Cukurova Universitesi Miihendislik Fakiiltesi Dergisi, 36(3), ss. 615-624, Eylil 2021
Cukurova University Journal of the Faculty of Engineering, 36(3), pp. 615-624, September 2021

Energy-Exergy and Cost Analyses of Solar Tower Systems with
Various Capacities for Mersin Province

Elif TURNA DIiLSEL!?, Bengi GOZMEN SANLI™
IMersin University, Faculty of Engineering, Department of Mechanical Engineering, Mersin

Gelig tarihi: 01.04.2021 Kabul tarihi: 13.09.2021

Abstract

In present study, technical performance and cost of the solar tower system with the capacities of 10 and
20 MW for Mut district of Mersin were investigated. The solar tower systems with various capacities
weredesigned by using SAM (System Advisor Model) program theoretically. For SAM program analysis,
TMY3 solar radiation data of Mut district of Mersin located at the coordinates of 33.4° E 36.7° N was
used. For the capacities of 10 and 20 MW, the energy generated by this system was determined and the
cost of solar tower system was calculated for this system with the capacity of 10 and 20 MW, the number
of heliostats was determined as 580 and 1115, respectively and the layout plan of heliostat was generated.
Moreover, the first law and the second law of thermodynamic were applied. Energy and exergy
efficiencies were determined.
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Mersin Mut Ilgesi icin Farkh Kapasiteli Giines Kuleleri Enerji Ekserji Analizi ve
Maliyet Analizi

0Oz

Bu caligmada Mersin'in Mut ilgcesine ait 10 ve 20 MW kapasiteli gunes kulesi sisteminin teknik
performans: ve maliyeti incelenmistir. Cesitli kapasitelerdeki giines kulesi sistemleri teorik olarak SAM
(System Advisor Model) programi kullanilarak tasarlanmistir. SAM program analizi icin Mersin ili Mut
ilcesine ait 33.4° D 36.7° K koordinatlarinda bulunan TMY3 giines radyasyonu verileri kullaniimistir.
10 ve 20 MW kapasiteler icin bu sistemin rettigi enerji belirlenmis ve 10 ve 20 MW kapasiteli bu sistem
icin gunes kulesi sisteminin maliyeti hesaplanmis, heliostat sayis1 sirasiyla 580 ve 1115 olarak
belirlenerek yerlesim plani olusturulmustur. Ayrica, termodinamigin birinci yasasi ve ikinci yasasi
uygulanarak, enerji ve ekserji verimlilikleri belirlenmistir.

Anahtar Kelimeler: Glnes kulesi sistemleri, (SAM), Enerji
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1. INTRODUCTION

Solar energy is one of the preferable energy
sources and new methods are developed to use
solar energy day by day. The solar energy is
widely used in engineering application from
calculator to electrical power production. Solar
tower system is one of the electric energy
generation systems. At the solar tower systems,
thermal energy is converted to electrical energy by
concentrating the sun's rays to the receiver
mounted on the top of the tower. A solar tower
system consists of heliostats and receiever. The
energy generated by the sun’s rays coming to the
receiver is absorbed by the working fluid used in
the system. By the steam in the steam power cycle,
the electrical energy production is provided [1].

With this study, it is aimed to evaluate solar tower
systems as an alternative method in order to
effectively use the solar potential of Mersin region
located in the first generation of the solar map.
Technical performance and cost of the solar tower
system with the capacities of 10 and 20 MW for
Mut district of Mersin were investigated. The solar
tower systems with various capacities were
designed by using SAM (System Advisor Model)
program theoretically. For SAM program analysis,
TMY3 solar radiation data of Mut district of
Mersin located at the coordinates of 33.4° E 36.7°
N, which is taken from METEONORM, was used.
And technical performance data was obtained from
SAM pogram by using data taken from
METEONORM and the cost of the solar tower
system was calculated. Correspondingly, energy
and exergy analyses were performed.

2. PREVIOUS STUDIES

Nowadays, studies on the solar tower systems
increase owing to many advantages of these
systems. Ucgill et al. [2] performed an
investigation on electrical power generation for the
university of Stileyman Demirel by designing solar
tower systems with capacity of 2MW. The layout
plan of heliostat was determined. Furthermore,
energy and exergy analyses were done. Another
solar tower design, technical and cost analysis

616

study were done by Selbas et al. [3]. Grasse [4]
studied on the solar tower systems with capacity of
30 MW in order to commodify. For 30 years
operating times, cost analysis was performed and
price of electricity was calculated. Gottschalk et al.
[5] designed solar tower systems with capacity of
100MW for various countries like China, Germany
and Mediterranean countries. Hekim [6] designed
a solar tower system having the capacity of 10
MW with SAM program for Birecik district of
Urfa. Moreover, the technical performance of the
system and efficiency of the system were assessed.
An other study on the solar tower system was
carried by Agan et al. [7]. A solar tower system
with the capacity of 10 MW for Ceylanpinar
district was designed by using with SAM (System
Advisor Model) program. The amount of energy
production, number of heliostats, heliostat
placement and the cost of the system were
obtained. In Adiyaman's study [8] , she modeled
the receiver of the solar tower system by
considering the receivers with external pipes used
in solar towers and she compared the results in the
literature with the ANSYS Fluent program and
verified the model. As a result of the analysis, a
new buyer model has been designed to reduce
losses. Papagorgiou [9] studied on the efficiency
of a solar tower system. In the analysis of the
system, the system efficiency is considered to be
80%, the effect of its main dimensions, working
coefficients and collector input conditions on the
system have been examined. Xu et al. [10]
modeled a solar tower system using molten salt as
heat transfer fluid. They performed energy-exergy
analyses of the system theoretically. The reasons
of loss of the solar tower systems were revealed.
Yang et al. [11] investigated the interaction of
performance of molten salt receiver and efficiency
of the system. To increase heat transfer, many
experiments were done by using the receivers
having straight tube and spiral tube.

3. MATERIAL AND METHOD

In present study, meteorological datas of Mut
district of Mersin province have been used due to
having high solar energy potential and suitable
geographical conditions. The average annual
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sunshine duration of this region is about 8.27
hours. Mut has a warm climate with an average
annual temperature of 18.1 °C and the average
annual rainfall is about 758 mm. The warmest
month of the year is July with an average annual
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temperature of 30.7 °C and the coldest month of
the year is January [12].The annual global solar
radiation or solar radiation map of Mut district and
the solar energy potential are shown in Figure 1
[13].

Figure 1. Solar map of Mersin province [13]

3.1. Solar Tower Systems

Nowadays, new methods are developed to provide
energy production by utilizing solar energy. The
solar tower system is one of these new methods.
The solar tower systems have been used in Russia,
Italy, Spain, Japan, France and the United States
since 1980s. Solar tower systems consist of a
tower where the receiver is located on and mirrors
positioned around the tower to reflect the sun's
rays [14].

Figure 2. The schematic representation of a solar
tower system [15]
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Solar tower systems have been used widely in
various parts of the world due to the
advantages. These advantages can be listed as
follows [16]:

» Solar tower systems are safe. Since the system
has a simple structure, the probability of failure
is less compared to other systems and it is
operated at lower cost.

» Solar tower systems do not need the cooling
water to provide energy production contrary to
many energy generation systems.

» Solar tower systems can generate energy at
night by collecting sunlight in the receiver
without the need for direct sunlight, compared
to other solar energy systems.

* The materials required for the installation of
solar tower systems are simple and easily
available.

» This system is are easily applicable systems in
every region owing to the fact that there is no
need for high technology for installation.
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3.1.1. Elements
Receiver

of Solar Tower Systems

Receiver is the element located at the top of a high
tower and the sun’s rays are concentrated on the
receiver by using heliostats. Figure 3 demonstrates
an example of receiver. It can be said that the
receiver is a kind of heat exchanger that converts
sun’s rays to the heat energy [6-17].The receivers
are exposed to direct or indirect sunlight

depending on the structure and type of the
materials used during the energy transfer to the
working fluid [18]. In order to minimize solar
radiation losses, the receivers behave in the form
of a black body and centrally combine all the sun
rays focused by the heliostats in large heliostat
fields.

Figur 3. ceivr [19]
Heliostat

In solar tower systems, tracking mirrors that focus
sunlight on the receiver to concentrate it are called
heliostats. Heliostats are a kind of two-dimensional
mirrors tracking the sun’s rays by an open loop
control system. They are preferred to reflect and
concentrate the sun’s rays to the central receiver
[18]. The heliostats shown in Figure 4, which are
the most basic parts of solar tower systems, consist
of the heliostat frame, heliostat arm and heliostat
foot and move in two ways, spherical and local
during sun tracking [20-21].

618

Tower

3.2. Operation
Systems

Principle of Solar

In the solar tower systems, thermal energy is
converted into electrical energy by concentrating
the sun's rays to the receiver mounted on the top of
the tower. In these systems, there are many solar
tracking mirrors called heliostats in order to reflect
the rays coming from the sun by concentrating and
focus them on the receiver [23]. The working fluid
used in the system absorbs the energy generated by
the sun’s rays coming to the receiver. The energy
generated by the sun’s rays coming to the receiver
is absorbed by the working fluid used in the
system. The molten salt is used as the working
fluid in the Rankine cycle. The molten salt
embodies the heat long time [14-24]. In the solar
tower system, the liguid molten salt at the
temperature of 290 °C is pumped from cold tank to
the receiver and the molten salt is heated to the
temperature of 565 °C and it is sent to the hot tank.
Then, the heated molten salt is pumped to the
steam generation system at the Rankine cycle.
After the molten salt in the steam generator returns
the cold tank, the storage of it is provided [25].
Operation Principle of Solar tower systems is
given in Figure 5 [26].

565 °C 3
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{“\ Steam Generator q
\

i [ A
\ I\ Condenser
giainl \ @
§ Pump
T i/ x < n
Heliostat Field §] TG 2 e 1
Figure 5. Operation principle of solar tower systems
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3.3. Thermodynamic Analysis of Solar Tower
Systems

The solar tower systems convert solar power into
electrical energy by using Rankine cycle. The
Figure 6 indicates the schematic diagram of
Rankine cycle and chart of T-S. The elements of
cycle are pump, evaporator, turbine and condenser.
The cycle starts with pumping of the working fluid
to the evaporator and then the heat transfer occurs

4 “'T
Turbine :D
Steam
P generator \[\
Condenser g
Ur
Pump

Wp
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at the constant pressure. By means of heat transfer,
the working fluid becomes superheated vapor and
this superheated vapor is sent to the turbine and the
pressure is decreased. The mechanic power which
is obtained rotating shaft is converted into the
electrical energy by connecting generator to the
shaft. At the condenser, the heat is transfered to the
energy well at the low temperature and low
pressure. The cycle is completed by sending the
compressed fluid to the pump [27].

AT

— W turb, out

ry

Figure 6. The schematic diagram of Rankine cycle and chart of T-S

The internal energy is constant since the Rankine
cycle is a closed-loop system. By using the energy
conservation equation, the equation 1 is obtained
and this equation means that net work equals to net
heat transfer and the net work can be calculated by
using the equation 2 [27].

Wn,out = Qin _Qout (1)

W,

n,out

=Wout _\Nin (2)
Thermal efficiency is defined as the conversion

ratio of net work into heat input as shown below
[27].

QOUt

Qin

n,out
— =1

3
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=
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The heat transfered to the working fluid at the
evaporator can be indicated as [27].
Q, =rm(h, —h,) (4)
The shaft power generated by turbine can be
defined at the equation 5. The isentropic efficiency
of turbine is expressed with the equation 6 [27].

Wout = m(h3 - h4) (5)
_ ha — h4
= Th, (6)

The discharged heat to the environment is defined
with the equation 7. The spent work at the pump
and pump efficiency are calculated by using the
Equtions 8 and 9, respectively [27].
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Qo =m(h, —hy) O]

W, =m(h, —h) 8)
— h25 'hl

n,= h,-h, 9)

For calculation of total efficiency of the system,
electrical energy actuating the pump, efficiency of
electrical motors of water pump, fan and generator
efficiency are important parameters and total
efficiency is defined as the ratio of the generated
electrical energy to the heat input into the working
fluid [28].

At the solar tower systems, exergy balance is
presented with the equation 10 and exergy
calculations are performed by reading the
thermodynamic properties for the each point of the
cycle and using the equations below [28].

E,=Eu.+E (10)

loss
Total exergy at the unit of time is shown with “E”
and it is computed by using the Equation 11 [29].

E =ry (11)
The flow exergy is explained with the equation of

12. At this equation, To means dead state
temperature [29].

VZ
w=(h-ho)-To(s-5,) 5 +02 (12)
The equation 13 represents the calculation of the
reversible work of system [29].

Wreversible = m(V/Z _l//l) (13)

The reversible work of turbine is defined as shown
with the equation 14 while the turbine efficiency is
computed by using the equation 15 [29].

W,

t,rev

=W, +W,

t,loss

(14)
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: (15)

For the pump, the equations 16 and 17 are used to
calculate the reversible work and pump efficiency,
respevtively [29].

Wp,rev :Wp _Wp,loss (16)
w

£, == 17

=W 17)

p

The loss exergy and exergy efficiency can be
calculated by using the equations 18 and 19,
respectively [29].

Z E.Ioss = Z E't,loss + Z E.p,loss + Z E.b,loss + Z E'y,loss (18)

w
gsystem == = (19)

heat source
3.4. System Advisor Model (SAM)

The System Advisor Model (SAM), which is used
to perform both technical and cost analyses of
projects on generation of power from renewable
energy sources, is a free techno-economic software
model. This software program, which was first
released under the name of “Solar Advisor
Model”, was continued to be used in 2010 by
taking the name “System Advisor Model” after its
content was developed. SAM calculates the hourly
system performance and energy cost by using the
design parameters in the models to be made in the
projects created to obtain power from renewable
energy sources. To analyze system performance
and the cost of the system, design parameters and
meteorological datas known as  Typical
Meteorological Year (TMY3) with CSV
extensions, which belong METEONORM firm, are
used. The modules of SAM program used in this
study are demonstrated in Table 1 [30].
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Table 1. The modules of SAM program [30]

Modules of I~

Description
program

This is the module that
Locationand | meteorological datas  and

resource geograpical datas are inputed to

SAM program

This is the module that the
Heliostat required area for heliostat and
field the number of heliostat are

determined

This is the module that height
Tower and diameter of recevier and
receiver chemical properties of molten

salt are determined.

This is the module that the
Power cycle capacity of system and power

generated by system are

determined.

This is the module that the
Thermal

number of storage tank and
storage . ;

storage time are determined

This is the module that cost of
Tower

system costs

system elements and cost of
overall system are calculated

4. RESULTS AND DISCUSSION

In this

investigation,
analyses and cost analyses of the solar tower
system with the various capacites as 10 MW and
20 MW for Mut district of Mersin were performed.
The solar tower systems with the capacities of
10 MW and 20 MW were designed by using SAM
(System advisor Model) program and the layout

technical

Location Information

City | Mut

State

Timezone

Elevation

Weather Data Information (Annual)

Direct Normal

Global Horizontal

2226.0 |kwhjm2

1903.7 |kwhjmz2

performance
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plan of heliostats was obtained. The design
parameters used in the analyses of SAM program
are presented in Table 2. The technical datas of
system acquired from SAM program were used to
implement the thermodynamic analyses. And the
results of solar tower systems with the capacities
of 10 MW and 20 MW were compared.

Table 2. Design parameters of solar tower
system [31]

Parameters Amount
Width of heliostat 123 m
Width of heliostat 9.75m
Receiver height 6m
Diameter of receiver 8m
The number of storage tank 2
Storage of storage tank 10 hours
Input temperature of molten salt 290 °C
Output temperature of molten salt 565 °C
Min temperature for operating the 500 °C
system

Pressure of steam 10 MPa
Pressure of condenser 200kPa
Temperature of referance (dead 25 °C
state)

Pressure of referance (dead state) 100kPa
Turbine efficiency 0.87
Pump efficiency 0.82
Optical efficiency 0.92
Receiver efficiency 0.83
Wind velocity 5m/s

In order to obtain the main results, meteorological

datas named Typical Meteorological Year
(TMY3) in csv format, which belong
METEONORM firm, are used. Figure 7

demonstrates the location information and weather
data information of Mut district of Mersin.

GMT 2 Latitude 35.64 deg
322m Longitude 33.44 deg
Dry-bulb Temp 20.2 ['c
View hourly data...
Wind Speed 19 Imfs

Figure 7. Location information and weather data information for Mut [28]
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After determining of design parameters shown in
Table 2, the system analyses were done by SAM
program and the tower heights of solar tower
systems with the capacities of 10 MW and 20 MW
were calculated as 51.11 m ve 71.11 m,
respectively. Furthermore, the numbers of required

Rad.1l |1 1
Rad.2 |4
Rad.3 |6
Rad.4 |6
Rad.5 7
@ ||Rad.6 |7

Rad.7 |7
Rad8 7
Rad9 |7
Rad.10 &
Rad.11 |6
Rad.12 |3

(O N R NN RN RN R R

Span Angle:

1

(- R R RN R R R RN - N R

heliostat with the height of 9.75 m and the width of
12.3 m were determined as 580 and 1115 for the
solar tower systems with the capacities of 10 MW
and 20 MW, respectively. The layout plans of
heliostat composed by dividing the region
azimuthal and radially are depicted in Figure 8.

360
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Layout plan of heliostat for the system having the capacity of 10 MW

Radl |3 3
Rad2 9 ¢
Rad3 |11 11
Rad4 |12 12
Rad5 |13 13
Rad6 |13 13
Rad7 |13 13
Rad8 |13 13
Rad9 |13 13
Rad.10 12 12
Rad.11 |12 12
Rad12 6 &
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o
0
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Layout plan of heliostat for the system having the capacity of 20 MW
Figure 8. Layout plans of heliostat

The net power generated by the solar tower
systems with the capacities of 10MW and 20 MW
were theoretically determined as 9 MW and 17
MW owing to the loss in the system, respectively.
According to the layout plans of heliostat, the
required area for this system with the capacity of
20 MW was calculated as 149 decares and annual
thermal energy was determined as 48.532 MWh
while the required area for this system with the
capacity of 10 MW and the annual thermal energy
were assessed 84 decares and 24.272 MWh by
SAM program, respectively. Moreover, two hot
tanks with 10 hours refill time and two cold tank
with 10 hours refill time were used both the solar
tower systems with the capacities of 10MW and
20 MW. The storage capacities of hot and cold
tanks for the system designed for 10MW were
obtained as 349.42 m® and 815.32 m® whereas the
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capacities of hot and cold tanks for the system
designed for 20MW were calculated as 677.52 m®
and 1580.89 md, respectively. The cost analyses of
the system were performed by using SAM
program and Table 3 indicates the details of cost
analyses.

Table 3. The details of cost analyses for the solar
tower system

Total cost for the | Total cost for the
system with the | system with the
capcity of 10 capcity of 20 MW
Exenditure MW ($) $
Heliostat $12.144.564,90 $23346879.08
storage $6.553.398,06 $13106796.12
Tower $5.521.462,60 $6817939.42
Receiver $16.057.548,64 $22968114.05
Others $20.487.278,56 $57297500.05
Toplam $60.764.252,76 $123537228.72
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After the performance analysis and cost analysis
were completed by SAM program, energy and
exergy analyses were performed by using the
equations mentioned above. According to the first
law of thermodynamic, the pump work(Win) was
assessed about 12.68 kj/kg, turbine work (Wout)
was calculated as 134543.21 Kkj/kg and the
efficiency of the system was determined 44.32%.

By using the second law of thermodynamic, the
loss exergy was calculated as 33125,704 kj/s. For
the same dead state temperature and pressure, the
exergy efficiency was determined as 42.75% based
on the flow rate of the fluid used in the two
systems with the capacity of 10 and 20 MW.
Furthermore, both the exergy efficiencies of pump
and turbine were determined as %80.83 ve
9%75.38, respectively.

5. CONCLUSION

In this study, the solar tower systems with the
capacities of 10 and 20 MW for Mut district of
Mersin located at the coordinates of 33.4° E 36.7°
were designed by using SAM theoretically. The
net power generated by the solar tower systems
with the capacities of 10MW and 20 MW were
theoretically determined as 9 MW and 17 MW
owing to the loss in the system, respectively.
Moreover, The numbers of required heliostat with
the height of 9.75 m and the width of 12.3 m were
determined as 580 and 1115 for the solar tower
systems with the capacities of 10 MW and 20
MW, respectively. By using the solar tower
systems with the capacity of 10 MW and tower
height of 51.11 m, the obtained thermal energy
was determined as 24.272 MWh and the cost of
this system was calculated as $60764252,76. On
the other hand, for the solar tower systems with the
capacity of 20 MW and tower height of ve 71.11
m, the obtained thermal energy and cost of this
mentioned system were assessed as 48.532 MWh
and $123537228.84, respevtively.

According to the first and second law analyses, the

energy efficiency in both systems is 44.32%; while
the exergy efficiency was calculated 42.75%.
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