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ملخص 

فٙ  (غاص طبٛعٙ - طاقت شًسٛت)انٓذف يٍ ْزا  انبذذ ْٕ حطٕٚش بشَايج لأٔل يذطت كٓشبائٛت ْجُٛت 

. فٙ ْزا انًششٔع َقخشح يذطت بذسجت ٔادذة يٍ انضغظ. رانك حذج يُار يُطقت داسٙ انشيمٔ انجضائش

عُذ ٔجٕد انشًس ٚخى حذسٍٛ حذٕٚم طاقت الاَبعاد انغاصٚت انًطشٔدت يٍ انعفُت انغاصٚت فٙ انعفُت انبخاسٚت 

ْزا انخصًٛى ٚعطٙ نَٕٛت فٙ . HRSG غاص٘ بانخٕاص٘ يع يبادل HSSG يبادل شًسٙباسخعًال 

انًشدٔد .  فٙ انهٛم ٔ أٌ حعًم كًذطت ْجُٛت فٙ انُٓاس CCدٛذ ًٚكٍ نهًذطت أٌ حعًم كلاسٛكٛا, انخشغٛم

َخائج انبشَايج بُٛج .  انذشاس٘ ٔ كًٛت انكٓشباء انًُخجت ْى أْى انعٕايم نخذذٚذ أداء انًذطت عبش أٚاو انسُت

فٙ انُٓاس َسبت .  خلال انهٛم%57.5 يٛقا ٔاط بًشدٔد ٚسأ٘ 134أٌ ْذِ انًذطت بإيكآَا حٕنٛذ يا ٚقاسب 

. فٙ انفخشاث انجذ يشًست% 15انكٓشباء انُاحجت عٍ انطاقت انشًسٛت جذ يذفضة دٛذ ًٚكٍ أٌ حصم  إنٗ 

عهٗ انخٕانٙ يٍ عًهٓا كًذطت %  16.5 ٔ 17 انكٓشباء انًُخجت ٔ يشدٔد انًذطت اكبش ب عُذْا حكٌٕ كًٛت

ٔ أدسٍ % 50صٚادة قذسة انعفُت انبخاسٚت ب %. 67 يٛقا ٔاط يٍ انطاقت بًشدٔد 157يا ٚقابهّ , كلاسٛكٛت

. أداء نهًذطت انٓجُٛت  فٙ صذشاء داسٙ انشيم خلال الأٚاو انذاسة ْٙ يذاسٍ أخشٖ نهخصًٛى انًقخشح

  . داسٙ انشيم, يذطت كٓشبائٛت شًسٛت,(غاص طبٛعٙ - طاقت شًسٛت)يذطت كٓشبائٛت ْجُٛت :يفاحٛخ 

  

 

 

 

 

 

 

 



RESUME 

Le but de cette étude est de développer un programme de calcul pour l’analyse des performances 

énergétiques de la première centrale hybride solaire-gaz (ISCCS) en Algérie, sise à Hassi R’mel. 

Dans ce projet une centrale avec un niveau de pression est proposée. Durant les périodes 

ensoleillées, la conversion de l’énergie des gaz d’échappements dans la turbine à vapeur est 

améliorée par l’utilisation d’un échangeur solaire (HSSG) en parallèle avec la chaudière à vapeur 

(HRSG). Ce concept donne une certaine flexibilité pour son fonctionnement, il fonctionne en 

mode combiné conventionnel durant la nuit et en mode hybride solaire-gaz durant la journée. Le 

rendement thermique et l’énergie électrique produite sont les principaux paramètres pour évaluer 

les performances instantanées des différentes parties de la centrale durant l’année.  Les résultats 

de ce program montrent que cette centrale peut fournir environ 134MW de puissance avec un 

rendement de 57,5% dans la nuit. Dans la journée, le ratio net du solaire peut être très intéressant 

et atteindre les 15%. En conséquence, l’électricité produite par la centrale et son rendement 

seront plus importants de 17 et 16,5% respectivement qu’en mode combine, ce qui correspond à 

une puissance de 157MW et un rendement de 67%. L’augmentation de la capacité de la turbine à 

vapeur de 50% et les meilleurs performances de la centrale hybride pour les journées chaudes à 

Hassi R’mel sont les avantages supplémentaires de ce concept.  

Mots clés : centrale thermodynamique solaire avancées, centrale thermique solaire, Hassi R’Mel.                    

 

 ABSTRACT 

The purpose of this study is to develop a mathematical program for analysing the performance of 

the first integrated solar combined cycle system (ISCCS) in Algeria, located in Hassi R’mel. In 

this project, an integrated plant with simple pressure level is proposed. During sunny periods, the 

energy conversion of the exhaust gas in the steam turbine is improved by using solar heat steam 

generator HSSG in parallel with the heat recovery steam generator HRSG. This design furnishes 

flexibility in the operation system where it works as a conventional combined cycle during night 

time and it switches to operate as an ISCCS during daylight. Thermal efficiency and electricity 

generating are the main parameters to evaluate the instantaneous performances of different parts 

of the solar power plant through the year. The program results show that the power plant would 

produce about 134MW with efficiency equal to 57.5% at night. At daytime, the net solar 

electricity ratio can be very interesting and reach the limit of 15% at the design point. As a result, 

the output from and the efficiency of the integrated plant will be above the CC regime by 17 and 

16.5%, which correspond to 157MW and 67%, respectively. Increasing the steam turbine 

capacity by 50% and better performances of the integrated plant in Hassi R’mel desert in warm 

days are other advantages of the proposed design. 

Key Words: Integrated solar combined cycle system, solar thermal power plant, Hassi R’Mel. 



ABBREVIATIONS 

 

CC                           Combined Cycle  

CD                           Condenser 

Cc                            Combustion Chamber 

DSG                         Direct Steam Generation  

EC                            Economizer 

ET                            Euro Trough Collector 

EU-MENA               Europe, Mediterranean North African region 

EX                            Heat Exchanger 

FP                             Feed Water Pump 

GT                            Gas Turbine Unit 

HCE                          Heat Collection Element 

HRSG                       Heat Recovery Steam Generator 

HSSG                       Heat Solar Steam Generator 

HTF                          Heat Transfer Fluid 

HVDC                      High Voltage Direct Current  

ISCCS                      Integrated Solar Combined Cycle System 

K                               Axial compressor 

LEC                          Levelized Energy Cost 

LS                             Luz System 

PTC                           Parabolic Trough Collector 

SEGS                         Solar Electricity Generating System 

SF                              Solar Filed 

SG                             Steam Generator 

SH                             Superheater 

SGT                           Siemens Gas Turbine 

SST                            Siemens Steam Turbine 

ST                              Steam Turbine unit 

TRANS-CSP             Trans-Mediterranean Interconnection for Concentrating Solar Power 

TREC                        Trans-Mediterranean Renewable Energy Cooperation 

 

 

 



NOMENCLATURE 

Symbols       Parameters                                                                              Units 

Aabs              Outer area of the absorber                                                          [m
2
] 

Aap                Collector aperture area                                                               [m
2
] 

Aloss              loss area                                                                                     [m
2
] 

ap                        Aperture of the concentrator                                                       [m] 

ASF                 Solar field area                                                                          [m
2
] 

Cc                 Geometric concentration ratio                                                      --- 

CL                 Number of collectors in each row                                                --- 

Cpg                Average specific heat of the exhaust gases in the HRSG         [J/kg. K] 

CpV                Average specific heat of the steam in the HRSG                     [J/kg. K] 

d                   Receiver diameter                                                                      [m]  

DNI               Direct normal irradiation                                                          [W/m
2
] 

dP                 Pressure losses                                                                          [Pa] 

E                   The equation of time                                                                 [min] 

f                    Focus length  of the concentrator                                             [m] 

Id                   Diffuse radiation                                                                       [W/m
2
] 

Isc                  Solar constant                                                                            [W/m
2
] 

Iso                  Extraterrestrial radiation                                                           [W/m
2
] 

IT                   Terrestrial solar radiation                                                          [W/m
2
] 

K θ               Incidence angle modifier                                                              --- 

Ld                  Number of daylight hours                                                         [h] 

Lloc                Longitude of the location                                                          [Degree] 

Lst                 Standard meridian for the local time zone                                 [Degree] 

nj                   Number of the day                                                                        --- 

NL                 Number of line in the solar field                                                   --- 

mR                 Cooling air mass flow rate                                                        [%] 

mk                Compressor air mass flow rate                                                  [kg/s] 

Mf                 Gas turbine fuel consumption                                                   [kg/h] 

msf                HTF mass flow rate                                                                   [kg/s] 

mR                 Relative air mass flow rate for blades cooling                          [%] 

mf                 Fuel mass flow rate                                                                   [%] 

mg                 Mass flow of exhaust gases                                                        [kg/s] 

mso                HSSG seam mass flow                                                               [kg/s] 

ms                 Steam mass flow of heat exchangers                                          [kg/s] 



Pa                  Atmospheric pressure                                                                 [Pa] 

Pse                 Inlet steam pressure of heat exchangers                                     [Pa]                                                                                                                

Pss                 Outlet steam pressure of heat exchangers                                  [Pa] 

Qcv                Gas natural calorific value                                                         [MJ/kg] 

Qgas              Exhaust gas energy per unit of time                                           [MW] 

Qc                 Useful energy gained by the collector per unit of time              [MW] 

QSF               Total useful energy gained in the SF per unit of time               [MW] 

QR                 The extraction heat in the cooling air per unit of time                [MW] 

R                  The gases constant                                                                     [J/kg.K] 

𝑅𝑠𝑜                The solar electricity ratio                                                           [%] 

sfc                Specific fuel consumption                                                         [MJ/kW.h] 

Si                 Standard time                                                                             [h] 

Sr                 Sunrise time                                                                               [h] 

Ss                 Sunset time                                                                         [h] 

Ta                  Ambient temperature                                                                 [°C]    

Tb                  Turbine blade temperature                                                         [°C]         

TR                  Cooling air outlet temperature                                                   [°C]       

Tabs               Mean absorber pipe temperature                                                [°C]       

Tge 1              Inlet temperature of exhaust gases at heat exchangers              [°C]       

Tgs                 Outlet temperature of exhaust gases at heat exchangers           [°C]       

Tse                 Inlet steam temperature of heat exchangers                               [°C]                                                                                                                              

Tss                 Outlet steam temperature of heat exchangers                            [°C]       

Tso                 Steam outlet temperature of HSSG                                           [°C]                                 

WGT               Total specific work of GT                                                         [kJ/kg] 

WGT
net              Gas turbine output                                                                     [MW] 

𝑊𝐹𝑃               Feed water pump specific work                                                 [kJ/kg] 

Wk                Compressor specific work                                                         [kJ/kg] 

WT                 Gas turbine specific work                                                          [kJ/kg] 

WSR               Relative work for gases without the air cooling system            [kJ/kg] 

𝑊𝑆𝑇               Steam turbine specific work                                                       [kJ/kg] 

𝑊𝑆𝑇
𝑛𝑒𝑡             Steam turbine output                                                                  [MW] 

 

 

 

 

 



GREEK SYMBOLS 

Symbols            Parameters                                                                                          Units 

η
opt

                   Optical efficiency                                                                                      -- 

η
s
k                       Compressor isentropic efficiency -- 

η
p
k                       Compressor polytropic efficiency -- 

 γ
k
                     Specific heat ratio -- 

  η
cc

                   Combustion chamber efficiency -- 

η
is
T                      Turbine isentropic efficiency -- 

η
p
T                      Turbine polytropic efficiency -- 

η
GT

                   Gas turbine unit efficiency -- 

η
ST

                    Steam turbine efficiency -- 

η
ISCCS

                ISCCS efficiency  -- 

∝o                      The air to fuel ratio for combustion  -- 

∝a                      Excess air coefficient  -- 

∝g                      Excess air coefficient of exhaust gas -- 

ά                        The dispersion angle                                                                            [Degree]  

εR                       Cooling system effectiveness -- 

ξ
R

                      Expansion coefficient of cooling air -- 

ζT                      Ganses expansion ratio  -- 

δ                       Declination angle          [Degree] 

θz                      Zenith angle                                                                                           [Degree] 

θ                       Angle of incidence [Degree] 

θα                      Half Acceptance angle [Degree] 

αs                             Solar altitude angle [Degree] 

β                       Slop of the surface [Degree] 

γ                       Surface azimuth angle [Degree] 

γs                      Solar azimuth angle [Degree] 

ω                      Hour angle                                                                                             [Degree] 

ωs                    Sunset hour angle [Degree] 

ε                       Earth’s Eccentricity [Degree] 

φR                     Rim angle [Degree] 

Φ                      Latitude                                                                                                     [m] 
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INTRODUCTION 

Algeria is situated in North Africa and has large areas that receive 

solar energy. It has a considerable potential for solar power plants. 

About 84% of Algeria is consisted of deserts which receive incredible 

amount of solar irradiation. If a little part of these areas can be covered 

by solar collectors, energy obtained will be more than annual electricity 

production in Algeria.  

Hybrid solar thermal power plants with parabolic trough solar 

collectors, featuring gas burners and Rankine steam cycles have been 

successfully demonstrated by California's Solar Electric Generating 

System (SEGS). This system has been proven to be one of the most 

efficient and economical schemes to convert solar energy into electricity. 

Although these plants are clearly optimized for their particular 

conditions, other power cycle designs may be appropriate in other 

situations. Of particular interest is the integration of parabolic trough 

solar technology with combined cycle power plant. This configuration is 

referred to integrated solar combined cycle systems (ISCCS).  

Integrated solar combined cycle systems are modern combined cycle 

power plants with gas and steam turbines and additional thermal input 

of solar energy from a field of parabolic troughs. The plant concept was 

initially proposed by Luz Solar International. 

An ISCCS offers three principal advantages. First, solar energy can be 

converted to electric energy at a higher efficiency. Second, the 

incremental unit costs for the larger steam turbine in the integrated 
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plant are less than the overall unit cost in a (SEGS). Third, an integrated 

plant does not suffer the thermal inefficiencies associated with the daily 

start up and shutdown of the steam turbine. This advanced power plant 

can work in three modes: Integrated solar combined cycle mode at solar 

hours, conventional combined cycle mode at non solar hours and gas 

turbine mode when the steam turbine is not functioning. 

The aim of this study is to develop a mathematical program for 

analysing the performance of the first integrated solar combined cycle 

system in Algeria under Hassi R’mel climatic conditions. In this work, 

an integrated plant with simple pressure level is proposed. During sunny 

periods, the energy conversion of the exhaust gas in the steam turbine is 

improved by using solar heat steam generator HSSG in parallel with the 

heat recovery steam generator HRSG.  

Solar energy fundamentals and the details of the selected solar collector 

are presented in the first chapter. The second and the third chapters deal 

with the ISCCS (details and thermodynamic analysis). The simulation 

and results of each part of the integrated power plant are clearly 

described in the last chapter. 
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BIBLIOGRAPHY STUDY 

Parabolic trough concentrator (PTC) has been used for more than 100 years. Initially, PTC was 

used for small scale solar thermal mechanical applications, with outputs up to 100 kW, mainly 

for water pumping (Duffie and Beckman, 1991). Only after the energy crises of 1973 did the idea 

of large scale solar power plants take hold (Thomas and Guven 1993). Starting in the late 1980s, 

nine solar electric generating systems (SEGS) have been built and operated in the Mojave Desert 

of Southern California.  

Nowadays, the Integrated Solar Combined Cycle system (ISCCS) offers an effective means for 

the continued development of parabolic trough technology (Bruce Kelly et al., 2001). This 

advanced solar thermal power plant was initially proposed by Luz Solar International since the 

early 1990s, as a mean of integrating a parabolic trough solar field with modern combined cycle 

power plant. Due to the decision of the Global Environment Facility, in 2000, to provide grants 

for four ISCCS power plants in India, Egypt, Morocco and Mexico, interest in this kind of power 

plants increases day after day. 

The ISCCS represents both economically and energetically a promising alternative for the 

conversion of solar energy while offering a guarantee of a minimum power supply independent 

of the level of solar radiation (Favrat, 1995; Allani and Favrat, 1991). Its performances are, 

however, strongly dependent on the intensity of the solar input and of the method of transferring 

solar energy into the combined cycle.  

The thermo economical criteria (performances/ costs) of such integrated power plants is 

considerably more complex than for conventional plants because the integrated plant must take 

into account the variations in solar energy availability during the year (Buck et al., 1998).  

Some optimal designs for several different plant configurations linked to the pilot plant project in 

Tunisia were determined using a quasi stationary thermo economic approach which uses a 

hierarchical structure to determine configuration, component design (size and performance) and 

system operation is proposed by (Allani et al., 1997). The basic idea is to have an oversized 

steam turbine. As this turbine reaches the fall load when beam radiation is the highest, the gas 

turbine load is progressively decreasing while the steam turbine is kept at full load. This concept 
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does not take into account the performance of the gas turbine especially when the solar energy is 

higher. 

For the same project with the aim of optimising the ISCCS, (Kane and Favrat, 1999) 

concentrated their studies on the heat exchangers network. They used the data of the turbines and 

the solar field to optimise the choice of the pressure level and the mass flow. In the first part they 

employed the classical pinch technology principals coupled with a mathematical programming 

algorithm in order to minimize the heat transfer exergy losses. Relating to the steam turbine 

conditions implies that the minimum pinch point cannot be kept and the heat exergy losses are 

higher with solar energy input. To achieve the maximum efficiency of the various operational 

modes, an analysis introduces a new steam interaction factor is used to define the mass flow and 

to design the heat exchangers network. 

(Kane and Favrat, 2000) tried again for the optimal designs of the heat exchanger network. Thus, 

a mixed approach based on pinch technology coupled with a mathematical optimisation 

algorithm to minimise the heat exergy losses in the HRSG was adapted.  

In order to reduce components and better exploiting the exergy potential of the working fluid, the 

direct steam generation (DSG) technology is used to generate solar steam which is supplied to 

the steam turbine to increase the power output during the sunny periods. For this reason, a 

mathematical program was developed to simulate the ISCCS performance under Libyan climatic 

conditions (elsaket, 2007). The inherent complexity of heater integration within standard gas 

turbines is a major hindrance to the introduction of this concept.  

Some optimization studies for ISCCS are also proposed by (Bruce et al. 2001). During the 

investigation process, several plants design and cycle balance calculations were performed using 

the commercial computer codes GateCycle and IPESpro. Steady performance for different load 

cases was calculated. They found that an ISCCS with a single pressure level offers an effective 

mean for the continued development of this type of power plants and present the lowest cost 

comparing with other configurations.  

In this kind of power plants, the most efficient method for converting solar thermal energy to 

electric energy is to withdraw feed water from the heat recovery steam generator downstream of 

economizer, produce high pressure saturated steam using solar energy, and return the steam to 
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the heat recovery steam generator (HRSG) for superheating by the gas turbine exhaust. (Bruce et 

al. 2001) 

An integrated plant without thermal storage provides an interesting way for solar electricity 

generating and gives better solutions than SEGS plants. In comparison to the Rankine cycle of 

this latter, ISCCS plants offer three principal advantages: First, solar energy can be converted to 

electric energy at a higher efficiency. Second, the incremental costs for a larger steam turbine are 

less than the overall unit cost in a solar only plant. Third, an integrated plant does not suffer from 

the thermal inefficiencies associated with the daily start up and shutdown of the steam turbine 

(Dersch et al., 2004). 

The comparison of different power plants with ISCCS show that an integrated solar power plant  

without auxiliary firing  have the lowest LEC, which is about 10 and 33% lower than combined 

cycle and gas turbine, respectively, If we consider the environmental effects. (Hosseini et al., 

2005). 

Even though the evaluation of combined cycle power plants can be performed by using the mean 

values of ambient temperature, load and full load hours, ISCCS are considerably more affected 

by ambient conditions and load profiles. Therefore, it is essential to use annual performance 

calculations for ISCCS plant analysis. (Bruce et al. 2001) 

The purpose of this research is to develop a mathematical program for the first integrated solar 

power plant in Algeria. This ISCCS will be built in Hassi R’mel desert. The selected site has an 

elevation of 776 m. In this project an integrated plant with simple pressure level is proposed. The 

energy conversion of the exhaust gases in the steam turbine is improved by using solar 

evaporator HSSG in parallel with the heat recovery steam generator. The mathematical program 

will be used to simulate instantaneous performances of the ISCCS under Hassi R’mel climatic 

conditions during the year. The effect of the ambient temperature and solar energy fluctuation on 

the performance of the integrated plant is also evaluated by this program.   
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1. SOLAR ENERGY FUNDAMENTALS AND PARABOLIC TROUGH COLLECTOR 

 

1.1. Solar energy fundamentals 

The sun is an effective black body whose outer surface has a temperature of 5777 k and emitting 

an incredible amount of solar radiation into every corner of space appears in the form of 

electromagnetic waves that carry energy at the speed of light. The solar radiation is absorbed, 

reflected, or diffused by solid particles in any location of space and especially by the earth, 

which depends on its arrival for many activities such as climate type. Depending on the geometry 

of the earth, its distance from the sun, geographical location of any point on the earth, 

astronomical coordinates, and the composition of the atmosphere, the incoming irradiation at any 

given point takes different shapes. This section provides the basic concepts, definitions, and 

derived astronomical equations furnish the foundations of solar energy evaluation at any given 

location. 

1.1.1 Solar radiation as it is travels through the atmosphere 

Solar radiation from the sun after travelling in space enters the atmosphere at the space-

atmosphere interface, where the ionization layer of the atmosphere ends. Afterwards, a certain 

amount of solar radiation or photons are absorbed by the atmosphere, clouds, and particles in the 

atmosphere, a certain amount is reflected back into the space, and a certain amount is absorbed 

by the earth’s surface. 

The sun: The sun has played a dominant role since time immemorial for different natural 

activities in the universe at large and in the earth in particular for the formation of fossil and 

renewable energy sources. It is a big ball of plasma. The Plasma is a state of matter where the 

electrons are separated from the nuclei because the temperature is so high and accordingly the 

kinetic energies of nuclei and electrons are also high. The radiating power of the sun results from 

a process in which four hydrogen nuclei fuse into a helium nucleus. The resulting loss of mass, 

totalling 4.3 million tons per second is transferred into a freed power by irradiance to the space.  
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Solar constant ( Isc ): the solar constant denoted by  Isc  is the energy from the sun per unit time 

received on a unit surface area perpendicular of the direction of propagation of radiation at the 

earth mean distance from the sun outside the atmosphere. 

The World Radiation Center has adapted a value of 1367 Watts per square meter, with an 

uncertainty of the order of 1% (Duffie and Beckman, 1991). 

Extraterrestrial radiation ( Iso ):  is the radiation that would be received in the absence of the 

atmosphere. The change in the extraterrestrial radiation can be caused by two sources: 

Variation in radiation emitted by the sun: there are conflicting reports in the literature on periodic 

variation of intrinsic solar radiation. It has been suggested that there is small variation with 

different periodicities and variation related to sunspot activities. Hence, data from Nimbus and 

Mariner satellites over several months were used. For instance, (Hickey et al., 1982) during two 

years and a half found that the solar constant is decreasing slowly, at the rate of approximately 

0.02% per year. In this research the solar constant is considered invariable.                       

Variation of earth-sun distance: the earth rotates around the sun in an elliptical orbit. This 

movement results in variation in an earth-sun distance by 1.7%. Therefore, the extraterrestrial 

radiation varies in a range of ±3%.  

The change in  Iso can be calculated by taking into account the astronomical facts according to 

the following approximation formula: (Duffie and Beckman, 1991) 

Iso = Isc [1 + 0.033 cos 360 nj/365 ]                                                                                     (1.1) 

Where nj  is the number of the day corresponding to a given date. It is defined as the number of 

days elapsed in a given year up to a particular date starting from 1 on 1 January to 365 on 31 

December. 
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                                   Figure1.1:  Variation of extraterrestrial radiation with time of year.                                                               

Attenuation of solar radiation by the atmosphere: Solar radiation at normal incidence 

received at the surface of the earth is subject to vary due to change in the extraterrestrial 

radiation and to two additional more significant phenomena. These are the atmospheric 

scattering by air molecules, water vapor and dust and the atmospheric absorption especially by 

ozone and water. The effects of the atmosphere in absorbing and scattering solar radiation are 

variable with time as atmospheric conditions and the air mass ratio change. It can be weighed up 

by the atmospheric transmittance factor. 

Atmospheric transmittance values vary with location and elevation between 0 and 1. According 

to (Gates, 1980) at very high elevations with extremely clear air may be as high as 0.8, while for 

a clear sky with high turbidity it may be as low as 0.4. As shown in Fig 1.2, the solar radiation 

during its travel through the atmosphere toward the earth surface meets various phenomena, 

including scatter, absorption, reflection, diffusion, meteorological conditions, and air mass, 

which change with time.  
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                                                           Figure 1.2: Solar spectrums (zekai sen, 2007). 

It is useful to define a standard atmosphere clear sky and calculate the hourly and daily radiation 

that would be received on a horizontal surface under these standard conditions. (Hottel, 1976) 

has presented a method of estimating the beam radiation transmitted through a clear atmosphere 

and he introduced four climate types as in Table 1.1. The atmospheric transmittance for beam 

radiation (ηb) is given in an exponentially decreasing form depending on the altitude (αs) and 

zenith angle (θz) as:                                                                                                                                                

ηb = a + b exp  −
c

cos (θz )
                                                                                                           (1.2) 

The estimations of constants a, b, and c for the standard atmosphere with 23 km visibility is 

given by (Kreith and Kreider, 1978): 

a = [0.4237 − 0.00821 6 − αs
2 ] ao                                                                                       (1.3) 

b =  0.5055 − 0.00595 6.5 − αs
2  bo                                                                                     (1.4) 

c =  0.2711 + 0.01858 2.5 − αs
2  co                                                                                      (1.5) 
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Where αs is the altitude of the observer in kilometers. The correction factors ao , bo  and co   are 

given for four climate types in the flowing table. 

Table 1.1: Correction factors for four climate types (Hottel, 1976). 

Climate type a0 b0 c0 

Tropical 0.95 0.98 1.02 

Midlatitude summer 0.97 0.99 1.02 

Subarctic summer 0.99 0.99 1.01 

Midlatitude winter 1.03 1.01 1.00 

On other hand, (Kreith and Kreider, 1978) have described the atmospheric transmittance for 

beam radiation by the following empirical relationship. 

 ηb = 0.56[exp −0.65m + (exp −0.095m ]                                                                         (1.6)  

Where m is the air mass of the atmosphere. 

Direct radiation (𝐃𝐍𝐈): Direct radiation as described in figure 1.3, is the amount of solar 

radiation received at any place on the earth directly from the sun without any disturbances. In 

practical terms, this is the radiation which creates sharp shadows of the subjects. There is no 

interference by dust, gas, and cloud or any other intermediate material on the direct solar 

radiation. Hence, the terrestrial solar radiation on a horizontal plane can be estimated as (Hottel, 

1976): 

DNI = ηbIso cos( θz)                                                                                                                  (1.7) 

Where Iso and DNI are the extraterrestrial and terrestrial intensities of direct radiation.  

As shown in figure1.3, only the direct normal irradiation can be collected by the solar 

concentrators. 

Diffuse radiation (Id ): the solar radiation component which has been scattered by the 

atmosphere. 
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Terrestrial solar radiation (IT): the sum of the beam and diffuse radiation at the surface of the 

earth is called terrestrial or global radiation. Its value at any location is roughly proportional to 

direct solar radiation, and varies with the geometry of the receiving surface. The other 

components, such as diffuse radiation, vary only slightly from slope to slope within a small area 

and the variations can be linked to slope gradient (Williams et al., 1972). 

IT = DNI + Id                                                                                                                              (1.8) 

 

 

 

 

 

 

 

                                                                             

                                                     Figure 1.3: Terrestrial solar radiations. 

1.1.2 Solar geometry and earth angle 

The geometric relationship between the sun and the earth can be described by the latitude of the 

site, the true solar time, the angle between the sun and the earth, and the altitude and azimuth 

angles of the sun. It is also necessary to know the relation between the local standard time and 

the solar time. 

Solar time: is the time based on apparent angular motion of the sun across the sky. Solar noon is 

the time where the sun crosses the meridian of the observer. There is a difference between clock 

time and solar time which varies at any instant depending on the east-west displacement. The 

relation between the local standard time and the solar time is given by (Duffie and Beckman, 

1991). 

DNI 

Id 

Scattered 

Iab 
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solar time = standard time + 4 Lst − Lloc  + E                                                                   (1.9) 

Where Lst  , Lloc  is, respectively, the standard meridian for the local time zone and the longitude 

of the location and E is the equation of time. 

Equation of Time (E): this equation takes into account the perturbations in the earth’s rate of 

rotation which affect the time the sun crosses the absorber meridian. The equation of time shown 

in figure 1.4 is determined by the following formulation (Spencer, 1972): 

E = 229.2(75 10−6 + 186 10−6 sin B − 0.03207 sin B − 0.014615 sin 2B − 0.04089 sin 2B) 

(1.10)  

Where:B =  nj − 1 360/365                                                                                                 (1.11) 

            

 

                              

 

 

 

 

 

 

                                 Figure1.4: The equation of time as a function of the time of year. 

Hour angle (ω): the angular displacement of the sun east or west of the local meridian due to 

rotation of the earth on its axis at 15 degrees per hour angle. It express the time of the day with 

respect to the solar noon. It can be expressed by: 

ω = 15° solar time − 12                                                                                                        (1.12) 
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Earth’s Eccentricity (ε): It is desirable to have the distance and the earth’s eccentricity in 

mathematical forms for simple calculations. Although a number of such forms are available of 

varying complexities, it is better to have simple and manageable expressions such as the one 

suggested by (Duffie and Beckman, 1991), who gave the eccentricity, ε, correction factor of the 

earth’s orbit as: 

ε = 1 + 0.033 cos 360 nj/365 ]                                                                                            (1.13) 

The average distance between the sun and the earth is R = 150×10
6
 km. Due to the eccentricity 

of the earth’s orbit, the distance varies by 1.7%. 

Declination angle(𝛅): The angle between the earth–sun line and the equatorial plane is called 

the declination angle which changes with the date and it is independent of the location. The 

declination is maximum 23°45’/minimum -23°45’ on the summer/winter solstice and 0° on the 

equinoxes as shown in figure 1.5.  

 

 

 

 

 

 

                               

                              

 

       

                                                   Figure 1.5: The declination angle. 

 

Sep. 21, α=0° 

Mer. 21, α=0° 

Dec. 21, α= -23.45° Jun. 21, α= +23.45° 
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The declination angle can be calculated as (Cooper, 1969):  

δ = 23.45sin(360(284 + nj )/365)                                                                                      (1.14) 

It is also possible to consider the following expression for the accurate calculations of the 

declination angle in radians (Spencer, 1972): 

δ = 0.006918 − 0.399912 cos B + 0.07257 sin B − 0.006758  cos 2B + 0.000907 sin 2B

− 0.002697 cos 3B + 0.00148 sin 3B                                                                 (1.15)  

                                                                                                                                                         

 

 

 

      

 

 

 

          

                                   Figure1.6:  Variation of extraterrestrial radiation with time of year. 

1.1.3 Geographic locations 

The basic angles that are necessary in the definition of the geographic locations are latitude and 

longitude.  

Latitude (Φ): is the angular distance measured along a meridian from the equator (north or 

south) to a point on the earth’s surface. Any location towards the north (south) has positive 

(negative) latitude with maximum (minimum) degrees as +90° (−90°) in the north (south) pole. 
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Longitude (Lloc): is the angular distance measured from the prime (solar noon) meridian through 

Greenwich west or east to a point on the earth’s surface. Any location west (east) of the prime 

meridian is positive (negative) location. 

1.1.4 Sun position in the sky  

The position of the sun can be calculated for any location and any time. Figure 1.7 represents the 

angle to describe the position of the sun in the sky. Angles are described in the following way: 

Solar altitude angle (αs): it is the angle between the projection of the sun’s rays on the 

horizontal plane and the direction of the sun rays (the complement angle of the zenith angle).                        

Solar zenith angle (θz): is the angle between the vertical and the line connecting to the sun.                                                                                                                                                                  

Solar azimuth angle (γs):  it is the angular displacement from the south of the projection of 

beam radiation on the horizontal plane. 

Sunrise and sunset of the sun: the sunrise and sunset times at for any date and location can be 

calculated, respectively, from the following equations. 

Sr = 12 − (ωs/15)                                                                                                                  (1.16) 

Ss = 12 + (ωs/15)                                                                                                                  (1.17) 

Where, ωs, is the sunset hour angle in degrees. It is given by (Duffie and Beckman, 1991): 

ωs = cos−1[− tan ϕ tan( δ)]                                                                                                 (1.18) 

Length of day: The number of daylight hours Ld can be calculated from the hour angle, since the 

hour angle changes by 15° every hour. The factor 2 results from taking into consideration 

morning and afternoon hours. 

Ld = (2/15°) arccos[tan ϕ tan( δ)]                                                                                    (1.19) 
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1.1.5 Angles incidence on a plane 

Angles describing the position of the surface in relation to the sun’s rays and the earth are 

defined in this section and described by the figure 1.7. 

Slop of the surface (β): is the angle between the plane of the surface and the horizontal plane. 

Surface azimuth angle (γ): is the angle made in the horizontal plane between the line due south 

and the projection of the normal to the surface on the horizontal plane.  -180°< γ<+180° 

Angle of incidence (θ): is the angle between the beam radiation on a surface and the normal to 

that surface.  

 

                                          Figure 1.7 Solar angles (Duffie and Beckman, 1991). 

The relation between the angle of incidence, the solar position angles is given by (Duffie and 

Beckman, 1991): 

cos( θ) = sin(δ) sin(ϕ) cos β − sin(δ) cos(ϕ) sin(β) cos γ + cos(δ) cos(ϕ) cos(ω) cos β 

+  cos(δ) sin(ϕ) sin(β) cos(ω) cos(γ) + sin(ω) sin(β) sin(γ) cos δ           (1.20)  

For horizontal surface β=0°, the incidence angle equal to the zenith angle. 

cos( θz) = cos(δ) cos(ϕ) cos(ω) + sin(δ) sin(ϕ)                                                                   (1.21) 
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1.1.6  Solar angles for tracking parabolic trough collector 

Parabolic trough concentrators track the sun by moving prescribed ways to minimize the angle of 

incidence of beam radiation on their parabola and thus maximize the useful energy. Hence, the 

angle of incidence and the surface azimuth angle are needed.                                                                                                                                                    

Tracking system can drive the collector to rotate around a single axis or around two axes. For 

parabolic through collectors, horizontal east-west and north-south axes are usually used.      

Horizontal east-west rotation axis: for collectors rotating about a horizontal east-west axis with 

continuous adjustment to minimize the angle of incidence. 

cos( θ) = [1 − cos2(δ) sin2(ω)]0.5                                                                                         (1.22) 

This mode tracks the sun’s position to achieve the optimum slope angle for the collector's 

aperture. The slope angle is given by (Duffie and Beckman, 1991).  

tan β = tan(θz)  cos(γ
s
)                                                                                                       (1.23) 

Horizontal north-south rotation axis: for collectors rotated about a horizontal north-south axis 

with continuous adjustment to minimize the angle of incidence. The employed control system in 

the ISCCS of Hassi R’Mel tracks the sun’s position by this mode, to achieve the optimum slope 

angle for the collector's aperture. The optimum angle is given by (Alrobaei, 1998): 

β
opt  

= tan−1[ sin ω cos δ / cos( θz)]                                                                                 (1.24) 

The angle of incidence can be expressed by: 

cos( θ) = sin δ sin β sin ϕ + cos(δ) cos(ϕ) cos(ω) cos β + sin(β) cos δ sin ω        (1.25) 

(Alrobaei, 1998) assumed that the aperture turns towards the east before noon   (γ =-90°) and 

turns towards the west after midday (γ =+90°). At midday (ω =0°) the collector aperture is in 

horizontal position (γ =0°).  

The slop angle can also given be by the following expression (Duffie and Beckman, 1991): 

tan β = tan(θz)  cos(γ−γ
s
)                                                                                                  (1.26) 
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In this case the incidence angle is: 

cos(θ) = [cos(θ
z
)2 + cos(δ)2 sin(ω)2]1/2                                                                             (1.27) 

The surface azimuth angle will be +90° or -90° depending on the sign of azimuth angle. i.e. 

if γ
s

> 0°, γ = +90°  

 if γ
s

< 0°, γ = −90° 

 

1.2 Parabolic through concentrator 

Parabolic trough concentrator (PTC) will focus radiation on a receiver much smaller than the 

reflector. A PTC, like the one represented in the following figure, is basically made up of a 

parabolic trough shaped mirror that reflects direct solar radiation, concentrating it onto a receiver 

tube located in the focal line of the parabola. Concentration of the direct solar radiation reduces 

the absorber surface area with respect to the collector aperture area and thus significantly reduces 

the overall thermal losses. The concentrated radiation heats the heat transfer fluid circulating 

through the receiver tube, thus transforming the solar radiation into thermal energy in the form of 

the sensible heat of the HTF. This section treats the geometry, optical and thermal performances 

of these collectors. 
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                                               Figure 1.8: Typical parabolic through collector (PTC).                        

1.2.1 Collector’s Geometric Elements 

The three main factor of the design parameters required for a PTC are the geometric 

concentration ratio, the acceptance angle, and the rim angle. Consider the section of linear 

parabolic collector shown in figure 1.9. The length (l), the aperture (Aap) and the height (Hp) of 

the parabola are given by the designer. Here are some definitions.  

Focus length (f): by using the equation of the parabola the focus length is obtained.  

f = y2/4z                                                                                                                                  (1.28) 

Geometric concentration ratio (Cc): is the ratio of the area of aperture to the area of the 

receiver. 

Cc = Aap/Aabs                                                                                                                          (1.29) 

Flux concentration ratio: is defined as the ratio of the average energy flux on the receiver to 

that on the aperture. 

Foundation 

Mirror 

Tracking system 

Glass cover 

Pylon 

Receiver tube 
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Acceptance angle (2θx):  is the angular range over which all or almost all rays are accepted 

without moving all or part of the collector. The half acceptance angle for the parabolic trough 

collector is as a function of the position (y) by: 

sin θ𝑥 = d /2f[1+  
y

2f
 

2

]                                                                                                           (1.30) 

For 𝑌 = ±𝑦 this formula gives θx, the largest angle for which all incident rays are accepted.  

The half angle acceptance of the parabolic trough can be written also in terms of rim angle (θR) 

and concentration ratio (Cc). 

sin( θ𝑥) = sin θ
R
 /πCc                                                                                                          (1.31) 

The minimum practical acceptance angle is 0.53°, which is the average solid angle at which the 

sun sphere is seen from the earth. This means that any PTC with an acceptance angle smaller 

than 0.53° would always loose a fraction of the direct solar radiation. In fact, recommended 

acceptance angles for commercial PTCs are between 1° and 2°. Smaller angles would require 

very accurate sun-tracking system and frequent updating of the collector position, whereas 

higher values would lead to small concentration ratios and, therefore, lower working 

temperatures. Therefore, acceptance angle values between 1° and 2° are the most cost-effective 

(Alvarez and Zarza, 2007). 

Rim angle (φR): is directly related to the concentrator arc length and a function of the parabola 

focal distance and aperture width (Duffie and Beckman, 1991): 

tan θ
R
 = 8(

f

𝐴ap
)/[16  

f

𝐴ap
 

2

− 1]                                                                                           (1.32) 

Usual values for rim angles in a PTC are between 70° and 110°. Smaller rim angles are not 

advisable because they reduce the aperture surface. Rim angles over 110° are not cost-effective 

because they increase the total reflecting surface without effectively increasing the aperture 

width. 

End effect (Aloss): is a collector geometrical end loss. (Rabl, 1985) gives an example of an end 

effect for receivers that are the same length as the reflector. 
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Aloss = 1 − [f/L(1 +  
𝐴ap

2

48f
2  tan θ]                                                                                           (1.33) 

Absorber diameter (d): the minimum size of receivers centred at the focal line to intercept all of 

the reflected radiation from specular parabolic reflectors of perfect parabolic through collectors 

can be calculated as (Duffie and Beckman, 1991): 

dabs = 𝐴ap sin 0.267 / sin θ
R
                                                                                               (1.34) 

On the other hand, the diameter for imperfect parabolic through collectors can be described by 

the dispersion angle ά as: 

dabs = 𝐴ap sin 0.267 + (ά/2) / sin θ
R
                                                                                 (1.35) 

 

 

                                

 

 

 

 

 

 

 

 

 

                                             Figure 1.9: Geometric elements of PTC. 
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1.2.2 Collector’s optical performances  

The optical efficiency (ηopt): It is defined as the fraction of the solar radiation incident on the 

aperture of the collector, which is absorbed at the surface of the absorber tube. It is the 

multiplication of four parameters (reflectivity, intercept factor, glass transmissivity, and 

absorptivity of the steel pipe) when the incidence angle on the aperture plane is 0°
. 

𝜂𝑜𝑝𝑡 ,0° = 𝜌 × 𝜏 × 𝛼 × 𝜗                                                           (1.36) 

Where: 𝜌 is the reflectivity of the collector reflecting surface, 𝜏 is the transmissivity of the glass 

tube, 𝛼 is the absorptivity of the absorber selective coating and 𝜗 is the intercept factor. 

intercept factor ( 𝜗) : is the fraction of the direct solar radiation reflected by the mirrors which 

does not reach the glass cover of the absorber tube due to either microscopic imperfections of the 

reflectors or macroscopic shape errors in the parabolic trough concentrators.  

Absorptivity (α): absorptivity of the absorber selective coating is the amount of energy absorbed 

by the steel absorber pipe, compared with the total radiation reaching the outer wall of the steel 

pipe.  

Reflectivity (ρ): in general less than one. It value continuously decreases after washing the 

mirrors. Hence, only a fraction of the incident radiation is reflected towards the receiver tube. 

Transmissivity (η): The ratio between the radiation going through the glass tube and the total 

incident radiation on this tube.  

The incidence angle modifier 𝑲(𝜽): It is necessary to use the incident angle modifier which 

gives the error in the concentration counter due to using the sun tracking system. The incidence 

angle modifier represent the effect of the incidence angle on the optical efficiency and useful 

aperture area of a PTC because this parameter includes all optical and geometric losses due to an 

incidence angle greater than 0° i.e. collector end losses, collector center losses, blocking losses 

due to absorber tube supports, angle dependence of the intercept factor, angle dependence of 

reflectivity, transmissivity, and absorptivity. In the present research, the incident angle modifier 

is assumed that it is similar to the LS3 collector (Alvarez and Zarza, 2007).                

K θ = 1 − 2.23073 10−4(θ) − 1.1 10−4(θ)2 + 3.185 10−6(θ)3 − 4.855  10−8(θ)4        (1.37) 
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1.2.3 Collector’s thermal performances 

A typical parabolic trough collector is basically made up of a parabolic trough shaped mirror that 

reflects direct solar radiation, concentrating it onto a receiver tube located in the focal line of the 

parabola. The useful energy gained by this collector can be given as a function of absorber 

temperature (Alvarez and Zarza, 2007):  

Q
c

= AcDNI cos θ η
opt

K θ − AabsUabs
(Tabs − Ta)                                                                 (1.38) 

 Where:Ac is the collector aperture surface, Aabs  is the absorber area, Tabs is the mean absorber 

pipe temperature and Ta is the ambient air temperature and Uabs is the absorber thermal loss 

coefficient. 

The absorber temperature is evaluated by the following equation: 

Tabs
4 = [(α DNI Cc

η
opt

ζ ε
 ) +  T

a

4]                                                                                              (1.39) 

The heat loss coefficient depends on the absorber pipe temperature and is found experimentally 

by performing specific thermal loss tests with the solar collector operating at several 

temperatures within its typical working temperature range. Variation in the thermal loss 

coefficient versus the receiver pipe temperature can usually be expressed with a second order 

polynomial equation, with coefficients a, b, and c experimentally calculated: 

Uabs = a + b Tabs − Ta + c Tabs − Ta 
2                                                                                (1.40) 

The table below gives the values of coefficients a, b, and c that have been experimentally 

calculated by Ajona (1999) for LS-3 collectors installed at SEGS VIII and IX. 

Table 1.2: Values of Coefficients a, b, and c for a LS-3 Collector. (Alvarez and Zarza, 2007) 

Tabs(℃) a b C 

from 200 to 300 1.433242 -0.00566 0.000046 

Up to 300 2.895474 -0.0164 0.000065 
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2. INTEGRATED SOLAR COMBINED CYCLE SYSTEM  

 

2.1 What is ISCCS? 

Integrated Solar Combined Cycle System (ISCCS) is a new design concept that integrates a 

parabolic trough solar field with a modern combined cycle power plant. This integration provides 

a great flexibility of management and control difficult to realize in the traditional solar power 

stations. The adjustment of the solar power station can be done by the flexibility of the gas 

turbines or by the solar concentrators. The ISCCS has generated much interest because it offers 

an innovative way to reduce cost and improve the overall solar to electric efficiency. This future 

power plant would operate at the combined cycle mode during non solar periods, and then the 

output would increase when solar energy is available. The initial concept was simply to increase 

the size of the steam turbine, use solar energy to generate steam, and use the waste heat from the 

gas turbine to preheat and superheat the steam. 

A number of recent studies have looked at the best approaches for this integration. Most designs 

have looked at oversizing the steam turbine. ISCCS plants typically have very low solar 

contributions, on the order of 1% to 15% of annual output for a base load combined cycle plant. 

Nowadays no power plants from this kind have been built. The ISCCS under erection in Algeria 

is the proposed power plant in this project. 

In this study, an ISCCS with simple pressure level is proposed. During sunny periods, one part of 

feed water is withdrawn from the heat recovery steam generator HRSG converted to saturated 

steam in the solar steam generator HSSG. This saturated steam is returned to the HRSG where it 

is mixed and superheated. At night and during cloudy periods the integrated solar combined 

cycle system operates as a combined cycle. A process flow diagram for proposed ISCCS is 

shown in Figure 2.1. 
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                                 Figure 2.1: Integrated solar combined cycle system of Hassi R’mel, Algeria. 
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C: Axial compressor, C.c: Combustion chamber, CD: Air condenser, EC: Economiser,                                                                 

FP: Feed water pump, GT: Gas turbine unit, HRSG: Heat recovery steam generator,                                                                   

HSSG: Heat solar steam generator, SF: Solar filed, SG: Steam generator, SH: Superheater,                                                             

ST: Steam turbine unit, T: Turbine section.    
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2.2 The solar field 

The solar field of Hassi R’mel Desert is divided in two parts; both consist of a numerous 

parabolic trough collector (PTC), as shown in figure 2.2. Each parabolic trough collector has a 

linear parabolic shaped reflector that focuses the sun’s direct beam radiation on a linear receiver 

located at the focus of the parabola. The collectors track the sun from east to west during the day 

to ensure that the sun is continuously focused on the linear receiver. A heat transfer fluid (HTF) 

is heated as it circulates through the receiver and returns to the solar heat exchanger to generate 

saturated steam.  

 

 

 

 

 

 

 

 

 

 

   

                                                  Figure 2.2: Solar fields of Hassi R’mel ISCCS.  

The solar field’s basic component is the parabolic trough collector (PTC). As shown in figure 

2.3, each PTC is made up of parabolic reflectors (mirror), a metal support structure (pylon and 

support), a receiver tubes, glass cover and a tracking system that includes a drive, sensors and 

controls. 
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                                                                   Figure 2.3: Euro Trough collector (ET150). 

 

The Euro Trough (ET 150) collector which is used in the selected ISCCS of Hassi R’mel consists 

of identical 12 m long collector modules. Each module comprises 28 parabolic mirror panels (7 

along the horizontal axis between pylons and 4 in a vertical cross-section). Each mirror is 

supported on the structure at four points on its backside. This permits the glass to bend within the 

range of its flexibility without effect on the focal point.                                    

(ET 150) has less weight and less deformations of the collector structure due to dead weight and 

wind loading than the LS-3 collector. This reduces torsion and bending of the structure during 

operation and results in increased optical performance and wind resistance. The weight of the 

steel structure has been reduced about 14% as compared to the available design of the LS-3 

collector (George Barakos, 2006). 

5.7 m 

150 m 
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The mirrors are made from a low iron float glass with a transmissivity of 98% that is silvered on 

the back and then covered with several protective coatings. The mirrors are heated on accurate 

parabolic molds in special ovens to obtain the parabolic shape. Ceramic pads used for mounting 

the mirrors to the collector structure are attached with a special adhesive.  

The heat collection element (HCE) consists of steel tube with a cermets selective surface, 

surrounded by an evacuated glass tube. The HCE incorporates glass-to-metal seals and metal 

bellows to achieve the vacuum tight enclosure. The vacuum enclosure serves primarily to protect 

the selective surface and to reduce heat losses at high operating temperatures.  

 

 

 

 

 

  

                        Figure 2.4: Euro Trough collector elements ET150 

Mirror 
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Absorber 

Cantilever arm Simple steel frame 

Glass-metal joint Glass cover Extension bellows 

Hydrogen getter Absorber tube Evacuating opening 

               Figure 2.5: The Heat Collector Element (HCE). 
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The vacuum in the HCE is maintained at about 0.013 Pa. The outer glass cylinder has an 

antireflective coating on both surfaces to reduce reflective losses off the glass tube. Getters, 

metallic substances that are designed to absorb gas molecules, are installed in the vacuum space 

to absorb hydrogen and other gases that permeate into the vacuum space over time. 

The Euro Trough collector is tracked with the sun during operation along their long axis with a 

hydraulic drive. The drive system consists of two hydraulic cylinders mounted on the central 

drive pylon. From a control box mounted on the drive pylon signal and power lines lead to the 

hydraulic unit, the rotational encoder, limit switches and temperature sensors. The tracking 

system developed for the Euro Trough collector is based on virtual tracking. The traditional sun 

tracking unit with sensors that detect the position of the sun has been replaced by a system based 

on calculation of the sun position using a mathematical algorithm. Comparing both sun and 

collector axes positions by an electronic device, an order is sent to the drive system, inducing 

tracking.  

 

 

 

 

                

 

                                           

                                                Figure 2.6: PTC track the sun from sunrise to sunset.  

Tracking system can drive the collector to rotate around the horizontal north/south or east/west 

axis for tracking the sun as it moves through the sky during the day. The axis of rotation is at the 

collector center of mass to minimize the tracking power required. The drive system uses 

hydraulic rams to position the collector. A closed-loop tracking system relies on a sun sensor for 

the precise alignment required to focus the sun on the HCE during operation. 

Sunrise Sunset 
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                                                               Figure 2.7: The appropriate rotate axis. 

The most appropriate control system is in a north/south oriented rotation axis, where collectors 

are aligned on the north-south axis and collectors rotate from east to west tracking the sun’s 

position. The control system continuously drives the collectors from east at sunrise to west at 

sunset.  

The collectors are aligned in the North-South direction and are connected in a series to form long 

lines, which in their turn are connected in parallel for forming the solar field. The size of the 

solar field depends on the desired power and the outlet temperature. It can have several 

configurations according to the way in which the heat transfer fluid (HTF) is fed in. In all the 

cases, the piping of exit is the shortest possible to minimize the losses with environment. Three 

basic layouts which are usually used are direct-return, reverse-return, and center-feed. They are 

shown schematically in Figure 2.8.  

The direct return piping configuration is the simplest and probably the most extensively used in 

small solar fields. Its main disadvantage is that there is a much greater pressure difference 

between the inlets in parallel rows, so that balancing valves must be used to keep the flow rates 

the same in each row. These valves cause a significant pressure drop at the beginning of the 

array, and thus their contribution to the total system pressure loss is also significant. The result is 

higher parasitic energy consumption than for the reverse return layout, where the fluid enters the 

collector array at the opposite end. Pipe headers with different diameters are used in this 

configuration to balance the array flow. The use of larger pipe headers also results in lower 
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parasitic power requirements, but these could be offset by increasing in initial investment costs 

and thermal energy losses. 

The reverse return layout has an inherently more balanced flow. While balancing valves may 

still be required, the additional system pressure loss is much lower than in a direct return 

configuration(Alternatively, header pipes can be stepped down in size on the inlet side and 

stepped up on the outlet side to keep flow rate in the headers constant, thereby providing uniform 

flow).The extra length of piping at the solar field inlet is a disadvantage in the reverse return 

configuration because of the additional heat loss, although this greatly depends on the solar field 

inlet temperature. If this temperature is low, additional heat loss is negligible. Adding to pipe 

length, however, results in higher piping, insulation, and fluid inventory costs. 

The center feed configuration is the most widely used layout for large solar fields. This  is the 

selected layout in ISCCS of Hassi R’mel. As in the direct return design, pressure loss in the solar 

field is greater if balancing valves are installed at the row inlets. This layout minimizes the total 

amount of piping because there is no pipe running the length of the collector row. There is also 

direct access to each collector row without buried pipes. 

 

 

 

 

 

 

 

 

 

                                                  Figure 2.8: Solar field layouts for parabolic trough collectors.  
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2.3 Combined cycle 

The combined cycle, like the one represented in figure 2.9, consists of two gas turbine (Brayton 

cycle), a steam turbine (Rankin cycle) and two heat recovery steam generator. The exhaust gases 

from the gas turbine unit flows through the heat recovery steam generator (HRSG) to generate 

and superheat steam which is driven to be expanded in a steam turbine.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                       

                                                    Figure 2.9: Combined cycle power plant. 
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C: Axial compressor, C.c: Combustion chamber, CD: Air condenser, EC: Economiser,                                                                 

FP: Feed water pump, GT: Gas turbine unit, HRSG: Heat recovery steam generator,                                                                   

SG: Steam generator, SH: Superheater, ST: Steam turbine unit, T: Turbine section.    
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2.3.1 Brayton cycle 

The gas turbine is made up of three main parts which are a compressor, a combustion chamber 

and a turbine. First, the air is passed through the axial compressor intake, where it is compressed. 

Then, some of this is extracted for the internal cooling system of the turbine blades. The other 

part is flow through the combustion chamber where it is heated up. In the combustion chamber, 

fuel is burned with air at a constant pressure. Finally, the hot gases are expanded from the gas 

turbine inlet pressure to the ambient air pressure.  

 

 

 

 

 

 

                                                   Figure 2.11: Principal parts of the gas turbine engine. 

 

The gas turbine performance depends on the performance of three main parts. The Compression 

ratio, the combustion efficiency and turbine inlet temperature are important parameters for gas 

turbine analysis.  

As shown in the following figure, the thermodynamic cycle of the ideal gas turbine, known as 

the ideal Brayton cycle, consists of four processes.  

1. Isentropic compression; 

2. Constant pressure heat addition in the combustion chamber; 

3. Isentropic expansion; 

4. Constant pressure heat rejection. 

C C.c T 
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The difference between ideal and real Brayton cycle represents the energy and the exergy losses 

including adiabatic compression, pressure drop within heat adding process and adiabatic 

expansion (more details in the following chapters).  

2.3.2 Rankin cycle 

The heat recovery steam generator of the Rankine cycle is a network of heat exchangers used to 

recover some heat from the exhaust gases of the gas turbines. It consists of three main sections, 

i.e. a superheater, an evaporator and an economiser. The HRSG function in the combined cycle 

is divided to three main processes: heating the feed water to increase the water temperature up to 

the saturated temperature, the evaporating process which includes converting the water into 

steam, and the superheating section which increases the steam temperature up to the desired 

state. Figure 2.12 shows the thermodynamic cycles of the gas turbine and the steam turbine in the 

CC. 
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                  Figure 2.11: Gas turbine thermodynamic cycle. 
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  Figure 2.12: T (H) Diagram of a combined cycle power plant with simple pressure. 
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3. ISCCS THERMODYNAMIC ANALYSIS 

 

3.1. Solar field analysis 

To evaluate the thermal performances of the solar field, the variation of thermal energy and mass 

flow of the heat transfer fluid, the energy balance between solar radiations, heat absorption by 

HTF and heat losses are used.  

The useful energy gained by the heat transfer fluid at the point of absorber can be given by                                                              

equation (1.38). 

The peak optical efficiency of the solar collector is obtained by equation (1.36). 

The incidence angle modifier is given by equation (1.37). 

The direct normal irradiation is estimated by Hottel method for clear sky. It is calculated by 

using the equation (1.7). 

The incidence angle is determined by equation (1.27).  

The heat loss coefficient can be estimated by using equation (1.40). 

The absorber temperature Tabs  can be obtained from equation (1.39). 

The solar field performances are the useful solar energy, mass flow of the HTF and the solar 

field efficiency. 

The total useful energy gained by the heat transfer fluid in the solar is: 

QSF = NL . CL . QC                                                                                                                         (3.1) 

Where: 𝐶𝐿 , 𝑁𝐿  are, respectively, the number of collectors in each row and the numbers of line in 

the solar field. 

The mass flow can be given by: 

msf = QSF CpHTF . ∆Tsf                                                                                                               (3.2) 
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The solar field efficiency is the ratio of the net useful energy gained by the heat transfer fluid in 

the solar field and the total quantity of solar beam which reaches the mirrors of the solar field. 

ℇSF = QSF DNI . Ac . NL . CL                                                                                                       (3.3) 

Note: the heat transfer fluid which is proposed is named THERMONOL VP-1. Some physical 

proprieties formulae of this synthetic oil as a function of the temperature are experimentally 

obtained.   

Density (kg/m
3
): 

𝜌𝑉𝑃_1 = −0.90797 𝑇 + 0.00078116 𝑇2 − 2.367 10−6 𝑇3 + 1083.25                                   (3.4) 

Heat capacity (kj/kg.K): 

𝐶𝑝𝑉𝑃−1 = 0.002414 𝑇 + 5.9591 10−6𝑇2 − 2.9879. 10−8𝑇3 + 4.4172. 10−11𝑇4 + 1.498   (3.5) 

Latent heat vaporisation (kj/kg): 

LVP−1 = −0.528933 𝑇 − 7.50103 10−5𝑇2 + 1.5622 10−6𝑇3 − 3.771 10−9𝑇4 + 425.18   (3.6) 

Thermal conductivity (W/m.K); 

λVP−1 = −8.19477 10−5T − 1.9228 10−7T2 + 2.503 10−11T3 − 7.297 10−15T4 + 0.137743 

(3.7) 

 

3.2. Gas turbine thermodynamic analysis 

In the ISCCS power plant the main purpose of analysing the gas turbine unit is to evaluate the 

waste energy within the exhaust gases. Estimating the exhaust gases mass flow and its 

temperature is the main goal of this section. The procedure to achieve this goal is to evaluate the 

compressor, the combustion chamber and turbine performances. 

The ideal gas turbine thermodynamic cycle is known as the Brayton-Joule cycle which is 

described by four processes: isentropic compression, constant pressure heat addition, isentropic 

expansion and constant pressure heat release is described in figure 3.2. 
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                                                                 Figure3.1. Gas turbine cycle 

 

As represented in figure 2.11, subscripts 1, 2, 3 and 4 refer to the states of air and gas at different 

stages of real gas turbine cycle; however superscript 1, 2s, 3s and 4s refer to ideal cycle. 

The axial compressor: 

As the air is passed through the compressor's intake some pressure losses occur. So the pressure 

at the first stage is less than the pressure at the compressor intake entrance. Experiments show 

that this loss can be evaluated as: 

𝑑P1 = Pa − P1                                                                                                                           (3.8) 

Where 𝑑P1  are the hydraulic losses due to air flow through the compressor intake. Its value is 

0.005 Bars (Siemens Corporation). So that pressure at the first compressor stage is equal to: 

 P1 = Pa − 𝑑P1                                                                                                                          (3.9) 

The air temperature at the compressor entrance T1 is assumed to be equal to the ambient 

temperature. 

The compressor pressure ratio is: 

σk =
P2

P1
                                                                                                                                     (3.10) 

The following relation provides the compressor exit air temperature for isentropic process. 

Pa 

1 

2 3 

4 

K T 

C.c 
HRSG 
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T2s = T1(σk)
γk −1

γk                                                                                                                        (3.11) 

The compressor isentropic efficiency is equal to: 

η
s
k =

(
P 2
P 1

)

γk −1

γk −1

(
P 2
P 1

)

γk −1

γk ηp
k
−1

                                                                                                                          (3.12) 

It is also can be given by: 

η
s
k =

h2s −h1

h2−h1
                                                                                                                               (3.13) 

Thereby: 

h2 = h1 +
h2s−h1

ηs
k                                                                                                                       (3.14) 

Where η
s
k  compressor isentropic efficiency, η

p
k  is the compressor polytropic efficiency and γ

k
 is 

the specific heat ratio. 

The specific heat ratio is determined by the following equation: 

γ
k
’ = 1/[1 −  

rk

Cp k
 ]                                                                                                                 (3.15) 

Where: Cpk  is the average specific heat at constant pressure in the compressor and rk is the air 

constant. An experimental correlation is used to estimate the specific heat at constant pressure. 

Cp = a + bT + cT2 + dT3                                                                                                       (3.16) 

With a, b, c, d are constants specific for air 

 Constants 

specific for air  
a b (/10

-2
) c(/10

-5
) D (/10

-9
) 

Values 28.11 0.19 0.48 1.97 

 



40 
 

The first value of γ
k
 is assumed to be equal to the specific heat ratio of air at ambient 

temperature, then a new value for the specific heat ratio is calculated from equation (3.15) .  An 

iteration process is carried out until a desired accuracy is met  γ
k
’ − γ

k
 < 10−5. 

Consequently the actual conditions at the end of the compression process are achieved. 

 

The combustion chamber: 

After the compression process some air is extracted for the air cooling system. The extracted air 

is used for the internal cooling system of the turbine blades. 

 

 

 

 

 

 

 

                                           

                                        Figure 3.3: Air flow into the gas turbine. 

 

An experimental correlation is used to estimate the relative mass flow for cooling air to the entire 

air mass flow in the gas turbine (Alrobaei, 1998). 

mR =  0.02 + 0.00032 T3 − Tb                                                                                            (3.17)  

Where mR  is the relative air mass flow rate for blades cooling and Tb  is the mean temperature of 

turbine blades, the value of this latter varies from 750 °C to 850 °C (Alrobaei, 1998). 

COOLING AIR WORKING AIR 
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The other part of the compression air flows through the combustion chamber where it is heat up. 

As well as, its pressure drops down.  Hence, the pressure in the combustion chamber outlet is: 

P3 = P2 1 − dP2                                                                                                                      (3.18) 

Where dP2is the hydraulic losses coefficient in the combustion chamber, its typical value is 

0.015 to 0.025 (Alrobaei, 1998). 

Assuming the gas turbine has a cans annular reverse flow type combustion chamber like the one 

represented in figure (3.4). The energy balance of the combustion chamber can be given by the 

following equation:   

 1 − mR CP2T2 + mfQcv η
cc

= (1 − mR + mf)CP3T3                                                            (3.19) 

Where mf fuel mass flow rate and η
cc

 is the combustion chamber efficiency, its typical value is 

0.9 to 0.98, Qcv  is the Fuel calorific value and T2 , T3 are respectively, the temperature in the 

compressor exit and the combustion chamber exit.      

From the equation above the fuel mass flow rate can be given by: 

mf =  1 − mR (CP3T3 − CP2T2)/[ Qcv . η
cc

 − CP3T3]                                                          (3.20) 

Assuming that the air to fuel ratio for combustion ∝o=15 kg air/kg fuel. The excess air 

coefficient is given by: 

∝a=  1 − mR /mf ∝o                                                                                                              (3.21) 

Note that an iteration process is carried out until a desired accuracy is met  ∝a ’ −∝a < 10−5. 

 

 

 

 

 



42 
 

 

 

 

 

 

 

 

 

                               Figure 3.4: Mass balance of a can annular combustion chamber. 

 

The turbine section 

The product’s gases from the combustion process are expanded in the gas turbine. The cooling 

air is driven to cool the turbine blades and then expanded in the turbine where it is mixed with 

the product’s gases. So the cooling air is expanded in the gas turbine with a different expansion 

ratio. The total turbine work is the total of work done by the gases’ expansion and air expansion. 

The excess air coefficient is increased at the exit of the turbine as a result of mixing the cooling 

air with the exhaust gases. 

The gases are expanded from the turbine inlet pressure to the ambient air pressure. Some 

hydraulic losses are taken into consideration due to the heat recovery steam generator HRSG. 

 P4 = Pa + 𝑑P4                                                                                                                           (3.22) 

Where P4 is the pressure at the gas turbine exit and dP4 is hydraulic resistance after the gas 

turbine exit, its typical values from 0.02 to 0.03 if the turbine is connected to HRSG. (Alrobaei, 

1998)                                                                                                                                                                           

The gases expansion ratio is equal to: 
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σT =
P3

P4
                                                                                                                                     (3.23)  

The following relation allows determining the exhaust gas temperature for isentropic process. 

T4s = T3(σ
T

)(1−γT ) γT
                                                                                                              (3.24) 

With γ
T
 is obtained similar to the compression process. 

γ
T
’ = 1/[1 −  

rT

Cp T
 ]                                                                                                                (3.25) 

Note that the specific heat at constant pressure and the gas constant of the exhaust gases are 

calculated as: 

Cp =  Ci
4
i=1 Cpi                                                                                                                      (3.26) 

rT =  Ci
4
i=1 ri                                                                                                                        (3.27) 

With: 

 Cpi = ai + biT + ciT
2 + diT

3                                                                                                (3.28) 

The following table provides the exhaust gases compositions and theirs parameters. 

Table 3.1: Exhaust gases compositions.  

Exhaust 

gas 

 

Mass fraction 

(Ci ) 

M 

[kg/kmol] 

r 

[kJ/kg.K] 
a b (/10

-2
) c(/10

-5
) d (/10

-9
) 

O2  13.16 31.999 0.2598 25.48 1.520 -0.7155 1.312 

N2  74.514 28.013 0.2968 28.90 -01571 0.8081 -2.873 

H2O  7.893 18.15 0.4615 32.24 0.1923 1.055 -0.3593 

CO2  3.537 44.010 0.1889 22.26 5.981 -3.501 7.469 

Others 0.896 - - - - - - 
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The turbine isentropic efficiency can be given by: 

η
is
T =

 σT  
− 

γT−1

γT
 ηp

T

−1

(σT )

γT−1

γT

                                                                                                                  (3.29) 

Where η
p
T  is the turbine polytropic efficiency, its typical value 0.84 to 0.9. 

The enthalpy of the exhaust gas is equal:  

h4 = h3 + η
is
T (h3 − h4s)                                                                                                          (3.30) 

The relative turbine work for product gases, without taking into account the air cooling system, 

is equal to (Alrobaei, 1998): 

 WSR =   1 − mR + mf (h3 − h4)                                                                                           (3.31) 

The relative work of the expansion process for product gases in the gas turbine taking into 

account the effect of cooling air system is: 

wAR = wSR − ΦQR                                                                                                                    (3.32) 

The relative quantity of extraction heat in the cooling system is: 

QR = mR . (hR − h2)                                                                                                                (3.33) 

Φ = 1 − (T4/T3)                                                                                                                      (3.34) 

The air cooling temperature at the end of the cooling process is given by: 

TR = T2 +  Tb − T2 . εR                                                                                                            (3.35) 

Where εR  is the cooling system effectiveness. Typical value 0.42 (Alrobaei, 1998) 

The expansion ratio for cooling air within the turbine is then evaluated (Alrobaei, 1998): 

σR =  1 − ξ
R
 . σT                                                                                                                     (3.36) 

Where: ξ
R

 is the expansion coefficient of cooling air. Typical value 0.35 (Alrobaei, 1998) 
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Then the cooling air temperature at the end of the expansion process T4R. 

T4sR = TR(σ
R

)1−γT γT
                                                                                                               (3.37) 

So that: 

h4R = hR + η
is
T (hR − h4sR )                                                                                                     (3.38) 

The relative work of the cooling air expansion in the gas turbine is calculated (Alrobaei, 1998): 

WR = mR . (hR − h4R)                                                                                                              (3.39) 

Where: hRand h4R  are, respectively, the enthalpies of cooling air before and after the expansion 

process. 

Total relative work of the gas turbine: 

WT = WR + WAR                                                                                                                       (3.40) 

The compressor specific work is given by: 

Wk = mkCpk (T2 − T1)                                                                                                             (3.41) 

The net gas turbine specific work is equal to the difference between the turbine specific work and 

compressor specific work: 

WGT = WT − WK                                                                                                                       (3.42) 

For a given capacity of a gas turbine the required air mass flow is estimated: 

mk =
W GT

net

W GT ηm ηe

                                                                                                                          (3.43) 

The gas turbine fuel consumption is calculated: 

𝑀𝑓 = 𝑚𝑓𝑚𝑘                                                                                                                              (3.44) 

The specific fuel consumption of the gas turbine unit: 

sfc =
M f

W GT
net                                                                                                                                  (3.45) 
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The gas turbine unit efficiency is equal to the net output divided by the energy input to the 

thermal cycle. 

η
GT

=
W GT

net

M f Qcv
                                                                                                                              (3.46) 

Exhaust gas characteristics: 

The mass flow rate of exhaust gases from the gas turbine unit: 

𝑚𝑔𝑎𝑠 = 𝑚𝑘 1 + 𝑚𝑓                                                                                                                (3.47) 

As the cooling air is mixed with the produced gases from the combustion chamber within the 

expansion process, the final exhaust gases’ parameters must be evaluated (Alrobaei, 1998): 

Qgas =
 1−mR +m f  .h4+ mR .h4R

 1+m f  
                                                                                                    (3.48) 

The excess air coefficient is given by: 

∝g= 1/mf ∝o                                                                                                                            (3.49) 

 

3.3 The heat exchangers network mathematical analysis 

 The selected ISCCS consists of a conventional combined cycle power plant, a solar field, and a 

heat solar steam generator. During sunny periods, one part of feed water is withdrawn from the 

heat recovery steam generator HRSG converted to saturated steam in the solar steam generator 

HSSG. This saturated steam is returned to the HRSG where it is mixed and superheated. The 

increased solar thermal energy provides an increase in the steam mass flow of the Rankine cycle. 

During cloudy periods and at night, the integrated plant operates as a conventional combined 

cycle.  

As shown in figure 3.5, the heat recovery steam generator is made up of three heat exchangers 

(An Economizer, a Steam generator and a Superheater). In order to recover some heat from the 

solar filed, a solar steam generator HSSG is used. During the day, one part of the feed water is 

withdrawn from the economizer to the HSSG.  



47 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                

                                                   Figure 3.5: Heat exchangers network. 

The main purpose of analysing the heat exchangers net work is to determine the input and the 

output parameters of each exchanger. Estimating steam turbine inlet temperature, the heat solar 

steam generator mass flow and its temperature is the most important parameters of this analysis. 

The first section of the heat exchangers network analysis is the economiser (EC). The water 

leaves this section as a saturated steam. The water enters the economizer after increasing its 

pressure by a feed water pump. The feed water pump pressurises the feed water pressure from 

the deaerator pressure to HRSG pressure. It is assumed that the water feed pump outlet pressure 

is equal to PFP = 93 bars. To simplify, the pressure losses at the heat exchangers networks are 

omitted.  
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The inlet steam temperature of the economizer is assumed to be constant (equals to 𝑇𝑉𝑒1 =20 °C) 

and the HRSG exhaust gases outlet temperature is set constant (𝑇𝑔𝑠1= 100°C). By using the 

energy balance of the economiser the outlet temperature is obtained. 

𝑇𝑉𝑠1 =  
𝑚𝑔𝐶𝑝𝑔1 𝑇𝑔𝑒 1−𝑇𝑔𝑠1 

mST 𝐶𝑝𝑉1
 + 𝑇𝑉𝑒1                                                                                            (3.50) 

Where: 𝐶𝑝𝑔1and 𝐶𝑝𝑉1are, respectively, the average specific heat of the exhaust gases and the 

steam in the economiser. 

From a thermodynamic point of view, the solar heat input should be used for the replacement of 

latent heat and at the highest possible temperature level (J. Dersch et al). The temperature of the 

heat transfer fluid HTF is limited to 393°C to avoid decomposition; therefore, maximum solar 

steam temperatures of about 𝑇𝑠𝑜 = 372 °C  are chosen. From sunrise to sunset the steam leaves 

the economizer divided into two parts. One part exceeds the steam generator (SG) of the HRSG 

and the other part passes through the HSSG. Their quantities are depending on the initial steam 

parameters and the solar energy which is supplied to the HSSG. The mass flow which passes 

through this latter is calculated based on the solar field output. 

𝑚𝑉𝑠 = 𝑄𝑆𝐹/(𝐻𝑠𝑠 − 𝐻𝑠2)                                                                                                          (3.51) 

At the steam generator, the steam outlet temperature is calculated based on the exhaust gases’ 

parameters and the mass flow of this steam. The steam mass flow is deduced from the mass 

conservation. 

𝑚𝑉2 = 𝑚𝑆𝑇 − 𝑚𝑉𝑠                                                                                                                    (3.52) 

𝑇𝑉𝑠2 =  
𝑚𝑔𝐶𝑝𝑔2 𝑇𝑔𝑒 2−𝑇𝑔𝑠2 

mV 2𝐶𝑝𝑉2
 + 𝑇𝑉𝑒2                                                                                            (3.53) 

Where: 𝐶𝑝𝑔2and 𝐶𝑝𝑠2are, respectively, the average specific heat of the exhaust gases and the 

steam at the SG. 

The first value of the steam turbine mass flow 𝑚𝑆𝑇   is assumed, then the solutions for equations 

(3.50) to (3.53) are determined, after which an iteration process is carried out until a desired 
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accuracy is met |𝑇𝑉𝑠2 − 𝑇𝑠𝑜 |<0.001. Consequently the actual conditions at the superheater inlet 

are achieved. 

 

 

 

 

 

 

 

 

 

                                      Figure 3.6: Mass flow through the heat exchangers network. 

At this level, the exhaust gas temperature is given assuming that it is above the steam 

temperature inlet by the minimum allowed temperature difference. 

𝑇𝑔𝑠3 = 𝑇𝑉𝑠2 + ∆𝑇                                                                                                                     (3.54) 

The last section of HRSG analysis is the superheater (SH). The steam leaves the HSSG as a 

saturated steam or slightly superheated enters this section after it is mixed with the SG steam 

flow. The SH steam inlet temperature remains constant by the variation of the steam turbine 

mass flow. The steam turbine inlet temperature is calculated from the energy balance of the 

superheater. 

 𝑇𝑉𝑠3 =  
𝑚𝑔𝐶𝑝𝑔3 𝑇𝑔𝑒 3−𝑇𝑔𝑠3 

mST 𝐶𝑝𝑉3
 + 𝑇𝑉𝑠2                                                                                           (3.55) 

Where: 𝐶𝑝𝑔3and 𝐶𝑝𝑉3are, respectively, the average specific heat of the exhaust gases and the 

steam in the exchanger SH. 

EC 

SG HSSG 

SH 
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3.4 The steam turbine output 

Steam enters the turbine at a high temperature and high pressure superheated state from the 

superheater. The expansion of the steam as it moves from high pressure to lower pressure 

converts the potential energy to kinetic energy by imparting its momentum to the turbine blades, 

thereby causing the shaft to rotate. The mechanical work created by the rotating shaft is 

converted to electrical energy by a generator. The electricity generating can be given as: 

𝑊𝑆𝑇
𝑛𝑒𝑡 = 𝑊𝑆𝑇 − 𝑊𝐹𝑃                                                                                                                  (3.56) 

 

3.5 Integrated solar combined cycle performances 

The most important factors to evaluate the ISCCS are the net output and the efficiency. The net 

output of the plant is best determined by calculating the instantaneous output of the gas turbines 

and steam turbine, and summing the results.  

𝑊𝐼𝑆𝐶𝐶𝑆 = 2 𝑊𝐺𝑇
𝑛𝑒𝑡 + 𝑊𝑆𝑇                                                                                                           (3.57) 

The efficiency is then can be calculated: 

𝜂𝐼𝑆𝐶𝐶𝑆 =
𝑊𝐼𝑆𝐶𝐶𝑆

𝑀𝑓𝑄𝑐𝑣  
                                                                                                                         (3.58) 

The net solar output is the difference of the steam turbine output between sunny and night 

periods. 

𝑊𝑠𝑠 = 𝑊𝑆𝑇
𝐼𝑆𝐶𝐶𝑆 − 𝑊𝑆𝑇

𝐶𝐶                                                                                                          (3.59) 

The solar electricity ratio is: 

𝑅𝑠𝑜 =
𝑊𝑠𝑠

𝑊𝐼𝑆𝐶𝐶𝑆  
                                                                                                                            (3.60) 
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4. SIMULATION AND RESULTS 

 

4.1 The gas turbine subprogram 

By using the thermodynamic analysis which is represented in section 3.2, the gas turbine model 

is achieved. This latter is applied to evaluate the gas turbine performances and the exhaust gases 

conditions as a function of the ambient temperature. 

The gas turbine subprogram, which is represented in figure 4.1, uses the data shown in table 4.1 

and starts by calculating the pressures through the gas turbine. This allows obtaining the pressure 

at the first stage of the compressor. A guessed value for specific heat ratio γ
k
for air assumes to 

obtain the end conditions of the compression process. A correlation for specific heat at constant 

pressure is utilized to find a new value of γ
k
. Then an iteration process is used to calculate the 

temperature and the specific heat at the compressor outlet.  

After that, an experimental correlation is used to estimate the mass flow rate of the cooling 

system. Then, the fuel mass flow rate is obtained by utilizing the energy balance of the 

combustion chamber. It is assumed that the inlet turbine temperature is set invariable. 

Similarly to the compressor section, the final parameters of the expansion process are finding. By 

analyzing the cooling system the output of the turbine is determined. Then, the gas turbine 

efficiency, the exhaust gases masses and its temperature are obtained. 

Note that all the previous parameters are obtained at standard conditions. Then, an iteration to 

display the gas turbine performances as function of the ambient temperature is used.  

The purpose of evaluating the gas turbine is to quantify the exhaust gas heat which will be 

utilized in the heat recovery steam generator. That’s why, the exhaust gases parameters are 

exported to the principal program. 
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                                                   Figure 4.1: The gas turbine flow chart. 
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Table 4.1: Data to the gas turbine subprogram. 

 

 

 

Parameters  Symbols values Units 

Ambient temperature  Ta  15 °C 

Turbine inlet temperature T3 1200 °C 

Turbine blade temperature Tb  850 °C 

Cooling system effectiveness εR  42 % 

Expansion coefficient of cooling air ξ
R

 35 % 

Turbine polytropic efficiency η
p
k  90 % 

Compressor polytropic efficiency η
p
T  91 % 

Combustion efficiency η
cc

 98 % 

Mechanical efficiency  η
m

 98 % 

Electrical efficiency η
e
 98.5 % 

Atmospheric pressure Pa  1.013 bar 

Compressor inlet pressure losses   𝑑P1 0.005 Bar 

HRSG pressure losses  𝑑P4 0.025 Bar 

Combustion pressure losses  𝑑P2 0.020 Bar 

Natural gas calorific value Qcv  45.806 MJ/kg 

Gas turbine output (standard conditions) Wnet
GT  47 MW 

Air to fuel ratio ∝o 15 --- 

Compression ratio ζk  19.9 --- 
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Table 4.2: Results of the gas turbine subprogram (standard conditions) 

Parameters  Symbols values Units 

Compressor section 

outlet temperature T2 451 °C 

Average specific heat ratio  γ
k
 1.38 --- 

Isentropic efficiency η
s
k  85.37 % 

Average Specific heat Cp  Cpk  1.03 kJ/kg.K 

Specific Work consumption  Wk 450.60 kJ/kg 

Turbine section 

Average Specific heat Cp  CpT  1.27 kJ/kg.K 

Isentropic efficiency η
s
T  87.90 % 

Average specific heat ratio  γ
T
 1.30 --- 

Specific work WT  826.19 kJ/kg 

Cooling system 

Mass flow rate  mR  3.12 % 

Cooling air outlet temperature  TR  631 °C 

Cooling air work in the turbine WR  11.43 kJ/kg 

Gas turbine unit performances 

Net specific work WGT  375.58 kJ/Kg 

Gas turbine efficiency η
GT

 38.5 % 

Compressor air mass flow mk 129 kg/s 

Exhaust gases temperature T4 551 °C 

Excess air coefficient of the exhaust gases ∝g  3.2 --- 

Gas turbine fuel consumption Mf 9579 kg/h 

Specific fuel consumption sfc 9.34 MJ/kW.h 

Exhaust gas energy Qgas  123.04 MW 
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4.2 The gas turbine subprogram validation 

Gas turbines, which are selected for the ISCCS of Hassi R’mel, are from Siemens Corporation. It 

is named SGT 800. In order to check the performance of the gas turbine subprogram, its results 

will be compared with the design data of the SGT800. 

The compressor air mass flow, the exhaust mass flow and its temperature, the specific fuel 

consumption and the gas turbine efficiency are the most important parameters to check the 

performances of this gas turbine subprogram.  

Standard conditions are preferred for this type of comparisons. 

Table 4.3 Subprogram validation 

The most important parameters SGT 800 
Gas turbine (GT) 

subprogram 
Error (%) 

compressor air flow                           (kg/s) 129 129 0.0 

Exhaust gases mass flow                   (kg/s) 131,5 131 0.3 

Exhaust gases temperature                   (°C) 544 551 1.2 

Specific fuel consumption          (MJ/kW.h) 9.6 9.36 2.5 

Gas turbine efficiency                         (%) 37.5 38.5 2.6 

 

As shown in the table above the gas turbine subprogram results are very accurate. For instance, 

an exact value of the compressor airflow is achieved. Consequently, it can be used to simulate 

the performances of integrated plant.   
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4.3. Solar field subprogram 

The flow chart of the subprogram which is represented in figure 4.2 is used to simulate the solar 

field of ISCCS based on the Hassi R’mel climate conditions. The average ambient temperature is 

assumed to be constant and equals 30°C.  

The program calculates instantaneous heat and mass balances on the solar field. The thermal 

input from the solar field is estimated by calculating the following: 

• Solar time, sunrise and sunset times. 

• Each of the following angles: solar declination, sun elevation, sun azimuth, and collector 

incidence. 

•From the collector incidence angle, an incidence angle modifier is calculated to account the 

reflected radiations which miss the end of the heat collection element. 

•The instantaneous direct normal irradiation is then estimated from sunrise to sunset using the 

HOTTEL method.  

• The absorber temperature and the heat losses coefficients. 

• After employing the energy balance between the incoming solar radiations and heat losses, 

parabolic trough concentrator output is obtained. 

• Net solar field thermal output, by multiplying the solar collector output, the number of 

collectors and the energy transportation efficiency of the field piping. 

The design point in which the solar thermal output is the highest is obtained by using iteration as 

a function of the time of year. Finally, the solar thermal output is exported to the principal 

program. 
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                                                                    Figure 4.2: Solar field flow chart. 
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Table 4.4: Data to the solar field subprogram 

Parameters  Symbols values Units 

Solar constant  Isc  1367 W/m
2
 

Ambient temperature  Ta  30 °C 

Solar field 

HTF inlet temperature Tin  290 °C 

HTF outlet temperature Tout  393 °C 

Number of collectors in each row CL 4 --- 

Number of lines NL  56 --- 

Solar collector area Ac  817.5 m
2
 

Energy transportation efficiency η
tr

 98 % 

Collector optical performances 

intercept factor  𝜗 96 % 

Absorptivity  α 95 % 

Reflectivity  ρ 98 % 

Transmissivity  η 97 % 

Concentration ratio Cc  82 --- 

Hassi R’mel location 

Altitude   αs 776 m 

Longitude    

Latitude  Φ 33.8 Degree 

Climate type --- Tropical --- 
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4.4. The solar field subprogram results 

In order to evaluate the instantaneous performances of the solar field, it is necessary to estimate 

the solar radiation intensity from sunrise to sunset. The direct normal irradiation, of course, 

depends on the local weather conditions at the site where the power plant is built.  

Figure 4.3 illustrates the instantaneous variation of the direct solar irradiation during the year. 

This figure shows that the DNI is higher at midday for each day and reaches its highest point in 

summer. Its value can be expected to reach 900W/m
2 
at the design point. 

 In the operation strategy, the inlet and outlet temperatures of the heat transfer fluid (HTF) 

remained constant and equal 290, 393 °C respectively. Figure 4.4, 4.5 and 4.6 represent the 

instantaneous HTF mass flow, the thermal efficiency and the output of the solar field during the 

year. They all increase according to the rise in the direct solar irradiation from sunrise till sunset 

of each day, where the operation duration varies for each day.  

The period of peak solar field output generally occurs between 10 am to 16 pm from March 

through September. In summer, the solar thermal energy is about 130 MWth at midday. At this 

time, the HTF mass flow is in the order of 532 Kg/s. As a result, the solar field efficiency reaches 

0.81. 

The following figures (4.7, 4.8, 4.9 and 4.10) show the solar field performances for the 

representative days of four different months. These months are chosen to illustrate the solar field 

performances at different seasons of the year. The selected days are 21th March, 21th June, 21th 

September and the 21th December. 

 The HTF mass flow rate, the thermal efficiency and solar field output increase according to the 

rise in solar radiation from sunrise till sunset of each day, where the operation duration varies for 

each day. The amount of solar field output during the summer is greater than for the other 

seasons due to the higher solar radiation intensity and longer solar radiation duration. 
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         Figure 4.3:  The instantaneous  direct solar ardiation DNI  during the year (W/m
2
). 

 

              

           Figure 4.4: The instantaneous  solar field output (MW)  during the year. 
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         Figure 4.5: The Variation of HTF mass flow  during the year (kg/s) . 

 

            

             Figure 4.6: The instantaneous  solar field efficiency (%)  during the year. 
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2
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at the four selected days. 

Figure 4.8: Solar Field Output (MW) at the 

four selected days. 
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4.5. The ISCCS program 

The flowchart of the principal program which is employed to predict the ISCCS performance is 

outlined in figure 4.11. This program is based on the thermodynamic analysis which is presented 

in chapter 3. The average ambient temperature is assumed to be constant and equals 30°C.  

The program starts by calculating the sunrise and sunset times for each day to simulate the 

ISCCS during the daytime. At night, the power plants work as a CC. The combined cycle 

solution is included in this program. The gas turbine subprogram is then run to provide the 

exhaust gases conditions. 

Solving the Economizer of the HRSG is the second step. From sunrise till sunset the power plant 

is operated as ISCCS. The solar field subprogram is then applied for supplying the solar thermal 

energy to HSSG.  By analyzing this latter, the generated solar steam mass flow rate is obtained. 

The exported steam to the Steam generator SG of the HRSG is equal to the generated steam in 

the economizer minus the extracted steam for the HSSG. The proposed design is operated as a 

combined cycle at night, so the HRSG characteristics for this operation system are calculated. 

In the proposed operation strategy, the superheater steam inlet temperature is remained constant 

by the variation of the steam turbine mass flow. The first value of the steam turbine mass flow is 

assumed, then the optimum mass is carried out, after which an iteration process is employed until 

a desired accuracy is met |𝑇𝑉𝑠2 − 𝑇𝑠𝑜 |< 10−3. Consequently, the actual conditions at the 

superheater inlet are achieved. At this level, the exhaust gas temperature is given assuming that it 

is above the steam temperature inlet by 70°C. After employing the energy balance of the SH, the 

steam turbine inlet temperature is determined. Then its performances are evaluated.  

The output for the CC regime is constant and the output for the ISCCS varies with the solar 

radiation variation. Finally, an iteration process at the ambient temperature to evaluate the 

ISCCS performances is employed.  
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                                                          Figure 4.11: ISCCS program flow chart. 
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Table 4.5: Principal components of the ISCCS 

Components Number 

Gas turbine 2 

HSSG 1 

HRSG 2 

Steam turbine 1 

 

Table 4.6: Data to the ISCCS program 

Parameters  Symbols values Units 

Ambient temperature  Ta 30 °C 

Atmospheric pressure Pa 1 bar 

HRSG exhaust gas outlet temperature Tgs1 100 °C 

HRSG steam inlet temperature T𝑣𝑒1 20 °C 

HSSG steam outlet temperature Tss 372 °C 

The minimum temperature allowed at the SH ΔT 70 °C 

Steam turbine thermal efficiency η
ST

 37.5 % 

Steam turbine electrical efficiency η
e
 98 % 

Steam turbine thermal efficiency η
m

 98 % 

 

4.6. The ISCCS program results 

The data to the principal program are presented in table 4.5 and 4.6. The operation parameters of 

the HRSG are obtained by using the mathematical analysis of chapter 3. The results of the 

ISCCS program are illustrated in the following seven figures.  
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From a thermodynamics point of view, for the Rankin cycle, it is desirable to increase the steam 

mass as solar energy increases. The limit for increasing the temperature of this steam is the 

exhaust gas temperature. As shown in figures 4.12 and 4.13, the steam mass flow of the HRSG 

varies according to the HSSG steam mass flow.  

This latter is fluctuating as a function of the solar radiation from sunrise to till sunset of each 

day. As represented in figure 4.13, this quantity can get higher than 30 Kg /s when DNI is higher.  

The solar electricity and its fraction vary from sunrise to sunset according to the solar radiation 

fluctuation. The instantaneous net electrical solar fraction, as shown in figure 4.16, is higher at 

midday and in summer. The values for this fraction are based on the difference in electrical 

output of the ISSCS mode and CC mode. As shown in figure 4.14, the total steam turbine output 

is equal to 69 MW at the design point which means an increase in electricity generation by about 

23 MW compared to 46 MW at night.  

Figure 4.17 give us an idea about the instantaneous output of the power plant during the year 

under Hassi R’mel climatic conditions. The ISCCS power plant without solar energy input (at 

night and during cloudy periods) operates in part load as a combined cycle and produces about 

134 MW. As the first solar beam appears, the plant starts to work as ISCCS and the net 

electricity is augmented according to solar energy. In general, the power plant would like to 

generate around 150 MW at mid day during the year unless in winter when the increase in 

electricity is about 5MW only.  At design point, the power station will generate around 157 MW, 

if the sky is very clear.  

The ISCCS efficiency is the best factor for evaluating its performances. Looking at figure 4.18 

exclusively, it can be observed that the efficiency at night is equals to 57.5%. This confirms the 

optimization of the combined cycle with one pressure level which is proposed. When ISCCS 

power plant operates within solar input, the overall net efficiency will be higher than the 

efficiency at night. The highest value 67% is reached in summer when direct solar irradiation 

reaches its highest point. 
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          Figure 4.12: The Variation of HSSG steam mass flow  during the year (kg/s) . 

   

          Figure 4.13: The Variation of HRSG steam mass flow  during the year (kg/s)  
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           Figure 4.14: The instantaneous  Steam Turbine Output  (MW)  during the year. 

 

            Figure 4.15: The instantaneous  Net solar Electricity  (MW)  during the year. 

 

73 146 219 292 365

The Day of Year 

5

8

11

14

17

20

T
h
e 

T
im

e 
o

f 
th

e 
D

ay
 (

h
)

73 146 219 292 365

The Day of Year

4

8

12

16

20

24

T
h
e 

T
im

e 
o

f 
th

e 
D

ay
 (

h
)



69 
 

 

        

           Figure 4.16: The instantaneous  Net solar Electricity Ratio (%)  during the year.                                                                 

 

 

           Figure 4.17: The instantaneous  ISCCS Output (MW)  during the year. 
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          Figure 4.18: The instantaneous  ISCCS efficiency  during the year. 

 

The following figures illustrate the performances of the integrated plant on representative days of 

four different months. These days are chosen to illustrate the ISCCS performances at different 

seasons of the year. The selected days are 21th March, 21th June, 12th September and the 121h 

December. 

Figure 4.19 and 4.20 show the electricity production and the efficiency of the power plant. The 

output for the CC operation is 134 MW. This amount is the electricity generation at night time. 

From sunrise to sunset the amount of electricity varies according to the solar radiation intensity 

variation. As shown in figure 4.19, the total generated energy during summer is greater than for 

the other seasons due to the higher solar radiation intensity and longer solar radiation duration 

and the ISCCS output can reach the level of 157 MW. The solar field increase improves the 

output of the steam turbine where the gas turbine fuel consumption remains constant. As a result 

of this improvement the output for the ISCCS operation is improved. The net electric output 

from the solar energy is represented in figure 4.21. Its ratio can reach the limit of 15% at summer 

when the DNI is in its highest point.    
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Figure 4.21: Solar Electricity at the four 

selected days. 

Figure 4.22: Net Solar Electric Ratio at the 

four selected days. 

Figure 4.20: ISCCS Efficiency at the four 

selected days. 

Figure 4.19: ISCCS Output at the four 

selected days. 
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Figure 4.25: Steam Turbine (MW) Output at 

the four selected days. 

Figure 4.24: HRSG Steam Mass Flow (Kg/s) 

at the four selected days. 

Figure 4.23: Solar Steam (Kg/s) for each 

HRSG at the four selected days. 



73 
 

4.7. The sensitivity of the ISCCS at ambient temperature 

From the solar field subprogram, the day of the year and the time of the day in which the DNI in 

the highest possible is find out. This time is called the design point. The maximum solar field 

output is achieved at this point. The design point is obtained on 15 June (the day number 166) 

with direct solar irradiation go up 895.4 W/m
2
.  

These data is then exported to the principal program in order to estimate the performances of the 

power plant as function of the ambient temperature. For this reason, iteration process is made at 

ambient temperatures. Since this temperature is different than the design point value of 30 °C, 

each calculation is an off design analysis. Two dimensional curve fits to show the effect of 

ambient temperature, are developed. 

Figure 4.26 and 4.27 illustrate the output from and the efficiency of each part of the power plant 

as a function of the ambient temperature. The gas turbine output and its efficiency are both 

decreased sharply with the ambient temperature. An increase of this latter by 5 °C means the 

waste of 1MW. As a conclusion, the efficiency and the output from the gas turbine are strong 

functions of the ambient temperature. 

Look at the two figures once more slowly. Even though the ISCCS efficiency is increased 

according to the ambient temperature, its output drops slightly. Another principal exception is 

the performances of the steam turbine, which was a weak function of the ambient temperature. 

Thus, the performance of the plant is best determined by calculating the outputs of the steam 

turbine from sunrise to sunset while the direct normal irradiation varies as a function of the time. 

As explained previously, the HRSG mass flow varies according to solar energy fluctuation. In 

order to provide more explanation for figure 4.26 and 4.27, two iterations are made at ambient 

temperatures from -10 ºC to 50 ºC; concurrently with solar steam flow rates fluctuate from 0 to 

100 percent of the HSSG steam mass flow at the design point, to estimate the steam turbine 

output. In each calculation, the steam turbine operates with flow rates and inlet temperatures, 

which are often significantly different from the design point conditions. A three dimensional 

curve fit of the ambient temperature, solar steam flow rate, and steam turbine output is developed 

and represented in Figure 4.28.   
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As shown in figure 4.26 and 2.28, the performance of the steam turbine is a weak function of the 

ambient temperature and a strong function of the thermal input from the collector field. 

 

 

 

 

                      Figure 4.28: Steam turbine output as functions of ambient temperature and solar field output. 
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Figure 4.26: ST, GT, and ISCCS outputs 

as a function of ambient temperature. 

Figure 4.27: ST, GT, and ISCCS efficiency 

as a function of ambient temperature. 
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Consequently, the performance of the integrated plant was calculated in a manner similar to that 

for the conventional combined cycle plant. The principal exception was the performance of the 

steam turbine, which has a weak function of the ambient temperature and a strong function of the 

thermal input from the collector field.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



76 
 

RECOMMENDATIONS FOR FURTHER WORK 

 Building a database of solar radiation and ambient conditions in Hassi R’mel location for 

a period of years is recommended to simulate the solar thermal power plants with real 

data. 

 Design an optimum heat exchanger network by rationalizes the choice of the pressure 

levels and of the steam mass flows while respecting the off design operating conditions of 

the steam turbine (cone low) to achieve maximum steam turbine efficiency for the 

various operational modes.  

 An economic assessment for the cost of exporting the electricity to the western countries 

in the Mediterranean from Algeria is also recommended. 

 More comprehensive research about ISCCS based on real solar radiation data especially 

in winter when the fluctuation of solar radiation is very important at daytime. 
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CONCLUSION 

A Computational software to simulate the performance of the first 

integrated solar combined cycle in Algeria has been developed under 

Hassi R’mel climatic conditions; whereby the different parts of the ISCCS 

were evaluated.  

The gas turbine analytic solution is able to predict the gas turbine 

output with excellent accuracy. The gas turbine subprogram is used to 

calculate the rejected heat from the two gas turbines. This program is 

capable to be used in further work in many different applications. Such 

as, cogeneration power plants to predict the electricity generation and 

the drinking water desalination output. 

The solar field subprogram predicts the solar field performance. In the 

present work, it is used to estimate the solar field input to the steam 

cycle simultaneously from sunrise to sunset through the estimation of the 

direct normal irradiation during the year. The program achieves 133 

MW of solar thermal energy at the design point and about 100 MW from 

March through September, where this value is considered as a guarantee 

value by the designer company ABENGOA. An efficiency of 81% for the 

solar field is also achieved at the design point, which represents good 

results for the solar field efficiency. This program can be used in any 

further research which includes parabolic trough solar field. It can also 

be applied to estimate terrestrial solar radiation in all solar application 

such as solar tower, Fresnel technology, dish Stirling engine…    
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The integrated solar combined cycle system simulation results show that 

the model is capable to predict the output of the ISCCS under Hassi R’mel 

climatic conditions. The power plant responses sensibly to the solar 

radiation increase, where the electricity output increases accordingly to 

the solar radiation increase. The simulation results show that net solar 

electricity ratio can be very interesting and reach the limit of 15% at the 

design point. As a result, the ISCCS efficiency will be above the 

conventional combined power plant by 16.5%. 

The advantage of this advanced power station results in electricity 

increase by 17% without burning any extra fossil fuel in the HRSG even 

in the gas turbines. The CC regime operation provides about 134MW at 

night. At daytime, solar energy can be converted to electricity with 

efficiency higher than at combined cycle mode because of the most 

efficient method for converting solar thermal energy to electric energy 

which is proposed in this research. Consequently, the ISCCS operation 

increases the plant capacity to 157 MW and the efficiency to 67% at the 

design point. 

The sensitivity of the integrated plant at ambient temperature was 

calculated in a manner similar to that for the conventional combined 

cycle. The principal exception was the performance of the steam turbine, 

which has a weak function of the ambient temperature and a strong 

function of the thermal input from the solar field. Other advantages of 

ISCCS are increasing the steam turbine capacity of conventional 

combined cycle by 50% at the design point and better performances in 

warm days compared with the combined cycle power plants. 
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