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Abstract- Hybrid solar tower power plants which use high concentration optics and high temperature air receivers are one of
the most important candidates to provide a major share of the clean and renewable energy needed in the future.Computer
model and simulation capability are developed in this study to evaluate the performance of a new solar tower power plant with
a capacity of 20.5 MWe. The numerical simulation of gas turbine, solar field and tower receiver was performed by using a
FORTRAN code based on ray tracing technique (Monte Carlo) and TRNSYS 16 software including TEES and STEC.03
libraries. All thermodynamic parameters of the installation such as pressure ratio, air flow, fuel consumption and concentrated
solar power introduced are discussed. This study has for main objective to calculate the energetic and exergetic efficiencies of
hybrid and solar electric cycles for two operating systems of the installation, first without regenerator then with regenerator
and evaluate their feasibility in the south-western Algerian area.
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1. Introduction

With the rising price of fossil fuels, renewable energies
have the potential to provide the world a clean and cost
competitive power in the future. Nowadays, solar power
plants are one of the important candidates to provide a major
share of the clean electrical energy [1]. There are currently
two approaches for generating electricity from solar energy,
conversion of solar radiation directly into electricity
(photovoltaic panels) and concentrating solar power systems
technologies (CSP), this concept is based on concentrating
and focusing the direct solar irradiation with mirrors onto
receivers’ surfaces, this transfers the thermal energy into
conventional power cycles using steam turbines, gas turbines
or sterling engines [2].

Solar tower power plants are in the class of solar central
receiver systems, which use many sun tracking mirrors called
heliostats to concentrate and reflect the incident sunlight onto
a receiver atop of a tower; the absorbed solar energy is
translated into thermal power to generate electricity by
Rankin cycle or Brayton cycle [2, 3].

In a solar gas turbine tower, the absorbed solar energy is
used to heat the pressurized air before entering the

combustion chamber of the gas turbine, the high temperature
of the air is used to drive a Brayton power cycle [3], figure 1.

The first solar hybrid gas turbine system has been tested
in the SOLGATE project, using a modified 260 kW (cycle of
helicopter turbine) installed at the CESA-1 with the
volumetric receiver system at PSA in Spain [4]. A similar
scheme of SOTGATE project has been tested in Themis
(France), with a 1.4 MWe recuperative gas turbine [5],
Schwarzbozl et al [6] design and validate three solar gas
turbine systems, Heron H1 (air intercooler) with 1SO
(international standard organization) rating 1.4 MWe, Solar
Mercury 50 (recuperated single shaft engine) with 1SO rating
4.2 MWe and PGT 10 simple gas turbine with ISO rating
11.1 MWe and 16.1 MWe with combined cycle.

The first modular volumetric receiver with an outlet

temperature up to 960 °C was tested by Heller et al [7] at
REFOS project.

In contribution of solar gas turbine modelling research,
the present work asks a numerical study and simulation
development of high output solar tower power plant based on
a hybrid cycle with closed volumetric receiver.


mailto:imad-113@live.fr,%20Email
mailto:imad-113@live.fr,%20Email
mailto:taqy25000@hotmail.com

INTERNATIONAL JOURNAL Of RENEWABLE ENERGY RESEARCH

Imad Eddine Meriche et al., Vol.4, No.1, 2014

In this work we add a regenerator as an additional
component which will recover the latent heat of fume
exhausted and used to preheat the pressurized air
downstream from the solar receiver, figure 2.

===~ Gas cycle

Solar

GAS TURBINE

combustion
pressurized chamber
] receiver

1

Fig. 1. Solar tower power plant with Brayton cycle [5]
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Fig. 2. Physical model of installation with regeneration
2. Potential Solar Energy in Algeria

To design and operate any solar power plants, it is
required to have a good meteorological condition data on the
site, by including high direct radiation, suitable water supply,
flat topography, access to electric transmission facilities and
availability of auxiliary fuel supplies [4].

Algeria is one of the countries enjoying an enormous
potential of solar energy, it is located between latitudes 19°N
and 37°N, longitudes 9°W and 12°E with a land area equal to
2.381.741Km? and over 70% of this area consists of deserts
[8]. The climatic conditions in southern Algeria are
characterized by abundant sunshine throughout the year, low
precipitation and humidity, and plenty of unused flat areas
especially in the Sahara region (1.787.000 Km?), according
to the study of the German aerospace centre, Algeria
possesses the largest long term land potential for
concentrating solar thermal power plants (CSP) [9,10].
According to the irradiation maps, the annual direct normal
irradiation ranges between 2000 kWh/m?/Yr to over 2700
kWh/m?2/Yr, and it is accounted among the best sunny areas
in the world [11].

In the present study, the chosen site is the region of
Béchar (Latitude 31.61°N and Longitude -2.23°E) figure 3,
[12].
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Fig. 3. Geographic location of Béchar
3. Mathematical Formulation
3.1 Energy Balance
311

Air Compressor

The air compressor input power is found at:

WC = macpa(TZ - Tl) (1)
Ya-1
And: T2=T, (1 + L(rAga - 1)) )
Nac
3.83T 9.45T2 5.49T3 7.92T*
Cpa(T) =1'048_( 104 )+( 107 )_(101°)+ (1014)
3)
3.1.2.  Volumetric Receiver

The thermal power exchanged between the interior of
receiver cavity and pressurized air is:

Q.ex = Mg Cp(T3 — Tz’) = Qr (4)

The field matrix of solar effectiveness [13, 14, 15]
includes the reflectivity of the mirror (pmir), the effect
cosine (77,,.), the effect shades and blockings (77, . <naa):

the effect atmospheric (7,,,...), and the interception effect
(7,,,). figure 4.

Mieta = PMmirr X Meos X Mgiock,shad X Matmos X Mnt ®)

With:

Meos™ % [ sin(a) cos(A) — cos(8y — A) cos(a) sin(A) + 1]°°

(5.)
nAtmDS
_ {0.99321 —0.000176 S, + 1.97 107852 ; Sy < 1000m
~ Lexp(—0.0001106 S, ) i Sp > 1000m
(5.2)
1 —x?+y?
Mintercent = ez ] G @) exp (S 7-) dxdy  (53)
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Otot = (o-golaire + G?niroir + (2 Gtrack)z)o'5 (54)
Mtock shad" The value is obtained by positioning of the
heliostats field (HFLD code) [16].

The thermal power received by the sensor surface of
heliostats (S.) in the cavity of receiver is written:

Qc = Miela LS. (6)
Zenith
{:} Sun j:
o E N v "~} Receiver
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.
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Fig. 4. Position and angles of the heliostat relative to the
receiver [14]

The cavity of the volumetric receiver loses a fraction of
this power per reflection, convection natural and radiation
[17, 18], the power transmitted (Q,) by the cavity of the
receiver is:

Qr = QC —hoA (T, —T)) —o¢ Ar(Tr4 - T04) (7

A, : Receiver area, h., : Coefficient of convection transfer.
o : Stefan Boltzmann constant (5,670 x10~8W/m?. K*)
€ : Absorber emissivity.

3.1.3. Combustion Chamber

In the combustion chamber, the natural gas is injected
and burned with the pressurized air

Colly + A (n+2)[0, +3.76 N,] > (€0, + (%) H,0 +
[(A - 1) (n + f)] 0, + [3.76A (n + %)] N,
Mighs + mig LHV = migh, + (1 —n_)msLHV 8)

3.1.4. Turbine

The gas turbine output power is also found as:

I/l'/T = mgcpg (T4 - TS) (9)
p, Va
T5=T4(1—nT<1—<§w) (10)
3.1.5. Regenerator

Regenerator uses the turbine exhaust gases to preheat the
compressed air before entering into the combustion chamber:

Eff = Ty7T2) (11)
(Ts=Tsr)

3.1.6. Alternator

The electric output power is also found as:
Pele:WGT -T]al (12)

3.1.7. Exergy Balance

Exergy is divided into two components: physical and
chemical [19]. The physical exergy is defined as the
theoretical maximum useful work of a system that acts to
another with a reference environment and a state of
equilibrium. The chemical exergy is associated with the
chemical composition on the system and the chemical
composition of the reference environment.

Applying the second law of thermodynamics, an exergy
balance can be obtained:

Exg + Zmex; = X meex, + Exy + Exp (13)

Exq = (1-7)0; (14)
Exy =W (15)
ex = expp + exM (16)
expn = (h—ho )= To(s —So) 7
exm* = [ 2% x;exM + RT, 3%, x; Inx; ] (18)

ExQ, Exy, : Thermal exergy and power exergy .

expyn, excp: Physical exergy and chemical exergy of the
gas mixture
3.2.1.  Heliostat Fields

Exergy expression of the heliostats fields is given as:

Exper = EXpec + Exhel,lous (19)
Exergy efficacy of the heliostats fields is:
EXrec
T]ex,hel = EXpel (20)
3.2.2.  Volumetric Receiver

Exergy expression of the solar receiver [20] is given as:
Exrec = Exrec,abs + Exrec,lous + IRreC (21)

EXrecabs » EXrec10us 1S EXxergy absorbed by the receiver
and Exergy loused by the receiver and IR,.. is the
irreversibility of solar receiver.

The exergy efficacy of the solar receiver is:

_ EXrecabs
Nex rec = EXrec (22)
3.2.3.  Brayton Cycle

Expression of exergetic efficiencies of the various
components of the gas turbine are in table 1 [21].
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Table 1. Exergetic efficiencies of the gas turbine

4.1. Solar Gas Turbine Model

Component Exergy destruction Exergy
Efficiency For the dimension and the operational component
: : : arameters of the gas turbine we chose the GE MS5001R gas
Compressor | Exp e = Bx, — Bxg Nexcomp Furbine model (2(?.5 MWe) [25], the gas turbine and sc?lar
+ Wac _ Ex, - Ex, tower [4] parameters are given in table 2.
Combustion | Exr— = Ex. £ Ex Wac ~The models parameter and information included
Dicc 3 f. Nex,cc . heliostats area, solar tower, electric power, heat rate, exhaust
chamber — Exy Ex, mass flow temperature and pressures are implemented and
Ex; + Ex; |  simulated by TRNSYS 16.
Turbine Exper = Exa— Exs | Neyrur Table 2. Designs parameters of installation
~Wer | Wer Parameters Valour
~ Ex, —Exg Output temperature of combustion chamber | 957 °C
Regenerator | Exp; = Ex;y — Exgyr Nex.rG Lower calorific value of natural gas (LHV) | 45119 kJ/kg
Ex,, — Ex, Compressor pressure 10.5 bar
~ Exc —Exe, Compressor isentropic efficiency 84 %
Atmospheric conditions 1.132 bars
4. Simulation and Parameters of the Installation 25°C
. . Turbine isentropic efficiency 87 %
T_o calcu_late the radiation view factor we use an Chamber combustion efficiency 95 %
algorithm which develops a Monte-Carlo method (tracing _ i
technique), this technique calculates a vector leaving the Electromechanical efficiency of generator | 98 %

originating surface at a random location, angle and elevation,
and checks if it intersects the polygon on the target surface
[18,22]. The Monte-Carlo ray tracing technique was applied
and coded into FORYRAN language; the code is validated
by the SOLTRACE simulator [5] and inserted in TRNSYS
model (the TRNSYS software database is coded in Fortran,
for that the code set is coded in Fortran).

The design of the optics and the thermal models part of
the solar gas turbine tower can be optimized using TRNSYS
16 and STEC 3.0 library (Solar Thermal Electric
Components) and TEES library [23], the inputs of the
simulation are hourly solar irradiance, meteorological data,
ambient temperature , site information and technical system
data (heliostats, tower) [24], figure 5.
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Fig. 5. Simulation of installation in TRNSYS16

Less pressure in the combustion chamber 4%

admission air loss pressure 1%

Air mass flow used in ISO conditions (m) 348000 Kg/hr

Pressure of exhaust fumes 101.5 KPa
Average direct normal irradiation (I) 800 W /m?
Reflectivity of mirrors 89.23 %
Total error (os¢) 4 mrad
Heliostat reflective area 11x11 m?

Number of heliostats 900

Receiver area 76.2 m°

Declination of the receiver aperture 25 Degree

5. The Performance Results of the Installation
5.1. Performance of the Air Compressor

For the parameters of admission (Po= 1.0135 bars, T, =25
C°) and a compression up to P;= 10.5 bars, we obtained by
simulating the useful power consumed by the compressor
and the temperature of the pressurized air output the
compressor, the results are represented in figure 6.
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Fig. 8. Consumption of natural gas as a function of
temperature air output solar receiver

Fig. 6. Variation of the temperature and the compressor
power as a function of the rate compression

5.2. Performance of the Solar Collector

With temperature T, =355.2 °C and P, = 10.45 bars at
the entry of the solar receiver, we calculate the received solar
energy necessary to obtain a maximum output temperature
(T;max= 900°C), as represented in figure 7.
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Fig. 7. Variation of air temperature output receiver as a
function of the received solar energy

5.3. Influence of the Absorbed Solar
Installation

Energy in the

Solar receiver output air temperature T; has a direct
influence on the consumption of natural gas in the
combustion chamber, figure 8.

The increase in the output air temperature of solar
receiver has a direct impact on the mass flow rate and the
useful energy produced, figure 9.
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Fig. 9. Variation of mass flow and output power generator
as a function of output receiver air temperature

6. Installation Performance Without and With
Regeneration

6.1. Performance of Installation Without Regeneration

In the installation without regenerator, the maximum
output air temperature of the receiver is limited to 900°C,
and outlet air temperature of the combustion chamber to
957°C.

With optimal conditions of the incident solar irradiation
and climatic condition of Béchar area, we calculate the solar
field efficiencies of the installation.

The efficiencies of the solar field calculated by
FORTRAN code and verified by the software SolTrace are
given in Table 3.
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Table 3. Solar field efficiencies

PMiroir ncos nBlocages,Ombres ”Atmos ”intercept
% % % % %
89.23 89.60 94.45 96.32 99.47

After calculating the solar field efficiencies, we proceed
to calculate the energetic and exergetic efficiencies of the
installation without regeneration, that for operating
conditions (Tq = 25 °C and Tana = 900 °C), results are
displayed in table 4 and table 5.

Table 4. Energy efficiencies of the installations without
regeneration

Subset Energy Temperature | Efficiency
(MW) 9 (%)
Heliostat | Ppe; = 96.64 _ _
field | Qo= 6992 | [lem»=2 | 7 =7235
Receiver Qc = 69.92 T, = 360 B
0. = 5.6 T, = 900 Nyoe = 79-17
Gas Prye; = 6.58 T, =957 i
turbine Wi = 17.52 Ts = 486.5
Solar- |, 96,64 Mot
electric P17 - Teotcte
Cycle elec .
Hybl’ld Phybrid =61.94
=27.44
cycle Poec=17 - Ty

Table 5. Exergy efficiencies of the installations without
regeneration

Subset Exergy (MW) Efficiency (%)
Heliostat field Expe = 91.64 Nex pet= 12-35
EXype = 66.30

Receiver EXpec = 66.30 Nex rec = 00.03
EXrec.aps = 39.80
Exy — Ex; =30.08 | M,y comp= 9374
Gas turbine Ex, — Exs = 46.91 Ny cc 75:23
. Nex Turb™ 94.56
Solar-electric Expe = 91.64 Mox.sys = 18.55
Cycle EXepec = 17

6.2. Performance of Installation With Regeneration

In the installation with the regenerator, the optimal
efficiency of the regenerator is around 83% [24]; we
calculate the absorbed solar energy corresponding to an
output air temperature of the receiver limited at 900°C.

The results of energetic and exergetic efficiencies of the
installation with regeneration for operating conditions
(To=25 °C and Tzmax = 900 °C) are displayed in table 6 and
table 7.

Table 6. Energy Efficiencies of the installations with
regeneration

Subset Energy Temperature | Efficiency
(MW) 9 (%)
HeliOStat Phel = 78,59 T =25 =7235
: ne =12,
field Qc = 56,86 e ¢
Receiver Qc=5686 | T =47833 | , _7924
Q, = 45,05 T3 =900
Gas turbine Prye; = 6,58 T, =957
Wer = 17,52 T, = 370,66
Solar- Py = 78,59 . n _
. _ sol—éle
electric Perec =17 21,63
Cycle
Hybrid cycle | Puypria =51,63 - no =
— hyb
Pelec =17 3292

Table 7. Exergy efficiencies of the installations with
regeneration

Subset Exergy (MW) Efficiency (%)
Heliostat Exp. = 74,52 Nex net=12:35
field Exye. =53,91
Receiver Exyec =53,91 Nex rec = 6127
Exrec,aps = 33,03
Gasturbine | Ex; —Ex; =30,08 | Mgy comp™= 9374
Exy, — Exs = 46,81 Ney ge = 94,15
Nex cc= 19:23
T'lex Turb: 94’56
Solar-electric Expe =74,52 Mo sys =22:81
Cycle ExXeec = 17

6.1 Daily Performances of Installations

To calculate electrical power production and energetic
performances of the both installations (without and with
regeneration), we take measured values of the incident solar
irradiation and climatic condition for two days 22/06/2006
and 21/12/2006 in Béchar area, these dates are chosen in
order to avoid under sizing of the heliostats field area [12],
figure 10 and figure 11.
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Fig. 10. Daily variation of solar irradiation, temperature and
wind in Bévhar(22/06/2006)
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Fig. 11. Daily variation of solar irradiation, temperature and
wind in Béchar (21/12/2006)

With the daily variation in figure 10, we calculate the
temporal evolution of the powers in both installations,
without and with regeneration; results are flowing in figure
12 and figure 13.
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Fig. 12. Temporal evolution of powers in the installation
without regeneration (22/06/2006)
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Fig. 13. Temporal evolution of powers in the installtion with
regeneration (22/06/2006)

With the daily variation in figure 11, we calculate the
temporal evolution of the powers in both installations,
without and with regeneration; results are flowing in
figure 14 and figure 15.
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Fig. 14. Temporal evolution of powers in the installation
without regeneration (21/12/2006)
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Fig. 15. temporal evolution of powers in the installation with
regeneration (21/12/2006)

7. Discussion of Results

The energy analysis results obtained from table 4 and
table 6 shows a clear improvement of efficiencies solar-
electric and hybrid-electric for the installation with
regeneration.

The exergy analysis results in table 5 shows an
important loss of exergy efficiency in combustion
discharged, results in table 7 prove that we can minimize this
loss by introducing a heat regenerator in the solar gas turbine
system.

The result in figure 12 and figure 14 shows the impact of
ambient temperature in electrical power production and
energetic performances of the installation.

When we compare the results of figure 12 with figure 13
and figure 14 with figure 15 we see a reduction in
consumption of natural gas (night hours) and a lesser
quantity of absorbed solar energy in the installation with
regenerator, with keeping an electrical production
approximately to the installation without regenerator.

8. Conclusion

In our study, we modelled and simulated a solar gas
turbine installation capable to provide an electrical
production equal to 20.5 MWe in ISO condition, and then we
studied the impact of adding a regenerator in the installation.

The results obtained in this study show a direct impact
of the regenerator in improvement of hybrid and solar-
electric efficiencies, with a stable production of electrical
energy, less consumption of natural gas and reduction
heliostats fields’ area.

The energy and the exergy balance confirm the impact
of the regenerator, by a gain of 4.26 % in exergy efficiency,
with high solar-electric efficiency and a cheaper electrical

production due to the reduction of consumption of natural
gas and heliostats field’s area.

This type of installation is new and very promising
especially in regions with duration of sunshine up to 3500
hours/year and a direct normal radiation greater than 2000
kWh/m2/year, such as the south western of Algeria.
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