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Solar parabolic concentrating collectors are widely and efficiently used in electrical 

generation. They were experimentally validated in worldwide pioneer plants. SEGS-VI 30 

MW solar power plant built in southern California is one of these plants that was 

commissioned many years ago. In this work a possibility of installing such plant in 

Makkah, 21.4 °N located in moderate latitudes is studied. The systems collect energy using 

a synthetic heat transfer fluid pumped through absorber tubes in the focal line of parabolic 

trough collectors. The heated fluid provides the thermal resource to drive a Rankine steam 

power cycle. The solar field consists of tracking parabolic trough collectors connected to 

Rankine power cycle through a preheater, steam generator and superheater respectively. 

The Rankine cycle is reheated-regenerative cycle with a separate solar field reheats up 

steam to the low-pressure turbine through separate superheater. Both solar and power cycles 

were modeled by TRNSYS-17 simulation program. Weather data of Makkah generated by 

Meteonorm-V5 program are used to simulate the plant performance. The simulation results 

are successfully validated by hourly measured data of SEGS-VI under the same weather 

conditions. The annual hourly data are estimated and presented for the plant under the 

weather of Makkah. It is obtained that the plant is efficient under Makkah weather and its 

power is improved. The power of the plant is about 34 MW during summer where it is 

about 26 MW during winter; the plant can produce about 112110 MWh yearly. In addition, 

the same plant is used as direct steam generation (DSG) cycle. The heat transfer fluid 

(HTF) is used as water in the solar field. It is seen that the power is widely improved and it 

is ranged from 45 to 60 MW during winter and summer respectively. The annual generated 

energy is improved to about 182005 MWh. Finally it is concluded that the solar thermal 

power plants can play a considerable role for energy generation in Makkah, KSA. 
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INTRODUCTION 
 

Parabolic trough power plants are currently the most commercially applied systems for 

concentrating solar power (CSP) generation. The solar power plants CSP are using the 

thermal energy collected from a series of concentrating solar collectors. This thermal energy 

drives a conventional Rankine steam power cycle to produce electricity.  

Eck and Zarza [1] investigated a direct steam generation (DSG) solar thermal power 

plants. The paper investigated the advantages, disadvantages, and design considerations of a 

steam cycle operated with saturated steam for the first time. It was concluded that for near 

term applications, saturated steam operated DSG plants might be an interesting alternative for 

power generation in the small capacity range. Two types of plants were analyzed and 

compared in detail: a power plant with synthetic oil and a DSG power plant. To enable 

comparability, both plants share the same gross electric turbine capacity of 100 MWe, the 

same storage capacity of 9 h of full load equivalent and the same solar multiple of the 

collector field of about two (Feldhoff [2]). One key finding is that the levelized Energy Cost 

(LEC) of a DSG plant could be higher than those of a synthetic oil plant. When considering a 

plant without storage on the other hand, the DSG system could reduce the LEC.  

Garcia et al. [3] paper describes a simulation model of parabolic trough solar thermal 

power plants with a thermal storage system. Model results for a 50 MWe power plant are 

presented and compared to real data from an equivalent power plant currently operated by the 

ACS Industrial Group in Spain. Garcia-Barberena et al. [4] analyzed the influence of 

operational strategies on the performance of parabolic trough (PT) solar power plants with the 

aid of SimulCET a computer program for the simulation of the energy behavior of PT plants 

developed by the National Renewable Energy Centre of Spain (CENER). Comparing with 

experimental data it showed good agreement among daily averaged estimates and the 

corresponding measured energy values with mean deviation of ±3.14%.  

Manzolini et al. [5] presented a code, PATTO (Parabolic Trough Thermodynamic 

Optimization), for predicting performances for different parabolic trough solar fields 

operating at nominal conditions. The code is flexible in terms of heat transfer fluid, 

temperature and pressure range. Regarding the power block, a conventional steam cycle with 

super-heater and re-heater sections and up to seven regenerative bleedings is adopted. Montes 

et al. [6] presented an economic optimization of the solar multiple for a solar-only parabolic 

trough plant. Five parabolic trough plants have been considered, with the same parameters in 

the power block but different solar field sizes. Thermal performance for each solar power 

plant has been featured, both at nominal and part-load conditions. Once annual electric energy 

generation is known, levelized cost of energy (LEC) for each plant was calculated, yielding a 

minimum LEC value for a certain solar multiple value within the range considered. 

The particular Integrated Solar Combined Cycle (ISCC) power plant proposed consists 

of a DSG parabolic trough field coupled to the bottoming steam cycle of a Combined Cycle 

Gas Turbine (CCGT) power plant. The annual simulations show that, although the 

conventional CCGT power plant works worse in Las Vegas, owing to the higher 

temperatures, the ISCC system operates better in Las Vegas than in Almería, because of solar 

hybridization is especially well coupled to the CCGT power plant in the frequent days with 

great solar radiation and high temperatures in Las Vegas. [7] 

Morin et al. [8] concluded that the costs for a linear Fresnel collector solar field should 

range between 78 and 216 €/m
2
 to reach cost-parity at assumed reference solar field costs of 

275 €/m
2
 for the PTC. Niknia and Yaghoubi [9] performed a transient simulation, power 

expansion of a solar power plant by integrating a new collector and an auxiliary boiler. The 

solar power plant consists of an oil cycle, a steam cycle and a new extra oil cycle. The 
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advantages of using a new external loop to integrate parabolic solar collectors into the 

previously constructed fossil fuel system were also discussed. 

Poullikkas [10] identified a parametric cost–benefit analysis of the parabolic trough 

solar thermal plant by varying parameters, such as, plant capacity, capital investment, 

operating hours, carbon dioxide emission, trading system price, etc. For all above cases the 

electricity unit cost, net present value, internal rate of return and payback period was 

calculated. The results indicated that under certain conditions such projects can be profitable. 

In the paper of Rolim et al. [11] an analytic model in which the conventional Rankine 

cycle was treated as an end-reversible Carnot cycle. A large maximum of the overall cycle 

efficiency was found for evaporation temperatures around 320 °C. Good agreement is 

obtained when comparing the results of this model with experimental data belonging to the 

Solar Electric Generating Systems (SEGS) installed in the Mojave Desert. 

Sansoni et al. [12] summarized the results of several studies analyzing the interactions 

between collection efficiency, angular misalignments, mirror deformations, sun tracking and 

trough placement. The unusual subject of imprecision in trough axis placement is discussed. 

Zarza et al. [13] presented the conceptual design of 5-MWe plant of a DSG parabolic-trough 

solar field connected to a superheated steam Rankine power cycle. The solar field produces 

410 °C/70-bar superheated steam. Powell and Edgar [14] presented dynamic simulation 

results for thermal energy storage (TES) unit used in a parabolic trough concentrated solar 

power (CSP) system. Adding a storage system increased the solar share of the power plant by 

as much as 47% for a base load thermal power output of 1 MW. This reduces the 

supplementary fuel requirement by as much as 43%. 

Bonilla et al. [15] established a dynamic simulator design and development of a direct 

steam generation parabolic-trough solar power plant. This simulator scheme considers the 

issues of fetching and converting sensors data to model inputs. A multi-objective genetic 

algorithm approach has been chosen for calibrating the dynamic model. 

From the above presentation, DSG (one loop plant) is recently considered by researcher 

due to its higher efficiency than two-loop plant. Comparison between the thermo oil and DSG 

cycle should be developed to give more attention about this issue. Therefore a validated 

numerical simulation of both plants using ‘TRNSYS’ software is established. Both the solar 

field and power cycle models were validated with measured power, temperature and flow rate 

data from the SEGS VI plant from 1991 and 2005.  

 

SEGS-VI SOLAR POWER PLANT 
 

The plant as described by [16] consists of: 

- Solar field 

- Power cycle 
 

1- Solar Field 
 

Figure 1 shows the power plant with the solar trough collector field. The solar trough 

collector field can be divided into four quadrants. There are three quadrants with 12 solar 

trough collectors each and one quadrant with 14 solar trough collectors: for a total of 50 solar 

trough collectors. One of these 50 collectors is formed by a loop of 16 solar collector 

assemblies (SCA). The cold heat transfer fluid (HTF) flows into the collector loop at one end, 

is heated up by the absorbed energy of the sun and leaves the collector at the other end. The 

hot HTF of every collector merges in a central header, which is connected to the power plant. 
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In the power plant, the heat energy of the merged hot HTF is used to heat a working fluid, 

which is water or steam.  

After transferring its thermal energy to the power plant, the cold HTF leaves the power 

plant in a central header that feeds the 50 collectors in the field with the cold fluid. The total 

length of one collector is 397.12 m. The collectors are single-axis tracking and aligned on a 

north-south line, thus tracking the sun from east to west. The length of an entire collector 

mirror is the length of one mirror panel times the number of mirror panels in a single 

collector. The total collector area is 188000 m
2
. The low-iron glass parabolic mirrors reflect 

the solar radiation to the receiver that is mounted on the SCA through arms. The 

concentration ratio of the troughs is 71:1 for the LS-2 collector model with 50 m length and 5 

m width where the concentration ratio of 80:1 for the LS-3 with 100 m length and 5.75 m 

width (KJC Operating Company, 2004). The trough axes are oriented due north-south and 

track the sun as it traverses the sky from east to west. 

The receiver is a steel absorber tube 70 mm in diameter, which is coated with either 

black chrome or a selective ceramic/metal (cermet) surface coating. The absorber tube is 

surrounded by a glass envelope; the space between the steel tube and the glass is evacuated to 

limit heat losses from the absorber tube to the surrounding environment. The focused radiant 

energy from the sun is absorbed through the receiver and transferred to a heat transfer fluid 

(HTF), which is synthetic oil such as a mixture of biphenyl and diphenyl oxide (Therminol 

VP-1) that is pumped through each receiver tube. The heated HTF is pumped back to the 

power plant, where it becomes the thermal resource for steam generation in the power cycle. 
 

2- Power Cycle 
 

Within the power cycle portion of the plant, the hot HTF is piped through a series of 

counter flow heat exchangers that transfer the thermal energy from the HTF to a feedwater 

stream to produce superheated steam. This steam serves as the working fluid in a conventional 

Rankine power cycle.  

The power plant cycle is Clausius-Rankine cycle with feedwater heating, superheating 

and reheating: the working fluid leaves the condenser as a condensate and is pressurized by 

the condensate pump to a pressure sufficient to pass through the low-pressure feedwater 

heaters and the deaerator. Afterwards, the water is heated up in the three low-pressure 

feedwater heaters through hot steam extractions withdrawn from the low-pressure turbine. 

The water then enters the deaerator (open or direct-contact feedwater heater) where it is 

mixed with hot steam from the first extraction of the low-pressure turbine. Through the 

mixing with steam, the efficient removal of non-condensable as well as the heating of the 

water occurs. 

Since the pressure in the deaerator cannot exceed the extraction pressure from the first 

extraction of the low pressure turbine, a feedwater pump after the deaerator pumps the water 

to a higher pressure to allow the working fluid to pass through the following high-pressure 

feedwater heaters and enter the heat exchanger trains. The water is further warmed up in the 

two high-pressure feedwater heaters through steam extractions from the high-pressure turbine 

before it is split upon entering the two heat exchanger trains. A heat exchanger train consists 

of a preheater (economizer), a boiler (steam generator) and a superheater. The water that was 

warmed up through feedwater heating enters now the preheater, which is a counter-flow heat 

exchanger, and is heated by heat exchange with the hot HTF.  

The working fluid that leaves the preheater enters the steam generator and is essentially 

in the saturated liquid state. In the steam generator or boiler, the working fluid changes its 

state from liquid to vapor through the heat energy transmitted by the hot HTF. Leaving the 
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steam generator, the saturated steam flows into the superheater. The superheater is also a 

counter flow heat exchanger and the steam is superheated through heat exchange with the hot 

HTF that is directly coming from the collector field. The steam generated from both heat 

exchanger trains merges and is expanded in a high-pressure section of the turbine, after which 

it is split before entering two reheaters. 

Here, the incoming steam is reheated to a temperature near that of the superheated 

steam before the expansion. The reheated and merged steam now expands in the low-pressure 

section of the turbine to the condenser pressure. While the steam is expanding in the turbine, 

electricity is generated in a generator connected with the turbine. The completely expanded 

fluid is cooled down to saturated water by heat rejection to a cooling-water in the condenser. 

 

MATHEMATICAL MODEL 
 

As indicated above, the plant consists of solar field and power cycle. The solar field is 

parabolic trough collectors, expansion tank, control unit and pumps. On the other hand the 

power cycle from modeling point of view, it consists of steam turbine, pumps, closed feed 

water heaters (heat exchangers), deaerator, economizer, boiler, superheater and reheater.  

TRNSYS-17 program is used to simulate the plant, so the mathematical model is 

explained as indicated in the program manual, the details of the program are presented in the 

manual of the program [17]. TRNSYS is a transient system simulation program with a 

modular structure. A system is defined in TRNSYS to be a set of components, interconnected 

in such a manner as to accomplish a specified task. The software consists of different 

subroutines and each subroutine simulates a component of the system. The TRNSYS 

simulation environment was selected for use in modeling solar thermal power systems for a 

number of reasons, including modularity, flexibility, and ease of use. In the following 

subsections the governing equations for each system component are illustrated. Because the 

system consists of components, it is possible to simulate the performance of the system by 

collectively simulating the performance of the interconnected components. 

 

1- Solar Field 
 

The modeling of the solar-field includes parabolic-trough collector, control unit, 

expansion tank and pump with neglecting the loss through connecting pipes. Estimating of 

solar radiation and collector shading effect are also considered. 

1. Parabolic-trough Collector 

Thermal losses from parabolic concentrating collectors occur only from the absorbing 

surface, while high in temperature, and have comparatively small area. The detailed analysis 

of the collector thermal losses are descried in [18]. 

2. Variable Speed Pump 

It operates in such a way that when ON, the volumetric and mass flow of fluid through 

the pump is determined by the intersection point of the system curve and the pump head curve 

that is closest to a user specified “desired mass flow rate”. It is able to interpolate between 

curves provided for specific pump speeds and match the user specified desired pump flow 

rate. As such, γ is a normalized mass flow rate for which a value of 0 corresponds to no flow, 

and a value of 1 corresponds to the pump’s rated flow (control signal).  

3. Control Unit 

Signal of the control unit (γ) that switches the solar-filed pump is a function of solar 

radiation. That is because to shut down the pump where there is no solar radiation and after 

testing it can be written as 
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    (10) 

4. Expansion Tank 

This subroutine models a variable volume, fluid-filled storage tank where the properties 

of the fluid are assumed to change with temperature. The tank is assumed to be fully mixed 

and stratification in the storage tank is not considered. 

      (1) 

Then    (2) 

 

where the enthalpy as a function of temperature (T):  

                                                                                             (3) 

, density                                                           (4) 

And internal energy                      (5) 

5. Estimation of Solar Radiation 

The data file distributed with TRNSYS 17 that were generated using Meteonorm [19]. 

All files were generated using default options in Meteonorm V 5.0.13. The weather and 

radiation data are based on monthly values of Makkah that Meteonorm generates 

stochastically to hourly values. 

6. Collector Array Shading 

Shading can be characterized by the fraction of the collector area that is blocked by a 

neighboring collector row in the direction of the sun. “Wa” is the width of the parabolic 

collector, “Da” is the distance between axes, “β” is the slope of the collectors and “βap” is the 

slope of the plane that contains the collector axes. In order to maximize beam radiation, it is 

necessary that the sun be in a plane that is perpendicular to the collector aperture and that 

contain the receiver axes. For a single row of collectors, the fraction of the aperture area 

shaded by an adjacent row of collectors neglecting edge effects, is given by 

      (6) 

where P is the distance between the collector axes on a projection that is normal to a 

line from a collector axis to the sun. If θp is the angle between a plane containing the sun and 

an axis and a plane that is perpendicular to the plane which contains the collector axes, P is 

found from 

   where       (7) 

The overall fraction of array area that is shaded at any point in time is given in terms of 

the shaded fraction for a single row of collectors and the number of rows, NR, as 

       (8) 

The incident beam radiation (IbT)is then 

        (9) 

 

2- Power Cycle 
 

Steam generated from the steam generator (economizer, boiler and superheater) flows to 

high pressure steam turbine and expanded to a reheater. From there it is expanded to a 

condenser and pumped to a dearator through closed feed water heaters which are heated up 

again by feed water heaters to the steam generator again. Considering these components the 

governing equations are presented. 
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1. Economizer 

This component models a pre-heater for steam condensate using the heat exchanger 

effectiveness approach [20]. The effectiveness is a measure of the heat transfer at the inlet 

fluid conditions to the maximum possible heat transfer given the fluid inlet conditions. In this 

model, the inlet hot-side fluid attempts to heat a flow of steam condensate to a user-specified 

temperature just below the condensate saturation temperature. The device is assumed to be off 

if either of the flow rates is zero, if the inlet hot-side fluid temperature is below the inlet 

condensate temperature, or if the inlet condensate temperature is already above the desired 

condensate outlet temperature. 

2. Boiler and Superheater 

This component models both heat recovery steam generator (HSRG) and superheater; a 

device which uses high-temperature solar heat to heat a steam flow. This model will attempt 

to meet the user-specified steam outlet condition but may be limited by the entering hot-side 

temperatures and flow rate. This device may operate in a counter-flow configuration. The 

model relies on the pinch-point temperature difference approach [20] to check for impossible 

(or unrealistic) heat exchange conditions. The pinch-point temperature difference is defined to 

be the minimum temperature difference between the hot-source fluid and the steam that 

allows for heat transfer between the fluids. The pinch-point is checked at the outlet of the 

steam flow (inlet of the hot source flow), the outlet of the hot source flow (the steam inlet), at 

the steam saturated liquid point, and at the steam saturated vapor point. If the temperature 

difference at these points is less than the pinch-point temperature difference, the heat transfer 

is re-calculated such that the pinch-point problem is not encountered. The device is assumed 

to be off if either of the flow rate inlets is zero, or if the inlet steam enthalpy is already at or 

above the desired outlet steam enthalpy.  

This version of the heat recovery steam generator calculates the maximum steam flow 

rate which can be produced given the inlet hot-side source conditions and the desired steam 

outlet enthalpy; constrained by the specified pinch-point. In this model, the inlet steam flow 

rate is not used and is just provided for continuity. 

3. Steam Turbine 

This model simulates a non-condensing steam turbine that takes a user-specified inlet 

steam flow and calculates the total electrical load that the turbine can meet. Next, an inlet 

steam mass flow is guessed. The initial guess is the inlet mass flow minus the extraction mass 

flows. The model then proceeds with a series of calculations for each stage of the turbine. The 

TRNSYS steam properties subroutine is called with the inlet entropy and the outlet pressure. 

The returned enthalpy is the ideal enthalpy for the expansion. The actual enthalpy after 

expansion is obtained from: 

    (10) 

The work performed during expansion at the current stage is given by: 

     (11) 

4. Condenser 

This component models a condenser for steam applications where the condensing 

pressure is known and provided to the model as an input. This model calculates the resultant 

heat transfer and outlet steam conditions given the desired degrees of subcooling leaving the 

condenser (provided by the user). The outlet steam pressure is set to the condensing pressure 

even when the flow rate is zero to avoid convergence problems in components that rely on 

this model to set the back-pressure for the steam flow loop. A steam condenser is essentially a 

heat exchanger that cools steam while heating water or some other liquid stream. It calls the 
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TRNSYS steam properties subroutine with inlet steam temperature and pressure to check the 

values of the other properties and to determine the quality of inlet steam. The degrees of 

subcooling are then applied: 

    (12) 

The energy given up during condensing is given by: 

    (13) 

5. Pump 

This component models a steam condensate pump. The user specifies the inlet steam 

condensate conditions and the desired outlet pressure and the model calculates the theoretical 

power from a compressed liquid calculation. The enthalpy of steam exiting the device is 

determined from an energy balance: 

      (14) 

6. Closed Feed Water Heater 

This device operates with a counter-flow configuration. Closed feedwater heaters do not 

mix the flow streams. This model uses the terminal temperature difference (TTD) and drain 

cooler temperature difference (DCTD) approach [21] to model the heat transfer in the device. 

The terminal temperature difference is defined as the saturation temperature of the higher-

temperature steam minus the desired outlet temperature of the condensate flow. The outlet 

temperature of the steam flow is set to the minimum of either the saturated steam temperature 

or the inlet condensate temperature plus the drain cooler temperature difference. If the 

calculated steam flow required to make the desired outlet condensate condition is greater than 

the maximum steam flow rate (Parameter 1), the heat transfer will be re-calculated with the 

steam flow at its maximum flow rate and the outlet conditions reset. The device is assumed to 

be off if the condensate flow rate is zero or if the inlet steam enthalpy is less than the enthalpy 

of the condensate at the inlet. 

7. Deaerator 

This component models an open steam heater in which high-temperature steam at a 

variable flow-rate is mixed with low-temperature steam at a known flow-rate in order to 

elevate the low-temperature steam to a user-specified outlet condition. This component 

calculates the flow rate of high-temperature steam required to meet the desired outlet 

conditions; bounded by a user-defined maximum high-temperature steam flow rate [21]. This 

component also models an open feedwater heater in which saturated or superheated steam is 

mixed with sub-cooled condensate in order to bring the temperature of the condensate at or 

near its saturation temperature. This component will calculate the required steam flow rate in 

order to meet the user-specified outlet condition. The high-temperature steam flow rate is set 

to zero if the low-temperature steam enthalpy is already above the desired outlet enthalpy or if 

the high-temperature steam is at a lower enthalpy than the low-temperature steam inlet. The 

high-temperature steam flow rate is set to the user-defined maximum mixing flow rate if the 

enthalpy of the high-temperature steam is above the inlet low-temperature steam enthalpy and 

below the desired outlet enthalpy. This device is assumed to be perfectly insulated. 

 

3-Numerical Solution of Equations 
 

The above components are interconnected together to estimate the different outputs. The 

hourly measured metrological data were used as an input. The data includes the total and 

diffuse solar radiation and the ambient temperature. The governing equations were solved 

together to find the different variables included in them. The unknown variables include the 

temperatures and flow rates at the inlets and outlets of each component. Moreover, the useful 
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heat gain and heat losses can be estimated that are the inputs of the economic analysis. In the 

following sections the results of the simulation are discussed. 

The above governing equations were solved dependently together using the TRNSYS 

17 simulation program [17]. The modified Euler method was used to solve the equations 

using a pre-defined time step and the convergence accuracy was checked in each time step to 

limit the number of iterations into 30. 
 

RESULTS AND DISCUSSION 
 

The above equations are solved together numerically taking carefully in consideration 

the parameters of each component. The components are interconnected i.e. outputs of each 

component are the inputs of others. The initial conditions for each component are assumed 

before running the simulation for first time step only to start the iteration process where in 

the second time step the estimated values are assumed the initial conditions and so on. On the 

other hand the generated weather data are the inputs to the simulation hourly. The time step is 

one hour at which the outputs of the simulation are printed. The inlet pressure and mass flow 

rate of SEGS-VI components those are considered in the simulation are presented in Table 1. 

 

1-Validation of Numerical Simulation 
 

To validate the numerical simulation, its predicted data are compared with measured 

ones under the same weather conditions for the same system components and specifications. 

Available measured data of SEGS-VI at 18/7/1991 and 25/5/2005 [22] are compared with 

predicted data for the same two days. The days are considered as summer and spring days 

respectively to investigate the system performance in clear days. The data includes the output 

power, collector outlet temperature (Tout), and flow rate (mf), ambient temperature (Ta) and 

beam normal radiation (Ibn). As shown in Fig. 2 the estimated and measured powers are 

compared on 18/7/1991 from 6 AM to 8 PM. The measured and estimated data are in close 

agreement in both values and time variation. The difference is less than 2 MW on hourly 

basis. A relatively big difference is found at the begging; the plant is just starting numerically 

where actually it starts up before that time. 

That difference is found for the collector mass flow rate as shown in Fig. 3. The initial 

guess value of flow rate is higher than the measured one. That is the case in collector outlet 

temperature. This is because the temperature is affected by beam radiation and mass flow rate. 

At the end of the day the difference is from the beam normal radiation where the predicted Ibn 

is higher than the measured especially at 8 PM. In general the difference in figures 2 and 3 are 

coming from the accuracy of estimation of Ibn which it can be accepted in terms of hourly 

data. 

 
Table 1: Inlet pressure and mass flow rate of SEGS-VI plant 

Component Pressure, 

bar 

Component Steam 

Pressure, 

bar 

Water 

pressure, 

bar 

Extraction 

Kg/s 

Water 

Kg/s 

Drain 

Kg/s 

HP-1 100 FWH-HP-1 33.61 112 2.931 38.97 0 

HP-2 33.61 FWH-HP-2 18.58 125 2.8 38.97 2.93 

LP-1 17.1 FWH-LP-1 2.73 8.7 1.769 31.03 0 

LP-2 7.98 FWH-LP-2 0.96 10 1.62 31.03 1.77 

LP-3 2.73 FWH-LP-3 0.28 14.76 1.1 31.03 3.39 

LP-4 0.96       

LP-5 0.29       
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Component Pressure, 

bar 

Component Steam 

Pressure, 

bar 

Water 

pressure, 

bar 

Extraction 

Kg/s 

Water 

Kg/s 

Drain 

Kg/s 

Preheater 103.56       

Steam 

generator 

103.42       

Super-

heater 

103.42       

Reheater 18.58       

 

Similarly in figures 5, 6 and 7, the predicted data are validated by measured ones. The 

predicted data are better on 20/5/2005 than 18/7/1991. The comparison is in close agreement 

and the difference is in the range of 1 MW of power and 5 C of temperature on hourly basis.  

For the same above reasons there is a deviation at the beginning and end of the day. In the 

other words that deviation is occurring at the start-up and shut-down processes. 

In Fig. 7 the maximum difference between the predicted and measured Ibn is about 30 

W/m
2
. That value is not high on hourly basis and can be accepted in regarding of weather 

conditions of moisture, dust, clouds and pollution those are not considered in estimation of Ibn. 

Moreover the difference in Ta variation is small and in the range of acceptance. 

On the daily basis the difference between the measured and estimated data of power is 

in the range of about 5 % for both two days considered. That difference can be accepted 

according publishing data of [7]. 

 

1- Annual Performance 
 

The same SEG-VI components and connection mechanism are considered under 

Makkah weather conditions. Therefore the same validated numerical simulation model with 

the same system components’ parameters and specifications was running and the weather data 

of Makkah to study the plant performance if it can be installed in Makkah. 

The annual hourly variation of power, collector outlet temperature, flow rate, Ta 

and Ibn are explained in figures of 8 to 12. The yearly variation of power and mass 

flow rate is similar to the variation of global radiation as energy source. On the other 

side because the outlet temperature is switched to 375 °C it does not increase over that 

value (before evaporation of oil) and where the minimum value is limited to 105 °C to 

avoid freezing. It reaches to that value along the year except few days in winter as 

shown in Fig. 10. 
As expected the maximum power and flow rate are found during the summer at 

maximum solar radiation and long day time. The flow rate was multiplied by a control signal 

that is a function in IbT as illustrated before, so it is increased when the IbT is increased. 

Perhaps in winter some data of Ibn are higher than that in summer as presented in Fig. 11. That 

can be understood if it is known that the extraterrestrial radiation can be higher in winter than 

in summer. The IbT ranges from 700 to about 880 W/m
2
 and those high values are enough to 

produce valuable amount of power. 

The average ambient temperature is about 25 °C as shown in Fig. 12. That level of 

ambient temperature is enough for efficient use of solar thermal energy utilization. The 

maximum power is about 34 MW which is higher than in California and the maximum winter 

power is about 27 MW. That explains clearly a good performance of SEGS-VI if it is installed 

in Makkah with less mass flow rate. 
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2- Direct Steam Generation 
 

As declared in the introduction many researchers concluded that DSG has many 

advantages and has higher efficiency than other plants. That is because there are no heat 

exchangers between the solar-field and power cycle. In addition the two loops have the same 

heat transfer fluid. The plant SEGS-VI with the same components is considered for direct 

steam generation. The condensate water from the last high-pressure feed water heater (FWH) 

is pumped directly to the solar collectors. The hot water is pressurized to high pressure to 

about 100 bar to keep water as liquid inside the collectors. The return hot water from the 

superheater is passed to a separator to separate the steam. The separated liquid is mixed with 

the return water from FWH where the separated steam is passed to superheater and reheater. 

The superheated steam is fed to both high pressure turbine and low pressure turbine. 

The same variables as above are presented in figures 13, 14 and 15. Figure 13 shows 

clearly improvement of generated power which is improved by about 45% in winter and 

summer. The maximum power reaches about 60 MW; double of SEGS-VI power and it is 

about 45 MW in winter. 

The collector mass flow rate is shown in Fig. 13 which is relatively the same as the 

actual plant. The outlet temperature of the collectors is less than in the other plant especially 

in winter hours. That is expected due to high specific heat of water. 

 

CONCLUSIONS 

 

A mathematical model of 30-MW SEGS-VI solar power plant was established and 

successfully validated by measured data under the same weather conditions. Annual 

performance of the plant is presented under weather conditions of Makkah 21.4 °N. The 

power of the plant is improved and it is more than 30 MW for the same maximum 

temperature of 375 °C. Direct steam generation plant was studied with higher power 

generated. The power was highly improved by about 45% along the year. 
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Figure 1. Flow Diagram of the 30 MWe SEGS VI Plant (Stuetzle,[16]) 

 

 

 

Figure 2. Generated power validation of the 

model at 18/7/1991 
 

 

 

 

 

 
Figure 3. Collector outlet temperature and flow 

rate validation of the model at 18/7/1991 

 
Figure 4. Weather Data validation of the model 

at 18/7/1991 

 
Figure 5. Generated power validation of the 

model at 20/5/2005 
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Figure 6. Collector outlet temperature and flow 

rate validation of the model at 20/5/2005 
 

 
Figure 7. Weather data validation of the model 

at 20/5/2005 

 
Figure 8. Annual hourly variation of power 

generation 

 
Figure 9. Annual hourly variation of collector 

mass flow rate 

 

 
Figure 10. Annual hourly variation of collector 

outlet temperature 

 

 

 

 
Figure 11. Annual hourly variation of beam 

normal radiation 
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Figure 12. Annual hourly variation of ambient 

temperature 

 

 
Figure 13. Annual hourly variation of power 

generation for DSG 

 

 
Figure 14. Annual hourly variation of collector 

mass flow rate for DSG 

 

 
Figure 15. Annual hourly variation of collector 

outlet temperature for DSG 


