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Bu calismada, diisiik giines 1s1nim1 degerine sahip bir bolge igin giines santrali tasarimi yapilmistir. Tasarlanan
Parabolik Oluk Tipi Giines Termal Gii¢ (POTGTG) santralinde Organik Rankine Cevrimine (ORC) gore ¢alisan
bir sistem g6z oniine alinmigtir. POTGTG santralinin tasariminda Bilecik’in giines 1simimi degerleri dikkate
almmustir. Sistem, Giines Alani (GA), Termal Enerji Depolama (TED) sistemi ve Gii¢ Blogundan (GB)
olusmaktadir. Calisma sivis1 olarak GA, TED, ve GB’nda sirasiyla Therminol VP-1, eriyik tuz ve R141b
kullanilmistir. Bu sistem, termodinamigin birinci ve ikinci yasalarina gore farkli parametreler goz oniine alinarak
analiz edilmistir. Daha sonra sistemin maliyet analizi Net Bugiinkii Deger metodu kullanilarak gergeklestirilmistir.
Sonug olarak, POTGTG santralinin enerji ve ekserji verimlerinin azaldigi gozlemlenmistir. Sistemin maliyeti
1.270.239.479 TL olarak hesaplanmuistir.
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Potential Assessment of PTTSTP Plant in Bilecik

ABSTRACT

In this study, a solar power plant design has made for a region with low solar radiation value. In the designed
Parabolic Trough Type Solar Thermal Power (PTTSTP) plant has been taken into consideration a system operating
according to the Organic Rankine Cycle (ORC). In the design of the PTTSTP plant has taken into consideration
the solar radiation values of Bilecik. The system consists of the Solar field (SF), Thermal Energy Storage (TES)
and Power Block (PB). The Therminol VP-1, molten salt and R-141b have used as a working fluid in the SF, TES
and PB, respectively. This system has been analyzed to considering different parameters according to the first and
second laws of thermodynamics. And then cost analysis of the system has been made using the Net Present Value
(NPV) method. As a result of this study, the energy and exergy efficiencies of the PTTSTP plant were decreased
with the temperature. The cost of the proposed system was calculated as 1.270.239.479 TL.

Keywords- Parabolic Trough Type Solar Collector, Solar Energy, Organic Rankine Cycle, Net Present Value
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l. INTRODUCTION

The world energy demand is increasing year by year in proportion to the increasing world population.
Today 80% of the total energy production in the world is provided by fossil fuels (coal, oil, natural gas, etc.).
Although fossil fuels have a high share of energy production, they are exhaustible sources. In addition, the use of
these fuels increases the number of harmful gas emissions (CO2, SO, etc.) and causes the greenhouse effect. Due
to this kind of negativity caused by fossil fuels, renewable energy resources (solar, wind, geothermal, etc.), which
are environmentally friendly and have unlimited resources, have gained importance in recent years.

Solar energy has the highest energy potential in renewable energy sources. Solar energy is used to
generate heat and electricity. There are two ways to generate electricity using solar energy; Photovoltaic solar cells
and Solar power plants. This study is based on solar power plants.

There are many studies on solar power plants in the literature. Some of these studies; Khalig [1], examined
the combined power and cooling cycle with solar energy. He used R141b as the working fluid in the design and
analyzed the system according to the first and second laws of thermodynamics. As a result, the average energy
efficiency of the system as 15.52% and the exergy efficiency as 7.33% were calculated. Binamer [2], developed
the mathematical model of the EES program to evaluate the performance of the integrated solar combined power
plant, which is planned to be established in Kuwait. As a result, the efficiency of the plant was higher than the
traditional power plant in Kuwait and showed that it could reach more than 66%. Poghosyan and Hassan [3],
analyzed the techno-economic aspects of the Parabolic trough solar thermal power plant using SAM (Solar Advisor
Model) software. They have also attempted to determine the optimal size of the thermal energy storage and solar
field to minimize the contribution of the fuel supply system. De Luca et al. [4], worked on the configuration of
two different (with and without TED) parabolic trough solar thermal power plant using thermal oil as primary heat
transfer fluid. They examined in terms of annual energy production, annual productivity, capacity factor and total
capital cost. Giostri et al. [5], compared the annual energy production and the performance of the design conditions
for different solar field technologies. Senturk Acar and Arslan [6], have designed a power plant that operates
according to the Organic Rankine Cycle, which is integrated with solar and geothermal energy, taking into account
the Simav geothermal area. Then they have made energy and exergy analysis for different configurations of this
system. As a result of the research, it has been calculated that 305.713.5 kWh of energy can be produced from the
system. Boukelia et al. [7], designed a Parabolic trough type solar thermal power plant using Therminol VVP-1 and
Molten salt. The system has examined with and without integrated thermal energy storage and fuel backup systems.
8 different configurations created. The configurations are analyzed as Energy, Exergy, Economic and
Environmental. As a result, the highest energy efficiency has obtained in the molten salt configuration. This system
has thermal energy storage and fossil fuel back-up system. Karanfil and Ozbay [8], performed cost analysis of a
100 kW solar power plant using PV panels for Bilecik city. They also calculated the depreciation times according
to the different usage areas of the system. Kumaresan et al. [9], In the present work, solar parabolic trough collector
integrated with thermal storage unit is examined as experimental. The highest energy efficiency obtained from the
system after 12 hours is 62.5%. Reddy et al. [10], have made the PTTSTP Plant design and used the Therminol
VP-1 as the working fluid. They conducted the energy exergy analysis of the system and evaluated it in different
operating conditions to optimize the maximum efficiency of the plant. Giirtiirk [11], made a cost analysis of a 1
MW solar power plant based on PV in Elaz1g. The payback period of the solar power plant is determined as 13
years. Present worth cost of the solar power plant is calculated as 1.156.763 US $

In this study, a solar power plant design has made for a region with low solar radiation value. In the
designed Parabolic Trough Type Solar Thermal Power (PTTSTP) plant has been taken into consideration a system
operating according to the Organic Rankine Cycle (ORC) where solar energy is used as a heat source. In addition,
the system has supported by a thermal energy storage system that can meet the required energy when solar energy
is insufficient. This system has been analyzed to considering different parameters according to the first and second
laws of thermodynamics. And then cost analysis of the system has been made using the Net Present VValue (NPV)
method. According to the obtained results, it has been discussed whether the system is suitable for investment.
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Il. MATERIAL AND METHOD

The flow diagram of the designed power plant is given in Fig. 1. The working principle of the system is
as follows; The sun's rays coming to the surface of the parabolic collectors are reflected in the receiving pipe in
the center of the collector. In this way, the temperature of the fluid entering the parabolic collector rises. Then this
fluid transfers heat from the heat exchanger to the refrigerant in the ORC. At high temperature and pressure, the
refrigerant exiting the heat exchanger operates the turbine. And in this way, electrical energy is produced.
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Fig.1. Flow chart of the system

The Therminol VP-1, molten salt and R-141b have used as a working fluid in the solar field (SF), thermal
energy storage (TES) and power block (PB), respectively. The properties of the fluids are given in Table 1.

Table 1. Properties of fluids used in system design [12,13].

Properties Therminol VP-1  Molten Salt R141b
Boiling Point (°C) 257 - 32.05
Freezing Point (°C) 12 221.85 -103.4
Critical Temp. (°C) 400 - 204.35
Critical Pres. (MPa) - - 4.21

Density (kg/m°) 1068 1840 458.56
C, (kifkg.K) 1.53 1.56 1.15

Parabolic trough type solar collectors have used in the solar field. The parabolic collectors, since it has a
solar tracking system in the east-west direction, allows us to benefit from the sun rays for a longer period of time.
The technical details of the parabolic collectors used in the designed system are given in Table 2.
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Table 2. Technical details of parabolic collectors [14].

Parabolic Collectors Values
Receiver outside diameter (D, ) 0.07m
Receiver inside diameter (D, ;) 0.066 m

Heat transfer coefficient inside the receiver (h;;) 300 W/m?

Thermal conductivity of the receiver (k) 16 W/m °C
Transmissivity of the cover glazing (7 oyer) 0.90
Effective transmissivity of PTC (tpr¢) 0.94
Absorptivity of receiver (a,) 0.87
Correction factor for diffuse radiation (y) 0.95
Single collector width (W) 15
Single collector length (L) 5

In the design of the PTTSTP plant has taken into consideration the solar radiation values of Bilecik.
Bilecik is located between 40.1° latitude and 29.9° longitude and has an average solar radiation value. In this study,
the angle of inclination of the collectors was accepted as 45°, Accordingly, monthly radiation values that come to
the collector surface used in the calculations are given in Table 3. Values of the south direction given in the table
are used in calculations.

Table 3. Monthly radiation values.

I, (W/m?)
Months South (y=0°) West (y=90°) North (y=+180°) East (y=-90°)
January 1142069  1086.764 1043.463 1085.814
February 1348.330 1304.508 1254.600 1304.508
March 1984.929 1951.733 1886.092 1951.733
April 2395.720 2383.971 2302.019 2383.971
May 2815.625 2821.051 2724141 2821.051
June 2857.426 2870.575 2773.108 2870.575
July 2877.944  2887.715 2789.137 2887.715
August 2594.872 2589.897 2499.557 2589.897
September 2078.396 2053.756 1987.108 2053.756
October 1635.340 1591.549 1531.613 1591.549
November 1179.004 1127.075 1082.653 1127.075
December  1035.004 978.463 938.887 978.463

As mentioned before, the system consists of a combination of ORC and solar energy. The main parameters
of the system design are given in Table 4. The reference state has accepted 298.15 K and 101.325 kPa in the
thermodynamic analysis. Different parameters have been taken into account for turbine inlet temperature and pump
outlet pressure.
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Table 4. Main parameters of PTTSTP plant.

Parameters Values

Number of collectors 500
T, (°C) 290
Ty (°C) 390
T; (°C) 380
Ty (°C) 280

P, (kPa) 700, 850, 1000, 1150, 1300

T; (°C) 140, 145, 150, 155, 160

Nen 0.88
Np 0.8

A. Modelling of Parabolic Trough Solar Collectors

The modelling of parabolic trough solar collectors is based on the given in Eq.(1). The rate of useful
energy delivered by a single collector is defined as [15]:

Qu=FR'[S'Aa_Ar'UL'(Ti_Ta)] 1)

Where Fy is the heat removal factor, S is the heat absorbed by the receiver, A, is the aperture area, 4, is
the receiver area, U, is solar collector heat loss coefficient, T; is the entering fluid temperature and T, is the ambient
temperature. Then, the heat absorbed by the receiver is defined as:

S=1-n, )

Where, I, is the direct irradiation intensity; and n,. is the receiver efficiency defined as:

Nr = Tcover "K " Qr "Tprc "V 3)
A, =W-L 4)
A, =m-D,,-L (5)

The heat removal factor is given by:

_ e[, _ULF 4y

Fr = AUy [1 exp( MiCpi )] ©)
Where i; is mass flow rate of the Therminol VP-1 and c,,; is heat capacity of Therminol VP-1, F' is the collector
efficiency factor defined as;

1
I UL
F = 1 Do,r Dor,, Dor (7)
—+ +(2L 4 in=2T
UL hgpDiy * 26 " Dy

Where D, .- is the receiver outside diameter and D; ,. is the receiver inside diameter.

B. Energy Analysis

For a continuous flow system, the mass balance is expressed in terms of the mass flow rate entering and
exiting the system;
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Yy = Im, (8)
Where m; and m, are the mass flow rates at inlet and outlet respectively.

For continuous flow systems, the conservation of energy in terms of energy entering and exiting the
system;

Ei = Ea )

In a continuous flow system, the energy conservation equation for the energy transmitted by heat, work
and mass is written as follows;

Q + W = Zm,h, — Zm;h; (10)
Where, Q and I are the net rate of heat and work, r,h, and m;h;are the enthalpy rates.

Energy efficiency is as follows [16];

— Wnet
C. Exergy Analysis

General exergy balance;

SEx; — Ex, = XEx, 12)
or
Exheat + Exwork + Exmass,i - Exmass,o = Exd (13)

The expression on the right side of equality refers to exergy destruction. The expressions on the left side
of the same equation, exergy generated by the heat interaction (Ex;,.q), €xergy generated by the interaction of
the work (EX,yor) and exergy entering (Exmqss,;) and exiting (Exmqss,0) the mass due to the mass flow is defined
as follows;

Expear =2 (1-2) @ (14)
Exyork = IW (15)
EXpassi = Zmap; (16)
Exmass,o = ZtioPo 1

Exergy flow is calculated as follows;
Y = (h—ho) =T(s = o) (18)

Where h, ve s, refer to enthalpy and entropy values of the fluid at the dead state pressure and temperature,
respectively.
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Exergy efficiency can be defined as the ratio of total exergy output to total exergy entry [16];

=% = tX (19)
Exg Exg

D. Net Present Value (NPV)

In this method, the cash flows of the project to be invested are determined according to the time value of
money. Investments incurred as a result of cash outflow are taken as negative and earnings are taken as positive
and a net result is obtained. If the result is negative, the investment project cannot be made and if it is positive, the
decision to make is correct.

While cost analysis of the designed system, the cost of the initial investment, the operating cost and the
cost of scrap after completing the life of the system have been taken into consideration.

The initial investment cost of the system consists of the cost of the solar field (C;), the cost of the thermal
energy storage system (Cy.4), the cost of the power block (C,;) and the montage cost (C,).

Total cost (C;);
Ct = CSf + Cted + Cpb (20)

Csg, Creq and Cy, values have been included to the calculation as 270.00 $/m?, 30.00 $/kWh and 830.00
$/kWe, respectively[18]. USD exchange was conducted based on Turkey’s Central bank data on August, 2018 (1
USD=5.27 TL). The cost of montage is taken as 10% of the total cost. Accordingly, the initial investment cost is
as given in the equation below;

C;=C,+Cp (21)

In the cost analysis of the plant, the cost of electricity of the pump, personnel expenses, cooling fluid cost,
maintenance and repair costs constitute the operating costs of the system [17].

The cost of maintenance and repair of the cooling system is determined as 2% of the initial investment
cost [16]. Accordingly, the cost of maintenance and repair;

Ci
100

Cor = (22)

The labor force requirement of the power plant has been included in the calculations by considering 1
manager, 1 engineer and 9 workers to meet the system operation. The minimum wage average of 2019 is based on
(2558.4 TL). According to this, the total annual personnel expenses [17];

C, =25584-12-(5-1+3-1+15-9) (23)

While calculating the cost of electricity for the system, the unit cost of electricity was included in accounts
as 0.69 TL/kWh. Accordingly, the cost of electricity;

C, =W, -0.69 24360 (24)
The total operating cost of the system;
Co=Cpr+Cc+Cp+C, (25)

The scrap cost of the plant was taken as 10% of the initial investment cost. Accordingly, the cost of scrap;
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C,=-=L.10 (26)

" 100

The useful life of the PTTSTP plant has been determined as 20 years and the cost of the system was
investigated by the NPV method. NPV method can be expressed mathematically as follows;

B,
NPV = Tig o @7)

+r)t
NPV; Net present value, n; the useful life of the project, B,; cash flow in t year, r; discount rate.
1. RESULT AND DISCUSSION

In this study, parametric evaluations were made for pressure values at pump inlet (1) and temperature
values at heat exchanger outlet (3) while PTTSTP plant design was performed. The system had established
considering that it could be placed 500 collectors on the land of 138.330 m? in Bilecik province.

In this context, energy efficiency, exergy efficiency and net power output changes were examined and
cost analysis was performed by the NPV method. The system was analyzed according to the first and second laws

of thermodynamics. Accordingly, the change in energy efficiency according to the temperature Ts is shown in
Fig.2, the change of exergy efficiency according to the temperature Ts is shown in Fig.3.

——T00kPa ——850kP3 —d—1000kPa —@—1150kPa =—#— 1300 kPa
- l\.\.\.\_-
. '\*\\_‘\.

140 145 150 155 160
T:(0)

1 (%)

Fig. 2. The variation of n versus Ts.

Figure 2 shows that the energy efficiency of the PTTSTP plant decrease by the increase in working fluid
temperature. The energy efficiency of the system ranges between 19.36 and 24.73%. The highest efficiency value
is 24.73% at a pressure of 1.3 MPa and at a temperature of 140 °C and the lowest efficiency value is 19.36% at a
pressure of 0.7 MPa and at a temperature of 160 °C.
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Fig.3. The variation of € versus Ts.

Figure 3 shows that the exergy efficiency of the PTTSTP plant decrease by the increase in working fluid
temperature. The exergy efficiency of the system ranges between 24.95 and 31.86%. The highest efficiency value
is 31.86% at a pressure of 1.3 MPa and at a temperature of 140 °C and the lowest efficiency value is 24.95% at a
pressure of 0.7 MPa and at a temperature of 160 °C.

—4— 700 kPa —M— 850 kPa —#— 1000 —@— 1150 kPa —#— 1300 kPa
36

30 ‘-\.\i\‘_\‘
R

135 140 145 150 155 160 165

Woee (MW 1)

T5(°C)

Fig.4. The variation of W, versus Ts.

Figure 4 shows that the net electrical energy production values of the PTTSTP plant decrease by the
increase in working fluid temperature. The net electrical energy production of the system ranges between 26.25
and 33.52 MWh. The highest the net electrical energy production is calculated 33.52 MWh at a pressure of 1.3
MPa and at a temperature of 140 °C.

When the obtained data were examined, the best values of the system had obtained at a pressure of 1.3
MPa and at a temperature of 140 °C. Accordingly, the data obtained from the cost analysis of the system had given
in Table 5. The table does not include the values of the intermediate years.
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As aresult of the calculations made according to today's values, the values given in Table 5 were obtained.
Accordingly, it is possible to reap a profit of 1.270.239.479 TL. As a result, the system is suitable for investment
since it can amortize itself within 5 years. But collector prices are expensive for countries with high interest rates.
Therefore, it is necessary to take into account parameters such as interest rates and exchange rates that hinder
investment.

Table 5. NPV analysis of system design (TL)

Investment Today 5 10 15 20
Solar Field cost -19.681.481

TES cost -61.418.253

PB cost -14.408.351

Total cost -95.508.086

Montage cost -9.550.808

Scrap cost -10.505.889

Initial Investment cost -105.058.894

Cash Flow (TL)

Refrigerant cost -1.440.835

Maintenance and repair cost -2.101.177 -105.058 -105.058 -105.058 -105.058
Personnel expenses -844.272 -844.272 -844.272 -844.272 -844.272
Electricity Production 198.428.926 198.428.926 198.428.926 198.428.926 198.428.926
Total cash flow -117.005.619 197.479.595 197.479.595 197.479.595 197.479.595
Discount rate (%13) 1.00 0.54 0.29 0.16 0.09
Cumulative cash flow -117.005.619 870.392.357 1.857.790.334 2.845.188.310 3.832.586.287
Present Value -117.005.619 107.184.012 58.175.187 31.575.161 17.137.732
NPV (TL) 1.270.239.479

IV. CONCLUSION

In this study is investigated the applicability of the PTTSTP plant in Bilecik. In this aim, energy, exergy
and NPV analysis were conducted. The energy and exergy efficiencies of this system were found as 24.73% and
31.86%, respectively. When the useful life of the PTTSTP plant was determined as 20 years, the NPV value was
calculated as 1.270.239.479 TL. According to the results obtained from the analyzes for considered location, it is
seen that the location is suitable for solar power plant. However, To invest in the PTTSTP plant only technical
parameters such as sunshine time and solar radiation values are not enough. The economic situation of the country
should also provide investment conditions.
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