of 

the performance indicators, in order to be able to compare the power plant studied in this project 

with other plants of different sizes. It is often used instead of the total investment cost 𝐶𝑖𝑛𝑣 and it 

is calculated by dividing the total investment cost by the nominal power plant output 𝐸𝑛𝑜𝑚 as 

shown in equation 53.  

 
𝑐𝑖𝑛𝑣 =

𝐶𝑖𝑛𝑣

𝐸𝑛𝑜𝑚
 

(53) 

 

The annual OPEX was calculated using equation 54, by adding all the labor costs, utility costs, 

costs for contracted services, and other costs related to equipment maintenance and material 
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requirements. The same cost data used for calculating the CAPEX is used for calculating the 

OPEX of the RM. The costs incurred due to having the modifications are scaled based on the RM 

costs as shown in equation 55. These scaling factors added to the utility and contracted services 

costs are assumed to be around 5% of the RM costs, and cover the following: 

- Higher power block services costs, due to the higher solar flux that the receiver is 

subjected to at over load. This results in faster deterioration of the receiver coating 

material. 

- Higher utility costs incurred due to increasing the gross power production  

- Additional service costs covering the more complex control system.  

 𝑂𝑃𝐸𝑋 = 𝐶𝑙𝑎𝑏𝑜𝑟 + 𝐶𝑠𝑒𝑟𝑣𝑖𝑐𝑒𝑠 + 𝐶𝑢𝑡𝑖𝑙𝑖𝑡𝑖𝑒𝑠 + 𝐶𝑚𝑖𝑠𝑐𝑒𝑛𝑙𝑙𝑎𝑛𝑒𝑜𝑢𝑠 (54) 

 

 𝑂𝑃𝐸𝑋 = 𝐶𝑙𝑎𝑏𝑜𝑟 + (𝑎𝐶𝑠𝑒𝑟𝑣𝑖𝑐𝑒𝑠 + 𝐶𝑠𝑒𝑟𝑣𝑖𝑐𝑒𝑠) + (𝑎𝐶𝑢𝑡𝑖𝑙𝑖𝑡𝑖𝑒𝑠 + 𝐶𝑢𝑡𝑖𝑙𝑖𝑡𝑖𝑒𝑠)
+ 𝐶𝑚𝑖𝑠𝑐𝑒𝑛𝑙𝑙𝑎𝑛𝑒𝑜𝑢𝑠 

(55) 

 

An important economic performance indicator that is directly related to the lifetime of the power 

units, and in turn affects the CAPEX and OPEX of the plant, is the equivalent operating hours 

(EOH). It is calculated by adding the normal operating hours of the power unit and the equivalent 

operating hours due to each turbine start. This yields a time equivalent notation that gives an 

estimation of the power unit deterioration rate, at normal and cyclic operation.  

The minimum price of electricity which, over the lifetime of the power plant, generates enough 

revenue to pay back the CAPEX, cover the OPEX and generate enough cash for decommissioning 

of the plant when its life time has ended, is known as the levelised cost of electricity (LCOE). The 

LCOE is calculated using equation 56, by dividing the total costs (CAPEX and OPEX) by the 

total annual power production (𝐸𝑛𝑒𝑡).  

 

 
𝐿𝐶𝑂𝐸 =

(𝛼 . 𝐶𝐴𝑃𝐸𝑋 + 𝑂𝑃𝐸𝑋)

𝐸𝑛𝑒𝑡
 

(56) 

 

𝛼 is the capital return factor calculated using equation 57 as a function of the real interest rate (𝑖), 

the power plant lifetime (n) and the insurance rate (𝐾𝑖𝑛𝑠) with values extracted from (Kearney, 

2010). 

 
𝛼 =

[𝑖(1 + 𝑖)𝑛]

[(1 + 𝑖)𝑛 − 1]
+ 𝐾𝑖𝑛𝑠 

(57) 
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5. Results 
In order to obtain a representative evaluation of the performance of the power plant under the 

influence of the continually varying ambient conditions and solar flux, a full year’s worth of 

operation is simulated. Running the simulation for both of the RM and the MM yields the results 

shown in Table 14. Each performance indicator will be discussed solely below. 

Table 14: Comparison between the performance indicators of both of the models 

Parameter RM MM Ivanpah Unit Deviation 
|𝑹𝑴−𝑴𝑴|

𝑹𝑴
 

CAPEX (capacity 

126 MWe) 

568.2 580.4 700 Million USD 2 % 

Specific Investment 

Cost 

4510 4607 5612 USD/kWhe 2 % 

Annual OPEX 9.84 9.94 - Million USD/yr 1 % 

Net Electricity 

Production 

358.9 401.3 - GWhe/yr 11.7 % 

Gross Electricity 

Production 

380.8 424.6 - GWhe/yr 11.5 % 

Parasitic 

Consumption 

21.9 23.29 - GWhe/yr 6.3 % 

Parasitic Fraction 5.76 5.5 - % 4.5 % 

LCOE 170.8 152.5 120-170 USD/MWhe 8.7 % 

Normal Operating 

Hours 

3356 3363 - Hours 0.3 % 

Equivalent 

Operating Hours 

10656 10663 - Hours 0.04 % 

Capacity Factor 32.51 36.36 31.4 % 11.8 % 

Average Annual 

Power Cycle 

Efficiency 

41.14 41.82 - % 1.6 % 

Total Annual 

Defocused solar 

Energy 

331 240 - GWhTh/yr 28% 

 

5.1. Thermodynamic Performance Indicators 

5.1.1. Net Power Production 

One of the parameters that highlights the performance of both of the modifications on the model 

and has a direct effect on the Levelized Electricity Cost is the net power produced. In Table 14 it 

can be seen that the annual net electricity production of the MM is 11.7% higher than that of the 

RM. On the left axis of Figure 21, the net power production for both the MM (blue) and the RM 

(red) is plotted for a week during winter. Both the actual and nominal incoming power from the 

field are shown on the right axis of the figure, in order to identify periods of overload and part 

load SF power. It can be demonstrated from the figure that during the times of maximum over 

load solar conditions at any of the days, the MM can produce 22 MW excess power output, which 



48 

 

is 18% higher compared to the RM. This is comparable to a 7 MW excess power output, which is 

5.5%, at the maximum part load conditions. Since the MM is able to make use of excess power 

from the SF during both partload and overload cases, the annual defocused thermal energy is 

reduced by 28% compared to the RM as shown in Table 14. Defocused energy is calculated by 

subtracting the total annual absorbed (Qabs) thermal energy by the receiver from the total annual 

energy delivered by the SF (Qin). 

 

Figure 21: Impact of the implemented modifications on the net power production of the power plant during 

winter 

On the other hand, the daily power production during summer for both of the models doesn’t stay 

stable like in winter, it decreases as a function of time. During any of the days, the negative slopes 

of the power output during times of peak solar conditions are shown in Figure 22. The increasing 

ambient temperature throughout the day results in the deteriorating effect that is shown in the 

figure. The reason is that the performance of an air cooled condenser (ACC) is heavily influenced 

by the dry bulb temperature, as discussed before in section 3.1.1.1. The condensing temperature is 

raised at higher dry bulb temperatures, resulting in an increase in the condensing pressure 

compared to the nominal condensing pressure. Higher condensing pressures affect the 

performance of the power cycle in terms of power production.  

 



49 

 

 

Figure 22: Impact of the implemented modifications on the net power production of the power plant during 

summer 

 

Figure 23 shows the ambient dry bulb temperature profile during one of the winter days. It can be 

seen that the recorded ambient temperatures (black) don’t exceed 16 °C, and this allows the ACC 

to work at 49°C, which is the nominal condensing temperature (orange). On the other hand, 

Figure 24 shows the same exact configuration for one of the days during summer. It is obvious 

that the recorded dry bulb temperatures (black) can reach as high as 32 °C. This forces the 

condenser to work at high condensing temperatures (orange), higher than the nominal one. 

 

Figure 23: Impact of ambient temperature on the condensing temperature during winter 
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Figure 24: Impact of ambient temperature on the condensing temperature during summer 
 

The higher power output that the MM can produce, with respect to the RF, at both part load and 

overload load cases can be justified by comparing the steam mass flow rates in the two models. At 

part load, the boiler of the MM is able to make use of 0.3% to 4.2% (at minimum and maximum 

SF power at part load conditions) extra solar power from the field, with respect to the RM, and 

turns it into excess steam. This is due to the higher feed water temperatures recorded at part load 

for the MM, which will be discussed in details in section 5.1.2. At over load, although the final 

feed water temperature in the MM is lower, the modifications, HP turbine stage bypass and feed-

water preheater bypass, made the power block capable of handling 0.01% up to 19%, at minimum 

and maximum SF power during over load conditions (refer to section 3.2.3 for detailed 

calculations). Figure 25 shows the higher steam flow rates produced by the power block of the 

MM (black) compared to that of the RM (purple). This is true for both the part load and the 

overload cases, with the difference being larger at overload.  

 

Figure 25: Impact of the implemented modifications on the main steam mass flow rate  
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As mentioned earlier in section 3.2.3.1, without having the steam bypass controller (valve 4), the 

inlet pressure of the HPT would increase significantly. Figure 26 shows this effect by plotting the 

inlet pressure of the HP turbine for both the MM without steam bypassing (black), and the RM 

(red). It can be seen that inlet pressures in case of the MM exceed 200 bars, compared to having a 

peak value of 165 bars at nominal conditions (RM). And this justifies the need of this controller 

that calculates the amount of steam to be bypassed from the first HPT section of the MM, for the 

sake of limiting the inlet pressure of the first HPT section below the nominal value (165 bars). 

Figure 27 shows the profile for the HPT pressure inlet with the controller functioning in case of 

the MM.  

 

 

Figure 26: Impact of increasing mass flow rate on the inlet pressure of the HPT 

 

 

Figure 27: Limiting the inlet pressure of the HP turbine below the nominal pressure in the MM 
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Figure 28 shows the amount of bypassed steam throughout the 2nd week of January. This week 

was chosen instead of the 1st week, since it has a varying profile of solar radiation at over load. 

 

Figure 28: Bypassed steam mass flow rate at over load as a function of the actual solar power received from 

the field 

 

The need for the PH2 controller in the MM (refer to section 3.2.3.2) can be justified by running 

the simulation with this controller switched off. As mentioned before, adding a 3rd HP extraction 

to a plant that was designed initially to have 2 HP extractions would have a negative effect on the 

power output of the cycle. This negative effect is shown in Figure 29, in which the impact of the 

PH2 controller on net power output is demonstrated.  

 

Figure 29: Impact of using the PH2 controller on net power production of the MM  
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The reason goes back to the higher amount of high pressure steam mass flow that is demanded by 

the preheaters, based on the sizes that were designed to match a fewer number of extractions. This 

can be shown in Figure 30, where the purple line stands for the PH2 extraction mass flow rate in 

the MM, while running without the controller. Using the PH2 controller (black line) to control the 

demanded mass flow rate at the PH2 extraction, the power output of the cycle is improved at part 

load, and the same goes for the thermal efficiency of the cycle (as has been shown earlier in the 

MM).  

 

Figure 30: Impact of using the PH2 controller on the PH2 extraction mass flow rate in the MM 

 

5.1.2. Power Cycle Efficiency 

Another important parameter, which mainly tackles the performance of the feed water top heater 

(FWTH), is the power cycle efficiency. As have been discussed earlier, first in the part load case, 

having an auxiliary preheater activated in the MM causes the temperature of the feed water to be 

higher compared to the RM. In the overload case of the MM, since the feed water bypasses both 

the FWTH and PH1, the temperature of the feed water is lowered compared to the RM. Figure 31 

compares the final feed water temperature for both of the models. It can be seen that whenever the 

incoming power from the field is lower than the nominal power (part load case), the final feed 

water temperature in the MM (orange) is higher than in the RM (black). On the other hand, 

whenever the power from the field exceeds the nominal power (overload case), the temperature in 

the RM is higher. During periods of part load SF power, having raised the temperature of the feed 

water before entering the boiler in the MM lowers the amount of heat energy needed by the water 

to boil. This in turn raises the power cycle efficiency at part load (refer to section 3.2.3.2). Figure 

32 demonstrates that at part load the thermal efficiency of the MM (blue) is higher than that of the 

RM (red), and vice versa at over load, where the opposite takes place at over load. 
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Figure 31: Impact of the implemented modifications on the final feed water temperature at both part load 

and over load cases 

 

It can be seen as well that the difference in the thermal efficiency between the two models is 

higher at part load than at over load. Having lower feed water temperatures at over load, which is 

the case for the MM, doesn’t have a major effect on the gross cycle efficiency, compared to 

during periods of part load radiation.  This phenomenon is demonstrated in Figure 39 in Appendix 

I, which shows that final feedwater temperatures that exceed 300 °C have minimal effect on the 

cycle efficiency. It can also be demonstrated in Table 14, where the average annual power cycle 

efficiency for the MM is found to be 41.82%, compared to 41.14% for the RM. 

 

Figure 32: Impact of the implemented modifications on the cycle efficiency of the power plant at part load 

and over load cases  
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Figure 33 shows the final feed water temperature difference range between the MM and the RM 

(𝐹𝑊𝑇𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 − 𝐹𝑊𝑇𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒) throughout the whole year. It can be seen that at part load 

(orange), the temperature difference ranges from +4 °C to +21 °C (positive sign means that the 

temperature is higher in the MM). At over load (green), the temperature difference ranges from     

-10 °C to -21 °C. 

 

 

Figure 33: Feed water temperature difference between the MM and the RM. The top half of the figure is for 

the part load case and the bottom half is for the over load case  

 

5.1.3. Capacity Factor 

Capacity factors of 36.4% and 32.5% are calculated for the MM and the RM respectively, which 

are comparable to Ivanpah’s capacity factor of 31.4% (Clean Energy Action Project, 2013). The 

higher capacity factor of the MM is mainly due to the higher annual net electricity production 

compared to the RM. The higher capacity factor achieved indicates that the MM is utilized better 

than the RM. Higher net power production at overload compared to the partload conditions in the 

MM gives an indication that the overload operation strategy contributes more in raising the 

capacity factor. 

 

5.2. Economic Performance Indicators 

5.2.1. NOH and EOH 

Requiring less amount of heat to boil the water, while operating at part load in case of the MM 

(blue), can lead sometimes to the plant starting earlier (Figure 34) or working for longer periods 

(Figure 35). This is in contrast with the case of not having the FWTH (red). This however doesn’t 

take place all the time. The frequency of this occurring actually depends on the solar power 

received from the field, whether it meets the minimum requirement of the plant to start or not. 

This factor is decided when designing any power plant, whether the nominal design of the plant is 
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based on the low solar insolation conditions (during the winter), or high solar insolation 

conditions (during summer). The difference in the number of operating hours for both of the 

models, which is 7 hours (Table 14), reflects how often the MM was operating longer than the 

RM.  

 

 

Figure 34: Impact of the modifications on the number of operating hours of the plant. The MM starts earlier 

than the RM  

 

 

Figure 35: Impact of the modifications on the number of operating hours of the plant. The MM operates 

longer than the RM 

 

One important factor that was taken into consideration is the practicality of the power plant’s 

operation. This is demonstrated by looking at the power plant’s operation profile during the 5th of 
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February, shown in Figure 36. Both of the models (MM, blue and RM, red) were supposed to be 

working for 2 hours starting from 10 a.m., then switched off for 3 hours and then switched off 

again for 1 hour. This intermittent operation profile can’t be tolerated by the components of the 

turbine in the real case scenario, due to the thermal stresses produced in the rotor and casing 

components. That is why whenever these operation profiles were encountered, the power plant 

wasn’t considered to be in duty and these hours were not taken into account as hours of operation.   

 

 

Figure 36: Controlling the hours of operation of the power plant 

 

5.2.2. CAPEX and OPEX 

The total capital cost for the RM is estimated to be 568 million USD, compared to 580 million 

USD for the MM. These results are comparable to the actual capital cost of Ivanpah, found to be 

700 million USD, which is an estimation for investment cost of the same capacity studied in this 

project, scaled from a total CAPEX of 2.2 billion USD for 392 MW. (Clean Energy Action 

Project, 2013). Another way of having this comparison is through assessing the specific 

investment cost, which is found respectively to be 4510 USD/kWe and 4607 USD/kWe for the 

RM and MM compared to 5612 USD/kWe for Ivanpah. The CAPEX of the MM is higher than the 

RM due to the additional costs incurred, covering the modifications performed in the power cycle. 

However, the CAPEX for both of the models are lower than that of Ivanpah since the cost 

estimation was based on a molten salt power plant, and scaled roughly to fit a DSG plant (refer to 

section 4.2) 

The total annual OPEX is estimated to be 9.94 for the MM, and 9.84 for the RM. The increase in 

the OPEX of the MM account for the additional costs, incurred because of having the 

modifications. More details about these additional costs are mentioned under section section 4.2. 
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5.2.3. LCOE 

LCOE is calculated to be 155.8 USD/MWh for the MM and 170.8 USD/MWh for the RM, which 

is comparable to the estimated LCOE of Ivanpah (120-170 USD/MWh) after the completion of 

the plant (Clean Energy Action Project, 2013). The lower LCOE of the MM indicates that it will 

be more profitable compared to the RM. This goes back to the fact that the MM achieves an 

11.7% higher annual net electricity production compared to the RM.  
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6. Final Conclusions 
The first objective of the project was met by creating a steady state model of a DSG power plant 

with the design parameters based on the Ivanpah plant (located in Daggett) and using the 

meteorological data of Daggett for running a transient model simulation. The second objective 

was achieved by implementing the two operation strategies that aim for increasing the flexibility 

of the reference plant, and comparing the performance of both of the models using 

thermodynamic performance indicators, such as: annual power yield, thermal efficiency of the 

power cycle and the capacity factor and economic performance indicators, such as: CAPEX, 

annual OPEX and LCOE.  

The overall conclusions of the performed thermo-economic analysis and comparisons between the 

RM and the MM can be summarized in the following points:  

- The MM achieved a higher average annual electricity yield of 11.7% compared to the RM, 

and that is due to the ability of the reference model to produce higher steam mass flow 

rates at both part load and overload conditions. First at overload, bypassing the HP 

feedwater heater and the HP turbine inlet allows the receiver to make use of up to 19% 

excess solar power from the field relative to the reference model and convert it into steam. 

While at partload, having one additional feed water heater allows the receiver to make use 

of up to 4.2% excess solar power from the field. 

- As a result of the higher annual energy production: the capacity factor of the MM shows a 

12% improvement and the amount of thermal energy wasted has decreased by 28% 

relative to the RM. 

- Although the thermal efficiency of the power cycle is lowered during overload conditions, 

since only one feed water heater is used, this had a minimal effect on the average annual 

power cycle efficiency which showed a gain of 1.6% for the MM compared to the RM. 

This gain is mainly due to raising the temperature of the feedwater at partload.  

- The capital and the annual operational expenditures increased when the modifications are 

introduced into the RM. For the CAPEX, the rise is mainly because of adding these costs 

to the total investment cost: one additional preheater, seven extra controllers and the 

turbine modifications. For the OPEX, additional service and utility costs were incurred to 

the MM. However, the LCOE of the MM is lowered by 8.7% compared to that of the RM, 

as a result of the annual power gains. The lower LCOE in turn makes the MM a favourable 

option for investors to consider it, even though the capital needed is higher compared to 

the RM. 

After performing this study, it can be concluded that it would be worth performing a sensitivity 

analysis with regards of the solar field size used as both of the operating strategies implemented 

allow the plant to improve performance during both overload and partial load periods. Having a 

smaller solar field, for instance a SM of 1.1, can lead to less power being defocused because of the 

maximum solar flux allowance in the receiver and, moreover, if using same partial operating 

strategy introduced in the work it can also lead to a lower LCOE by reducing the CAPEX whilst 

still increasing annual yield. DSG tower CSP technology would thus compete more in the large 
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scale energy industry, especially when having a reduced LCOE and CAPEX needed as a result of 

implementing the operation strategies that were shown in the work. 
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7. Future Work and Recommendations 
The first recommendation is to study the influence of each of the two strategies separately on the 

performance indicators in order to potentially propose resizing of the solar field. Basically the 

whole analysis process will be repeated twice, where each of the two strategies will be 

implemented on its own in the MM. Since the choice of the SM affects how often overload or part 

load states are encountered by the model and hence how often one strategy is favoured compared 

to the other, a sensitivity analysis for the SM would be crucial to perform before resizing of the 

solar field.  

Another proposal is to use local electricity prices in the USA for calculating profit indicators such 

as the internal rate of return and the net present value. This approach would highlight the 

profitability of the proposed strategies, and would provide a real estimate of the potential of the 

two strategies when applied in the US energy market.  

Having lowered the LCOE, it might be motivating to couple TES along with the modifications. 

The current barrier that hinders utilizing TES technologies on a large scale projects is its 

considerable effect of raising the LCOE, although it has a heavy impact on the capacity factor of 

the power plant.  
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APPENDIX I 
 DYNAMIC MODELS CREATED USING TRNSYS 
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Figure 37: TRNSYS model of  the reference plant 
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Figure 38: TRNSYS model of the modified plant 
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Figure 39: The effect of final feedwater temperature on the cycle efficiency (Pacheco, et al., 2013) 
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APPENDIX II 
MATLAB CODES FOR THE STEADY STATE POWER CYCLE MODELLING 
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%% Input Parameters 

  
%%-----------------------------------------------------------------------%% 
%%------MODEL-SPECIFICATIONS---------------------------------------------%% 
%%-----------------------------------------------------------------------%% 
o.field.SM =        1.3;                %Solar Multiple                 [-]  
o.field.type_handler = 1;               %Type of field (1:surround or 2:north)  

[-] 
o.field.Ahelio =    120;                %Mirror surface of Heliostats [m2] 
o.field.refl =      0.94;               %Mirror reflectivity of Heliostats      

[-] 
%%----------------------------------------------------------------------%% 
%%---------------------------------------------------------------------%% 
o.rec.width=         12;                %Width of the absorber%         [m] %% 
o.rec.cond=          25;                %Tube conductivity%          [W/mK] %% 
o.rec.wind=           4;                %Wind speed in receiver%      [m/s] %%  
o.rec.emiss=       0.88;                %Emissivity of receivier%       [-] %% 
o.rec.absor=       0.95;                %Absoptivity of receiver%       [-] %% 
o.rec.TwallMax=    1350;                %Melting temp of tube material% [°C] 

%% 
%%-----------------------------------------------------------------------%% 
o.rec.SH.D=              19;            %Inner Diameter of the superheater 

tubes [mm] %% 
o.rec.SH.t=           3.912;            %Thickness according to sch80%         

[mm] %%   
o.rec.SH.maxFlux=       300;            %Allowable max solar flux in SH% 

[kW/m2]  
o.rec.SH.fcontactA=     0.4;            %Contact area factor%              [-]  
o.rec.SH.tol=          0.8;             %Height Tolerance%                 [m]  
o.rec.SH.Qinmin1=332600000*0.35*0.2540; %minimum SF power received by SH [W] 
%%-----------------------------------------------------------------------%% 
o.rec.RH.D=            38.1;            %Inner Diameter of the reheater tubes%    

[mm] %% 
o.rec.RH.t=            5.08;            %Thickness according to sch80%         

[mm] %% 
o.rec.RH.maxFlux=       300;            %Allowable max solar flux in RH%    

[kW/m2] %% 300 
o.rec.RH.fcontactA=     0.4;            %Contact area factor%           [-] 
o.rec.RH.tol=           0.3;            %Height Tolerance%                 [m]  
o.rec.RH.Qinmin1=332600000*0.35*0.1207; % minimum SF power received by RH [W] 
%%-----------------------------------------------------------------------%% 
o.rec.EV.D=             19;             %Inner Diameter of the reheater tubes 

[mm] %% 
o.rec.EV.t=             3.912;          %Thickness according to sch80%    [mm]  
o.rec.EV.maxFlux=       650;            %Allowable max solar flux in RH% 

[kW/m2]  
o.rec.EV.fcontactA=     0.4;            %Contact area factor%              [-]  
o.rec.EV.tol=           0.3;            %Height Tolerance%                 [m]  
o.PC.BoilMode=          1;  
o.rec.tower_h =         122;            %Tower height (for field efficiency 

calc)   [m]  
o.rec.Tset =            565;            %temperature set point for receiver         

[C] 
o.rec.EV.Qinmin1=332600000*0.35*0.6251; %% minimum SF power received by EV [W] 
%%-----------------------------------------------------------------------%% 
%%-----------------------------------------------------------------------%% 
%Pressures 
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o.PC.pEVin=                 183;        %Evaporator inlet pressure                                                                                                            
o.PC.pHPTout=               39;         %outlet pressure of the HPT section 
o.PC.pamb=                  1;          %ambient Pressure 
o.R=                        0.287;      %kJ/kgK 
o.PC.Wset =                 126;        % Desired Net Power Plant Output [MWe] 
%Temperatures 
o.PC.ToutSH=                545;        %SH outlet Temperature 
o.PC.ToutRH=                485;        %Reheater outlet Temperature 
o.TAmbient=                 25; 
%Effeciencies 
o.PC.CONDPUMP.EFF=          0.85;    %Condenser Pump Efficiency  
o.PC.FAN.EFF=               0.85;    %Condenser Fan Efficiency 
o.PC.Gen_Eff =              1;         % Generator Efficiency    [-] 
o.PC.PUMP.EFF =             0.85;      % Water pumps efficiency 
o.PC.MECH.EFF=              1;         %Mechanical efficieny 
%%-----------------------------------------------------------------------%% 
o.PC.n_hotPH =              2;      % Number of HP preheaters  
o.PC.n_coldPH =             2;      % Number of LP preheaters 
o.PC.TTDcold =              5;      % TTD at LPT feedwater preheaters 
o.PC.TTDhot =               2;      % TTD at HPT feedwater preheaters 
o.PC.TTDcond=               3;      %Condenser TTD 
o.PC.RH.TTD =               16;     % TTD Reheater                              

[C] 
%Pressure Drops 
o.PC.SH.dP =                8;      % Pressure drop Superheater  [bar]     
o.PC.RH.dP =                3;      % Pressure drop Reheater     [bar] 
o.PC.EV.dP=                 10; % Pressure drop EV      [bar] 
o.PC.fan.dP=                0.005;  % Pressure drop ACC fan 
o.PC.COND.dP=               0;      %Condenser pressure drop 
o.PC.PH.dP=                 0;      %Preheater pressure drop 
%%-----------------------------------------------------------------------%% 
%%-----------------------------------------------------------------------%%  
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%% Power Cycle Sizing  

 

o = DSGPC(o) 
%% Inputs  
% Temperature 
Tin.SH=o.PC.ToutSH;                                        %SH outlet 

Temperature 
Tin.RH=o.PC.ToutRH;                                        %Reheater outlet 

Temperature 
Tin.A1=o.TAmbient;  o.Tin=Tin;                             %Cooling Air inlet 

Temp 
o.TTD.C=o.PC.TTDcond; 
%Pressure 
pin.P2=o.PC.pEVin;                                         %Evaporator inlet 

pressure                                                                                                            
pin.HPo=o.PC.pHPTout;                                      %outlet pressure of 

the HPT section 
pin.A1=o.PC.pamb;     o.pin=pin;                           %ambient Pressure 
%Extraction numbers, Power 
o.Pout=o.PC.Wset*10^3;                                     %Output Electric 

Power of the Plant [kW] 
ExtNo.HP=o.PC.n_hotPH;                                     %No of extractions 

in the HP 
ExtNo.LP=o.PC.n_coldPH;   o.ExtNo=ExtNo;                   %No of extractions 

in the LP 
%% *LOSSES* 
dp.EV=o.PC.EV.dP;                                          %Evaporator 

Pressure drop 
dp.SH=o.PC.SH.dP;                                          %Superheater 

Pressure drop 
dp.RH=o.PC.RH.dP ;                                         %Reheater Pressure 

drop 
dp.con=o.PC.COND.dP;                                       %Condenser pressure 

drop 
dp.PH=o.PC.PH.dP;                                          %Preheater pressure 

drop 
dp.fan=o.PC.fan.dP;                                        %bar 
N.gen=o.PC.Gen_Eff;                                        %Generator 

Efficiency 
N.mech=o.PC.MECH.EFF;                                      %Mechanical 

efficieny 
N.P1=o.PC.PUMP.EFF;                                        %Pump1 efficiency 
N.P2=o.PC.PUMP.EFF;                                        %Pump2 efficiency    
N.fan=o.PC.FAN.EFF; 
N.condpump=o.PC.CONDPUMP.EFF; 
o.dp=dp; 
o.N=N; 
%% Solving for the mass flow rate 
[o]=massflow(o); 
%% Thermal Efficiency 
o.PC.Qev=o.m.main*(o.h.EV-o.h.FWc.HP(1)); 
o.PC.Qsh=o.m.main*(o.h.SH-o.h.EV); 
o.PC.Qrh=o.m.RH*(o.h.RH-o.h.HPo); 
o.PC.Q=o.PC.Qrh+o.PC.Qev+o.PC.Qsh;                         %Thermal power 

absorbed 
o.PC.EFF=o.P.net/o.PC.Q;  o.PC.EFFth=o.PC.EFF;             %PC Thermal 

efficiency 
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o.rec.Qnom=o.PC.Q; 

 

function[o]=massflow(o) 

%% Solving for the real mass flow rate 
a=180;                                                        %Seed 1 
b=60;                                                         %Seed 2 
while a-b>0.0002 
    m=(a+b)/2; o.m.main=m;    
[o,o.M,o.h,o.p,o.T,o.rho1,o.rho2,o.eff,o.v]=PCstates(o,m);   

  
h.HPin=o.h.SH;                                         %setting the first 

enthalpy inlet to be SH enthalpy 
g=m;                                                   %main mass flow rate 
u=0;                                                   %mass flow of 

extractions 
for i=1:o.ExtNo.HP 
    h.HPout=o.h.HP(i); 
    b=(g-u);                                           %Mass flow excluding 

extractions 
    P.HP(i)=b*(h.HPin-h.HPout); 
    h.HPin=o.h.HP(i); 
    u=o.M.HP(i); 
    g=b; 
end 
o.m.HPo=m-sum(o.M.HP); o.m.RH=o.m.HPo; 
o.m.LPin=o.m.RH-o.M.PDA; 
P.last.HP=o.m.HPo*(o.h.HP(o.ExtNo.HP)-o.h.HPo);        %power from last stage 
%LP 
h.LPin=o.h.RH;                                         %setting the first 

enthalpy inlet to be SH enthalpy 
g2=o.m.LPin;                                           %main mass flow rate 
u2=0;                                                  %mass flow of 

extractions 
for i=1:o.ExtNo.LP 
    h.LPout=o.h.LP(i); 
    b2=(g2-u2);                                        %Mass flow excluding 

extractions 
    P.LP(i)=b2*(h.LPin-h.LPout); 
    h.LPin=o.h.LP(i); 
    u2=o.M.LP(i); 
    g2=b2; 
end 
o.m.LPo=o.m.LPin-sum(o.M.LP); 
P.last.LP=(o.m.LPo)*(o.h.LP(o.ExtNo.LP)-o.h.LPo);       %power from last stage 

  
o.P.tot=sum(P.HP)+sum(P.LP)+P.last.HP+P.last.LP;        %Total Turbine power 
o.P.el=o.N.gen*o.P.tot;                                 %Total produced 

Electric Power 
o.P.P1=((o.p.P1-o.p.C)*100*(m-sum(o.M.HP)-o.M.PDA))/(o.rho1*o.N.P1);  %Pump 1 

power evnsumption 
o.P.P2=((o.pin.P2-o.p.DA)*100*m)/(o.rho2*o.N.P2);       %Pump 2 power 

consumption 
o.P.paras=(o.P.P1+o.P.P2+o.P.fan);                      %Parasitic consumption 

[kW] 
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o.P.net=o.P.tot-(o.P.P1+o.P.P2);                        %Net power output of 

the plant (kW) 
    if o.P.net==o.Pout 
        break 
    elseif (o.P.net>o.Pout) 
        a=m; 
    else 
        b=m; 
    end 
end 
o.PC.W=o.P.net; 
o.PC.Wparas=o.P.paras*o.PC.Gen_Eff; 
o.PC.Wgross=o.P.tot+o.P.fan; 
end 
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%% Calculate all the states 

 

function [o,M,h,p,T,rho1,rho2,eff,v]=PCstates(o,mass)                                                               
%% Condenser 
T.C=o.Tin.A1+24; 
p.C=XSteam('psat_T',T.C);                                   %Condenser outlet 

pressure  
h.C=XSteam('hL_p',p.C); 
T.aout=o.Tin.A1+19; 
%% Known Pressures, PR  
%Pressures 
p.FWc.HP(1)=o.pin.P2-(o.ExtNo.HP*o.dp.PH);                  %Economizer inlet 

pressure 
%p.EC=p.FWc.HP(1)-o.dp.EC;                                  %Economizer outlet 

pressure 
p.EV=p.FWc.HP(1)-o.dp.EV;  h.EV=XSteam('hv_p',p.EV);        %Evaporator outlet 

pressure  
p.SH=p.EV-o.dp.SH;   o.PC.PinHPT=p.SH;                      %HP1 inlet 

Pressure  
p.RH=o.pin.HPo-o.dp.RH;                                     %Reheater outlet 

Pressure  
p.LPo=p.C+o.dp.con;                                         %condenser outlet 

pressure 
[p.DA,p.PDA]=deal(p.RH);                                    %De-aerator outlet 

pressure 
p.P1=p.DA;                                                  %Pump1 outlet 

pressure 
%Pressure ratios 
PR.ov.HP=o.pin.HPo/p.SH;                                    %Overall PR of the 

HP turbine 
%PR.st.HP=PR.ov.HP^(1/(o.ExtNo.HP+1));                      %PR per stage for 

the HP 
PR.st.HP=0.7; 
PR.ov.LP=p.LPo/p.RH;                                        %PR of the LP 

turbine 
%PR.st.LP=PR.ov.LP^(1/(o.ExtNo.LP+1));                      %PR per stage for 

the LP 
PR.st.LP=0.2; o.PR=PR; 
%% Pressure in Turbine stages 
%HP 
 

for i=1:o.ExtNo.HP                                          
    p.HP(i)=p.SH*(PR.st.HP)^i;                             %HP Extractions 

pressure 
end 
%LP 
for i=1:o.ExtNo.LP 
    p.LP(i)=p.RH*(PR.st.LP)^i;                             %LP Extractions 

pressure   
end 
%% Extraction Pressures (HP)  
i=o.ExtNo.HP;       %setting the counter, to start from the highest extraction 

in the HP to include the losses 
Pmain=o.pin.P2;                                            %a counter for the 

main pressure 
while i>=1                                                 %could be modeled 

using for loop 
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p.SCc.HP(i)=Pmain;                                         %main pressure line 
p.FWc.HP(i)=Pmain-o.dp.PH;                                 %FW cold outlet 

Pressure 
p.FWh.HP(i)=p.HP(i);                                       %FW hot outlet 

Pressure  
p.SCh.HP(i)=p.HP(i)-o.dp.PH;                               %Subcooler hot 

outlet Pressure  
Pmain=p.FWc.HP(i); 
i=i-1; 
end 
%% Extraction Pressures (LP) 
i=o.ExtNo.LP;      %restarting counter, to start from the highest extraction 

in the LP to include the losses 
pmain=p.P1;                                         %to act as a counter, to 

include the pressure losses 
while i>=1 
    p.SCc.LP(i)=pmain;                                    %main pressure line 
    p.FWc.LP(i)=pmain-o.dp.PH;                            %FW cold outlet 

Pressure 
    p.FWh.LP(i)=p.LP(i);                                  %FW hot outlet 

Pressure  
    p.SCh.LP(i)=p.LP(i)-o.dp.PH;                          %Subcooler hot 

outlet Pressure  
    pmain=p.FWc.LP(i);                                    %resetting the main 

pressure 
    i=i-1; 
end 
%% Saturated states (De-Aerator, EC, EV, Pumps) 
T.DA=XSteam('Tsat_p',p.DA);                              %De-aerator outlet 

temperature 
%T.EC=XSteam('Tsat_p',p.EC);                             %Economizer outlet 

Temperature                                   
T.EV=XSteam('Tsat_p',p.EV); o.T.EV=T.EV;                 %Evaporator outlet 

Temperature   
T.P1=T.C+1;                                              %Pump1 outlet 

temperature 
T.P2=T.DA+1;                                             %Pump2 outlet 

Temperature 
%% TTD HP 
for i=1:o.ExtNo.HP 
    T.FWh.HP(i)=XSteam('Tsat_p',p.FWh.HP(i));           %FW hot outlet 

Temperature     
    T.FWc.HP(i)=T.FWh.HP(i)-o.PC.TTDhot;                %FW cold outlet 

Temperature  
    h.FWc.HP(i)=XSteam('h_pT',p.FWc.HP(i),T.FWc.HP(i)); %Enthalpy of FW cold 

outlet 
    h.FWh.HP(i)=XSteam('hL_p',p.FWh.HP(i));             %Enthalpy of FW cold 

outlet 
end  
T.FWc.HP(o.ExtNo.HP+1)=T.P2; 
p.FWc.HP(o.ExtNo.HP+1)=o.pin.P2; 
v.FWc.HP(1)=XSteam('v_pT',p.FWc.HP(1),T.FWc.HP(1));     %specific volume of 

the economizer inlet 
o.cond.FWc.HP(1)=XSteam('tc_pT',p.FWc.HP(1),T.FWc.HP(1));%thermal conductivity 
o.miu.FWc.HP(1)=XSteam('my_pT',p.FWc.HP(1),T.FWc.HP(1)); %viscosity 
o.cp.FWc.HP(1)=XSteam('Cp_pT',p.FWc.HP(1),T.FWc.HP(1)); 
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h.FWc.HP(o.ExtNo.HP+1)=XSteam('h_pT',p.FWc.HP(o.ExtNo.HP+1),T.FWc.HP(o.ExtNo.H

P+1)); 
%% TTD LP 
for i=1:o.ExtNo.LP 
    T.FWh.LP(i)=XSteam('Tsat_p',p.FWh.LP(i));           %FW hot outlet 

Temperature     
    T.FWc.LP(i)=T.FWh.LP(i)-o.PC.TTDcold;               %FW cold outlet 

Temperature  
    h.FWc.LP(i)=XSteam('h_pT',p.FWc.LP(i),T.FWc.LP(i)); %Enthalpy of FW cold 

outlet 
    h.FWh.LP(i)=XSteam('hL_p',p.FWh.LP(i));             %Enthalpy of FW cold 

outlet 
end 
T.FWc.LP(o.ExtNo.LP+1)=T.P1; 
p.FWc.LP(o.ExtNo.LP+1)=p.P1; 
h.FWc.LP(o.ExtNo.LP+1)=XSteam('h_pT',p.FWc.LP(o.ExtNo.LP+1),T.FWc.LP(o.ExtNo.L

P+1)); 
%% Entropy, Isentropic Enthalpy, specific volume, specific density 
h.DA=XSteam('hL_p',p.DA); 
s.SH=XSteam('s_pT',p.SH,o.Tin.SH);                      %HP inlet Entropy 
s.RH=XSteam('s_pT',p.RH,o.Tin.RH);                      %LP inlet Entropy 
v.EV=XSteam('vV_p',p.EV); 
o.cond.EV=XSteam('tcV_p',p.EV);                         %thermal conductivity 
o.miu.EV=XSteam('my_ph',p.EV,o.T.EV);                   %viscosity 
o.cp.EV=XSteam('CpV_p',p.EV); 
v.SH=XSteam('v_pT',p.SH,o.Tin.SH);                      %HP inlet Specific 

volume 
o.cond.SH=XSteam('tc_pT',p.SH,o.Tin.SH);                %thermal conductivity 
o.miu.SH=XSteam('my_pT',p.SH,o.Tin.SH);                 %viscosity 
o.cp.SH=XSteam('Cp_pT',p.SH,o.Tin.SH); 
v.RH=XSteam('v_pT',p.RH,o.Tin.RH);                      %LP inletSpecific 

volume 
o.cond.RH=XSteam('tc_pT',p.RH,o.Tin.RH);                %thermal conductivity 
o.miu.RH=XSteam('my_pT',p.RH,o.Tin.RH);                 %viscosity 
o.cp.RH=XSteam('Cp_pT',p.RH,o.Tin.RH); 
h.SH=XSteam('h_pT',p.SH,o.Tin.SH);                      %HP inlet Enthalpy 
h.HPos=XSteam('h_ps',o.pin.HPo,s.SH);                   %Isentropic HP2 

enthalpy outlet  
h.RH=XSteam('h_pT',p.RH,o.Tin.RH);                      %LP inlet Enthalpy 
h.LPos=XSteam('h_ps',p.LPo,s.RH);                       %Isentropic :P3 

enthalpy outlet  
rho1=XSteam('rhoL_p',p.C);                              %density of liquid at 

Pump1 inlet 
rho2=XSteam('rhoL_p',p.DA);                             %density of liquid at 

Pump2 inlet 
%% Isentropic Expansion (HP) 
z=0;                                                    %counter for 

extractions 
q=mass;                                                 %main mass flow 

counter 
v.in=v.SH;                                              %counter for specific 

volume inlet 
s.in=s.SH; 
h.in=h.SH; 
p.in=p.SH; 
j=0;                                                    %counter for adding 

the extractions mass flow 
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for i=1:o.ExtNo.HP 
L=q-z;                                                  %Mass flow after 

subtracting extraction 
Xmean.HP(i)=XSteam('x_ph',p.in,h.in);                   %steam Quality 
Nwet.HP(i)= 4.536*(1-Xmean.HP(i))^2+0.0367*(1-Xmean.HP(i));   %Wetness loss 
Nis.tot(i)=turbeff(v.in,L,PR.st.HP,Nwet.HP(i)); 
hs.HP(i)=XSteam('h_ps',p.HP(i),s.in);                   %Isentropic enthalpy 

outlet 
h.HP(i)=h.in-(Nis.tot(i)*(h.in-hs.HP(i)));              %HP(i) outlet Enthalpy 
T.HP(i)=XSteam('T_ph',p.HP(i),h.HP(i));                 %Thot in to the FW 
v.HP(i)=XSteam('v_ph',p.HP(i),h.HP(i));                 %Thot in to the FW 
s.HP(i)=XSteam('s_ph',p.HP(i),h.HP(i));                 %specific entropy 
v.in=v.HP(i); 
s.in=s.HP(i); 
h.in=h.HP(i); 
p.in=p.HP(i); 
q=L; 
%% Effectivienss HP 
Tmin=7;                                                %Minimum approach 

temperature 
%SC 
cph.SC.HP(i)=XSteam('CpL_p',p.FWh.HP(i));  
cpc.SC.HP(i)=XSteam('Cp_pT',p.FWc.HP(i+1),T.FWc.HP(i+1));%Heat capacity of 

compressed liquid in SC1 
eff.SC.HP(i)=1-(Tmin/(T.FWh.HP(i)-T.FWc.HP(i+1)));      %Effectiveness of 

SC=1-(dTmin/(Th in-Tc in)) 
T.SCh.HP(i)=T.FWh.HP(i)-(eff.SC.HP(i)*(T.FWh.HP(i)-T.FWc.HP(i+1)));  
h.SCh.HP(i)=XSteam('h_pT',p.SCh.HP(i),T.SCh.HP(i)); 
if i>1 
    pop=(h.SCh.HP(i)-h.SCh.HP(i-1)); 
else 
    pop=0; 
end 
%FW Heater 
M.HP(i)=(mass*(h.FWc.HP(i)-h.FWc.HP(i+1))+j*pop)/(h.HP(i)-h.SCh.HP(i)); 
T.SCc.HP(i)=(eff.SC.HP(i)*((cph.SC.HP(i)*M.HP(i))/(cpc.SC.HP(i)*mass))*(T.FWh.

HP(i)-T.FWc.HP(i+1)))+T.FWc.HP(i+1);       
eff.FW.HP(i)=(T.FWc.HP(i)-T.SCc.HP(i))/(T.FWh.HP(i)-T.SCc.HP(i));  % 

!!!!!!!!!!! 2. Preheater 
cph.FW.HP(i)=XSteam('Cp_pT',p.HP(i),T.HP(i));  
cpc.FW.HP(i)=XSteam('Cp_pT',p.SCc.HP(i),T.SCc.HP(i));    %Heat capacity of 

compressed liquid in SC1 
j=M.HP(i)+j; 
M.SCh.HP(i)=j; 
z=M.HP(i);                                               %counter for 

substracting mass flow rate from the isentropic equation 
UA.FW.HP(i)=((-log(1-eff.FW.HP(i)))*mass*(cpc.FW.HP(i)))*3600;  
%SC 
Cr.SC.HP(i)=(cph.SC.HP(i)*M.HP(i))/(cpc.SC.HP(i)*mass);  %Cr of SC1 
UA.SC.HP(i)=((-log(1-

(eff.SC.HP(i)*(1+Cr.SC.HP(i))))*cph.SC.HP(i)*M.HP(i))/(1+Cr.SC.HP(i)))*3600; 
end 
%% HP outlet 
L=q-z; 
Xmean.HPo=XSteam('x_ph',p.in,h.in);                     %steam Quality 
Nwet.HPo= 4.536*(1-Xmean.HPo)^2+0.0367*(1-Xmean.HPo);   %Wetness loss 
Nis.HPo.tot=turbeff(v.in,L,PR.st.HP,Nwet.HPo);   
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hs.HPo=XSteam('h_ps',o.pin.HPo,s.in);                   %Isentropic enthalpy 

outlet 
h.HPo=h.in-(Nis.HPo.tot*(h.in-hs.HPo));                 %HP(i) outlet Enthalpy 
h.PDA=h.RH;                                             %Pre-Deaerator 
T.HPo=XSteam('T_ph',o.pin.HPo,h.HPo);                   %Thot in to the FW   
T.PDA=o.Tin.RH; 
v.HPo=XSteam('v_pT',o.pin.HPo,T.HPo);  
o.cond.HPo=XSteam('tc_pT',o.pin.HPo,T.HPo);             %thermal conductivity 
o.miu.HPo=XSteam('my_pT',o.pin.HPo,T.HPo);              %viscosity 
o.cp.HPo=XSteam('Cp_pT',o.pin.HPo,T.HPo); 
%% De-Aerator 
M.DA=mass; 
M.RH=mass-(sum(M.HP)); 
M.PDA=((M.DA*h.DA)-(h.FWc.LP(1)*M.RH)-

(M.SCh.HP(o.ExtNo.HP)*h.SCh.HP(o.ExtNo.HP)))/(h.PDA-h.FWc.LP(1)); 

 
%% Isentropic Expansion LP (Extractions Enthalpy, temperature) 
M.LPin=M.RH-M.PDA;                                      %initial value for the 

mass flow rate 
z=0;                                                    %counter for 

extractions 
q=M.LPin;                                               %main mass flow 

counter 
v.in=v.RH;                                              %counter for specific 

volume 
s.in=s.RH; 
h.in=h.RH; 
p.in=p.RH; 
j=0; 
for i=1:o.ExtNo.LP 
L=q-z; 
Xmean.LP(i)=XSteam('x_ph',p.in,h.in);                   %steam Quality 
Nwet.LP(i)= 4.536*(1-Xmean.LP(i))^2+0.0367*(1-Xmean.LP(i));%Wetness loss 
Nis.tot2(i)=turbeff(v.in,L,PR.st.LP,Nwet.LP(i));  
hs.LP(i)=XSteam('h_ps',p.LP(i),s.in);                   %Isentropic enthalpy 

outlet 
h.LP(i)=h.in-(Nis.tot2(i)*(h.in-hs.LP(i)));             %HP(i) outlet Enthalpy 
T.LP(i)=XSteam('T_ph',p.LP(i),h.LP(i));                 %Thot in to the FW 
v.LP(i)=XSteam('v_ph',p.LP(i),h.LP(i));                 %Thot in to the FW 
s.LP(i)=XSteam('s_ph',p.LP(i),h.LP(i));                 %specific entropy 
v.in=v.LP(i); 
s.in=s.LP(i); 
h.in=h.LP(i); 
p.in=p.LP(i); 
q=L; 
%% Effectiveness LP 
eff.SC.LP(i)=1-(Tmin/(T.FWh.LP(i)-T.FWc.LP(i+1)));     %Effectiveness of SC=1-

(dTmin/(Th in-Tc in)) 
T.SCh.LP(i)=T.FWh.LP(i)-(eff.SC.LP(i)*(T.FWh.LP(i)-T.FWc.LP(i+1))); %Thot out 

of the SC .. Eff=(Thi-Tho)/(Thi-Tci) 
h.SCh.LP(i)=XSteam('h_pT',p.SCh.LP(i),T.SCh.LP(i)); 
%FW Heater 
if i>1 
    pop=(h.SCh.LP(i)-h.SCh.LP(i-1)); 
else 
    pop=0; 
end 
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M.LP(i)=(M.LPin*(h.FWc.LP(i)-h.FWc.LP(i+1))+j*pop)/(h.LP(i)-h.SCh.LP(i));                     
j=M.LP(i)+j; 
M.SCh.LP(i)=j; 
z=M.LP(i);                             %counter for substracting mass flow 

rate from the isentropic equation 
%SC 
cph.SC.LP(i)=XSteam('CpL_p',p.FWh.LP(i));  
cpc.SC.LP(i)=XSteam('Cp_pT',p.FWc.LP(i+1),T.FWc.LP(i+1)); %Heat capacity of 

compressed liquid in SC1 
T.SCc.LP(i)=eff.SC.LP(i)*((cph.SC.LP(i)*M.LP(i))/(cpc.SC.LP(i)*M.LPin))*(T.FWh

.LP(i)-T.FWc.LP(i+1))+T.FWc.LP(i+1); 
cph.FW.LP(i)=XSteam('Cp_pT',p.LP(i),T.LP(i));   
cpc.FW.LP(i)=XSteam('Cp_pT',p.SCc.LP(i),T.SCc.LP(i));     %Heat capacity of 

compressed liquid in SC1 
eff.FW.LP(i)=(T.FWc.LP(i)-T.SCc.LP(i))/(T.FWh.LP(i)-T.SCc.LP(i));  
Cr.SC.LP(i)=(cph.SC.LP(i)*M.LP(i))/(cpc.SC.LP(i)*M.LPin); %Cr of SC1 
UA.FW.LP(i)=(log(1-eff.FW.LP(i))*M.LPin*-cpc.FW.LP(i))*3600; 
UA.SC.LP(i)=((-log(1-

(eff.SC.LP(i)*(1+Cr.SC.LP(i))))*cph.SC.LP(i)*M.LP(i))/(1+Cr.SC.LP(i)))*3600; 
end 
%% LP Outlet 
L=q-z; 
Xmean.LPo=XSteam('x_ph',p.in,h.in);                     %steam Quality 
Nwet.LPo= 4.536*(1-Xmean.LPo)^2+0.0367*(1-Xmean.LPo);   %Wetness loss 
Nis.LPo.tot=turbeff(v.in,L,PR.st.HP,Nwet.LPo);  o.Nis=Nis; 
hs.LPo=XSteam('h_ps',p.LPo,s.in);                       %Isentropic enthalpy 

outlet 
h.LPo=h.in-(Nis.LPo.tot*(h.in-hs.LPo));                 %HP2 outlet Enthalpy 
T.LPo=XSteam('T_ph',p.LPo,h.LPo);                       %HP outlet temperature   
%% ACCondenser 
o.Q.C=M.LPin*(h.LPo-h.C); 
o.m.air=o.Q.C/(T.aout-o.Tin.A1); 
eff.C=o.Q.C/(o.m.air*24);                               %From Conradie and 

Kr?ger 1995 
UA.C=-(log(1-eff.C)*o.m.air);                           %From Conradie and 

Kr?ger 1995 
o.airv=o.R*(o.Tin.A1+273.15)/(o.pin.A1*100); 
o.airvolFR =o.airv*o.m.air;                             % [m3/s] 
o.P.fan= (o.dp.fan*100)*o.airvolFR/o.N.fan;% [kW] 
o.UA=UA; o.cpc=cpc;  o.cph=cph; o.Nis=Nis; 
end 
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function  [etatot]=turbeff(specvolin,realmassflow,stepPR,wetnessloss) 
V.in=realmassflow*specvolin;                           %volume flow rate  
V.out=V.in*((1/stepPR)^(1/1.32));                      %exit volume flow rate 

of HP1   
Nis.in = (0.835+0.02*log(V.in))-wetnessloss;           %Isentropic Efficiency 

at the inlet 
Nis.out = (0.835+0.02*log(V.out))-wetnessloss;         %Isentropic Efficiency 

at the exit 
etatot=(Nis.in+Nis.out)/2;                             %Isentropic Efficiency 

of the turbine section 
end 

 

 


