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Abstract  The city of Aswan, located at the south of Egypt, is characterized by a very high level of solar density. The 
Solar Power Plant (SPT) technology using the Concentrated Solar Power Plant (CSP) is expected to soon enter the 
renewable energy field in Egypt. Fortunately, considerable amount of informat ion about the PS10, which is a commercial 
SPT of power 11 MW are availab le for performing considerable attractive analysis. A comparative performance analysis is 
developed between the existing PS10 in Sanlúcar la Mayor- Spain, and a modified one of similar specifications located in 
Aswan. In this study, the PS10 So lar Power Tower systems (SPT) design-layout is revised to suit the solar data in Aswan. 
Accordingly, the location of each heliostat is reviewed, analysed and modified. The solar irradiance model and sunshine 
duration (solar hours) of the existing plant in Spain are compared to those in Aswan. The study includes optical and 
geometric analysis of both SPTs. The annual average efficiency and SPT performance values in the existing and intended 
power stations are compared. Su itable modifications are introduced in the SP10 to fit the conditions in Aswan according to 
the innovated field of the heliostats. The main objective of this study is to find the relative advantage of installation of the 
CSPs in  Aswan compared  to the other locations in the world. The innovated model of PS10 in  Aswan is believed to be 
more promising than that of the original one in Spain. 
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1. Introduction 

A Solar Power Tower system is an attractive method to 
achieve massively huge power and high concentration of 
solar irradiance for electricity generation or thermal 
processes. 

The heliostat field layout is a key parameter in solar 
tower system to maximize the density of solar radiation and 
minimize the overall cost. For a specific location, the total 
solar insolation in SPT varies within each day of the year 
depending on latitude and state of atmosphere. 

For a specific configuration of SPT, the total solar 
density and total annual average optical efficiency vary 
from latitude to another on earth, leading to a change in the 
total output power of the system. The output power main ly 
depends on optical efficiency of solar field established by 
the heliostat field distribution and power tower receiver. 

The radial staggered arrangement of the heliostat field is 
seen as the most convenient distribution for heliostat fields 
and is considered the most efficient for a given land area 
owing  to  s ign ifican t  reduct ion  o f land  us age and  
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atmospheric losses. The optical efficiency depends main ly 
on heliostat field losses which consist of cosine effect, 
shading and blocking losses, imperfect mirror reflectiv ity, 
and atmospheric attenuation losses. 

The heliostat field layout is commonly optimized by 
FORTRAN or Matlab ® codes such as: HELIOS, ASPOC, 
HFLCAL, RCELL, DELSOL, MIRVAL, SOLERGY, 
DELSOL3, WinDELSOL1.0, SOLTRACE, MUEEN, 
SENSOL CIEMAT, SOLUCAR, AICIA, FIAT LUX and 
UHC[1-13]. 

There are many solar power tower systems in Europe like 
PÉGASE (5.9 MW) in France, PS10 (11 MW) & PS20 
(20MW) in Spain[14-16]. 

In Egypt, the Concentrated Solar power (CSP) is 
promising in view of the high solar dense. The south of 
Egypt is one of the excellent locations at the world level for 
construction of CSP because of high solar insolation. The 
Aswan city, located in the south of Egypt, is virtually the 
second place of the most sunshine places all over the world. 

In this study, a comparative analysis is developed between 
the performance of an SPT in Sanlúcar la  Mayor- Spain, 
PS10, and the performance of an intended one of similar 
specifications in Aswan- Egypt. The PS10 SPT with 11 MW 
installed in Spain has the best available in formation in 
concentrating solar thermal power plants [9,14,17-19]. 
Furthermore, it has a lower levelized cost of operation than 
any concentrating solar power plant that produces electricity. 
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The study takes many steps in order to make the proposed 
comparison. In section 2, the calculation of sun position and 
average annual solar insolation are described as the input 
parameters to the SPT. Major aspects related to efficiency 
calculations are described as well. In section 3, PS10 SPT 
radial stagger configuration is revised. Solar insolation and 
solar power are calculated in  the two cases. Efficiencies and 
output power in the two locations are calculated and 
compared. 

In section 4, the innovative new model configuration of 
PS10 is optimized according to the sun conditions of Aswan. 
The model analysis is conducted according to the new 
configuration. The total output power is recalculated and 
compared to the original one. The life cycle cost and 
levelized cost is estimated. Results are compared and 
conclusions are drawn. 

2. Model Analysis Description 
2.1. Solar Position 

In order to determine the instantaneous heliostat field  
efficiency, the solar position computational model [20] will 
be calculated based on some defined angles. Solar 
declination angle, hour angle of sunrise and sunset are 
calculated as a function of day number and lat itude angle: 

       (1) 

   (2) 
The sun position relative to an observer on the ground is 

described by two angles, the solar altitude and azimuth [21]. 
   (3) 

     (4) 

These equations are sufficiently accurate for heliostat 
placement for performing the required optimization. 

2.2. Solar Insolation 

The solar insolation is used as thermal input parameter to 
SPT in order to calculate the output power. 

The calculation of the total annual insolation, based on the 
hourly performance, with clear sky conditions, is done 
according to BIRD model. Such model is developed from a 
technical comparat ive evaluation of SOLTRAN 3, 
SOLTRAN 4 and the BRITE Monte Carlo global model [22]. 
The BIRD model mathematical equations are: 

Id = Io (cos Z) (0.9662) TRToTUMTwTA      (5) 
Ias = Io (cos Z) (0.79) ToTwTUMTAA[0.5 (1 -TR ) 

 + Ba(1 -TAS)]/[l -M+ (M)1.02]         (6) 
IT = (Id + Ias) / (1- rg rs)             (7) 

2.3. Optical Efficiency 

There are many important sources of energy loss in a 

central receiver system. These losses define the total system 
efficiency. The major losses are combined together to form 
the optical efficiency (ηfield). The optical efficiency is the 
ratio of the net power absorbed by the receiver to the power 
incident normally on the field (heliostat). It is a combination 
of several factors, including the cosine effect, mirror 
reflectivity, atmospheric attenuation and blocking & shading. 
The optical efficiency is calculated as follows [23]: 

        (8) 
Cosine efficiency of the heliostat depends on both sun 

position, as mentioned in equations (1-4), and the location 
of every heliostat relative to the receiver. The heliostat is 
positioned via a tracking mechanis m so that the normal to 
the reflecting surface at its center divides equally the angle 
between the sun rays and the line jo ining the center o f the 
heliostat to the tower receiver. The effective reflect ion area 
of the heliostat is given by the cosine of the half of this 
angle. The field cosine efficiency is calculated according to 
the following equation [23]. 

 (9) 

Atmospheric efficiency (transmittance) has been 
approximated by Vittitoe and Biggs (1978) for a clear day 
(23-km visibility) and a hazy day (5-km visibility). For a 
clear day with 23-km visib ility, atmospheric transmittance 
is calculated for a distance lower than 1000 meter as [23]: 

 (10) 
The amount of shading and blocking in a part icular field  

layout is a function of the heliostat spacing, tower height, and 
sun angle. Shading and blocking calcu lation for a single 
heliostat is accomplished by first calculating the pairwise 
intersection with every other heliostat in the directions of the 
sun and receiver, then finding the union of these intersections. 
Due to the computational expense, only a few codes for 
heliostat field optimization (e.g., Tonatiuh,) calcu late exact ly 
shading and blocking. 

3. Output Power of PS10 in the Two 
Locations 

3.1. Solar Insolation 

The equations (5-7) are handled via an Excel sheet. The 
total global solar irradiance on a horizontal surface IT (W/m2) 
is calculated for the latitude of PS10 in town of Sanlúcar la 
Mayor in Spain  (37.2º North Latitude and - 6.2º West 
longitude). The same procedure is conducted for the Aswan 
city (23.5º North Latitude and 33º West longitude). The 
results of global radiat ion incident upon a horizontal surface 
(W/m2) for the two locations are shown in figure 1. 

The total annual solar insolation for San lúcar la  Mayor is 
20.4 (GW/m2) and for Aswan is 23.6 (GW/m2). The sun 
hours for the two specified locations are shown in figure 2. 
The hourly average solar insolation for Sanlúcar la  Mayor is 
558 (W/m2), and for Aswan is 645 (W/m2). 
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Figure 1.  Bird model hourly average global radiation incident upon a 
horizontal surface (W/m2) for two locations, Aswan – Egypt 23.5º and 
Sanlúcar la Mayor - Spain 37.2º 

  
Figure 2.  Monthly average sun hours For Aswan and Sanlúcar la Mayor 

3.2. Optical Efficiency 

In order to calculate the yearly optical efficiency, the PS10 
SPT configuration is rev ised for 624 heliostats. The position 
of each heliostat related to the receiver tower is determined. 
The resulting distribution of heliostat of PS10 is shown in 
figure 3. 

 
Figure 3.  Heliostat distribution positioning (meter) of PS10 around the 
receiver at point 0,0 

The efficiencies of the PS10 are calcu lated for the two  
locations based on the sun conditions of the 21th day of each 
month (i.e ., 12 reference days a year). The main d ifferences 
between the two cases are the cosine, shading & blocking 
and atmospheric factors. All other factors are assumed to be 
fixed in the two cases according to the PS10 SPT real data. 

The average field cosine efficiency of the PS10 SPT for 
the whole year is calculated according to the PS10 
configuration (figure 3), sun condition of the two locations 
and equation (3). The yearly field cosine efficiency is shown 
in figure 4 for both locations. 

 
Figure 4.  Yearly field cosine efficiency 

The atmospheric transmittance efficiency shown in figure 
5 indicates almost the same efficiency for the two locations. 

Shading and blocking efficiency is calculated according to 
the Tonatiuh code. The shading and blocking efficiency for 
Sanlúcar la Mayor is 0.9255 and for Aswan is 0.9378. 

 
Figure 5.  PS10 SPT heliostat field Atmospheric transmittance efficiency 

The input parameters (solar insolation) are mult iplied by 
the efficiencies in order to calculate the output power. The 
PS10 SPT calculated optical efficiencies and the fixed  real 
data efficiencies like receiver and heat handling efficiency, 
thermal power to electric power efficiency and reflectivity of 
mirror efficiency are listed in table 1. 

Table 1.  Efficiency and power output of PS10 for the two locations 

  Sanlúcar 
la Mayor Aswan 

Field cosine Efficiency % 85.9 84.8 
Atmospheric transmittance efficiency % 95.4 95.4 
Shadowing and blocking efficiency % 92.55 94.78 

Mirror reflectivity efficiency % 88 88 
Total optical Efficiency % 66.74 67.47 

Receiver and heat handling efficiency % 92 92 
Thermal Power to Electric Power 

Efficiency % 30.7 30.7 

Output Electric Power MW 11.4 15.5 
Total Efficiency at Nominal Rate % 18.85 21.13 

4. Innovated Model Validation 
4.1. Tower Modification 
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The cosine efficiency of PS10 SPT in Aswan is lower than 
in San lúcar la Mayor by 1.1%. The cosine efficiency 
depends on tower height. To improve cosine efficiency of 
PS10 in Aswan, the field should extend far to the north. 
Correspondingly, the tower should be higher. One major 
limitat ion on the distance a heliostat could be placed away 
from the tower is the increase of the reflected beam 
attenuation (atmospheric t ransmittance). The interrelationsh
ip between tower height, cosine and atmospheric efficiencies 
for the solar conditions of PS10 in Aswan is shown in figure 
6. 

The selected new tower height for Aswan is 160 meter. 
The atmospheric efficiency is reduced from 0.954 to 0.9475, 
whereas the cosine efficiency is raised from 0.848 to 0.8712. 
Consequently, the mult iplied efficiency is raised by 1.65 %. 

 
Figure 6.  Cosine and atmospheric efficiencies with variation of receiver 
tower height in Aswan 

4.2. Innovated Model Configuration and Recalculation 

 
Figure 7.  A new heliostat distribution positioning (meter) of innovated 
PS10 around the receiver at point (0, 0) 

Table 2.  Comparison of old and innovated PS10 configuration in Aswan 

 Old PS10 
Aswan 

Innovated 
PS10 Aswan 

Field cosine Efficiency % 84.8 89.68 
Atmospheric transmittance 

efficiency % 95.4 94.9 

Shadowing and blocking 
efficiency % 94.78 94.12 

Mirror reflectivity efficiency % 88 88 
Total optical Efficiency % 67.47 70.4 
Output Electric Power MW 15.5 16.15 

Total Efficiency at Nominal Rate % 19.05 19.9 

An innovated configuration of PS10 (624 heliostat) is 
optimized for maximizing the optical efficiency according 
the sun conditions of Aswan. The orig inal PS10 radial 
stagger configuration optical efficiency is compared to the 

efficiency of the innovated one. The innovated PS10 
configuration is shown in figure 7. 

The cosine, atmospheric transmittance and shading & 
blocking efficiencies are recalcu lated and compared to the 
original as listed in table 2. 

5. Feasibility Study of Innovated PS10 
The PS10 is built with lifet ime of 25 years. It is owned by 

Abengoa Company. The total Cost is €35M ($47M), the 
specific cost is about 4200 $/kWgross. The PS10 SPT is 
co-funded by about $6.3M from European Commission 
under 5th Framework Programmed and about $2.2M from 
Andalusia Reg ional Government. 

PS10 - Spain produces about 24 GWh yearly. The 
economic feasibility of PS10 project is supported by Spanish 
legislation that foresee a solar tariff about 0,24 $/kWh over 
pool market electricity price for –CST (Concentrating Solar 
Thermal)– plants; this results in an approximate selling price 
for solar thermal electricity of about 0,28 $ per kWh [18]. 

For the innovated PS10 in Aswan – Egypt, the total cost is 
assumed to be the same of the existing plant in Spain 
multip lied by the inflation rate of Euro. The inflation rate of 
the Euro accord ing to Eurostat (the European Statistics 
website) [24] is illustrated in figure 8. 

 
Figure 8.  Annual Euro Inflation Rates Chart (2000-2011) 

PS10 in  Spain was built  in  December 2005 and opened in 
March 2007. In order to calculate the capital cost of the 
intended PS10 for Aswan in 2011, the inflation rates are 
taken from 2007 to 2011. The total calculated cost of the 
PS10 fo r Aswan in 2011 is €37.8M ($50.6M). The capital 
cost analysis of SPT [25] is illustrated in figure 9. 

 
Figure 9.  Capital cost analysis for SPT systems 

The landing cost of the PS10 SPT is about 2% (about 
$1M). Th is can be ignored in Egypt due to the governmental 
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support for national energy p roject on desert lands. The 
indirect cost also is reduced in Egypt due to the relatively 
low cost of labor and transportation. The indirect cost is 17% 
(about $8.6M). It is main ly the labor cost. In Egypt, the 
Egyptian labor cost is lower than in Europe by about 75%. 
The capital indirect cost of the innovated PS10 Aswan is 
about $2.1M. The total capital cost is reduced to $43M, the 
specific cost will be about 2660 $/kWgross. This is expected to 
reduce the costing of produced electricity. 

Another important factor is the operating and maintenance 
(O&M) cost, it is about 7.5% yearly of capital cost for SPT 
systems. O&M costs are expected to be reduced in Egypt 
compared to the operated plant in Europe. For a common 
scenario in Europe, about 4.5% of the total SPT capital cost 
yearly goes for operating and labors (about $2.2 M). Another 
3% of capital cost yearly goes to replacement of the old parts 
in SPT system (about $1.4M). In Egypt, the yearly SPT 
operating and labor cost is reduced by 75% (equal about 
0.5M $/year), while the yearly rep lacement cost still at 3% 
($1.3M). The life cycle cost of operating and maintenance 
for PS10 SPT in Spain is $82.3M. In  Egypt, the life cycle 
cost for operating and maintenance will be $43.2M. This is 
another factor affecting the cost of produced KWh. 

The total life cycle cost of PS10 SPT in Spain is about 
$138M. The total life cycle cost of the innovated one in 
Aswan will be about $88M. The life cycle cost for the two 
cases is presented in figure 10. SP10- Spain is producing 
yearly about 24 GWh. The innovated one in Egypt is 
expected to produce yearly 35.5 GWh. The Electricity 
Generation Cost of PS10 in Spain is equal to 0.23 $/kWh 
[25]. In Egypt, the produced electricity cost is expected to be 
0.103 $/KWh. 

 
Figure 10.  Life cycle cost of PS10 in Spain and Egypt 

6. Conclusions 
According to the previous analysis, the following 

conclusions could be drawn: 
1. The PS10 power tower p lant in San lúcar la Mayor - 

Spain is used as a demonstrative model in order to estimate 
the relative advantage of installing such kind of power plant 
in Aswan. 

2. The calculated total direct solar insolation in Aswan is 
higher than in Sanlúcar la Mayor by 16%.  

3. The cosine efficiency of the PS10 SPT in Sanlúcar la  
Mayor is higher than in Aswan by 1.1%, while the output 

power in Aswan is 35.96% h igher 
4. Increasing the receiver tower height by 45 meters for 

Aswan, the cosine efficiency is raised by 2.32% and 
atmospheric transmittance efficiency is decreased by 0.65%.  

5. An innovated model is developed to fit the sun 
condition of Aswan. The innovated model is proven to yield 
an optical efficiency higher by 2.93% and an output power 
higher by 4.2% than the basic PS10 model of Aswan. 

6. The innovated SPT total net output power in Aswan is 
higher than the PS10 total net output power in  Sanlúcar la 
Mayor by 41.6%. 

7. Finally, the feasibility study shows that the specific cost 
of energy of the innovated SPT in Aswan is lower by 36.66% 
than the PS10 in Spain, while the cost of energy production 
of the intended SPT in Aswan is 55.2% less than in PS10 in 
Spain. 

Nomenclature 
A: Sun Azimuth angle (degree) 
Ba: Ratio  of the forward-scattered irrad iance to the total 

scattered irrad iance due to aerosols 
Ias: Solar irradiance on a horizontal surface from 

atmospheric scattering (W/m2) 
Id: Direct solar irradiance on a horizontal surface (W/m2) 
Io: Extraterrestrial solar irrad iance ( 1353 W/m2) 
IT: Total global solar irrad iance on a horizontal surface 

(W/m2) 
M: Air mass 
: Day Number 
rg: Ground albedo 
rs : Sky, o r atmospheric albedo 
S: slant distance from heliostat to receiver (kilometer) 
TA : Transmittance of aerosol absorptance and scattering 
TAA: Transmittance of aerosol absorptance 
TAS: Transmittance of dry air absorptance and scattering 

per Watt 
To: Trans mittance of ozone absorptance 
TR : Transmittance of Ray leigh scattering 
TUM: Trans mittance of absorptance of uniformly mixed  

gases (carbon dioxide and oxygen) 
Tw : Transmittance of water vapor absorptance 
xi Longitudinal coordinate of the heliostat center point 

relative to the receiver center 
yi Transverse coordinate of the heliostat center point 

relative to the receiver center 
Z : Angle between a line to the sun and the local zen ith 

(degree) 
zi : Height coordinate of the heliostat center point relat ive 

to the receiver center 
zo : Tower height 
α : Sun Altitude angle 
 : Sun Declination angle 
 : latitude angle 
 : Hour angle 
τα: atmospheric transmittance 
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ηcos : The field cosine efficiency 
ηsh&bl : The shading & blocking efficiency 
ηref : The mirror reflectiv ity 
ηatt : The atmospheric transmittance efficiency 
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