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ARTICLE INFO ABSTRACT
Keywords: The effective use of renewable energy has been the most common problem of the last few years. The optimal
Low solar radiation designs of renewable energy systems are the most crucial issue among these problems. However, the optimal

Multi-criteria decision-making
Social aspects
Two-stage solar power plant

points can differ according to the perspectives. In this study, the effects of the different social aspects were
investigated on the optimal design of the two-staged solar power plant operating under low solar radiation. In
this regard, three social perspectives were handled to optimize the design parameters, including investor, en-
gineering and consumer sights. Thus, different system designs were formed considering different thermody-
namical parameters, solar radiation values, and working fluids. The formed designs were then
thermodynamically analyzed through energy and exergy methods and economically analyzed through the net
present value (NPV) method to obtain the input and output values to determine the optimal points. Finally, the
efficiency analysis technique with output satisficing (EATWOS) analysis was handled for three different social
aspects to make a decision on the optimal system. The social aspects were included in the optimization through
the analytical hierarchic process (AHP) for inputs and outputs. The results show that the social perspectives have
essential effects on the optimal designs of the energy systems. As a result, the system’s energy and exergy effi-
ciency for the investor basis were determined as 20.88 % and 22.42 %, respectively. This system can produce
93.55 MW of power generation with a profit of 103 million US$ at the end of 20 years. The system’s energy and
exergy efficiency for the engineering basis were determined as 20.56 % and 22.08 %, respectively. This system
can produce 71.17 MW of power generation with a profit of 80 million US$. The system’s energy and exergy
efficiency for the consumer basis were determined as 19.65 % and 21.09 %, respectively. This system can
produce 88.03 MW of power generation with a profit of 92 million USS$.

as parabolic troughs, central receiver towers, linear Fresnel, and
paraboloidal dishes. Parabolic trough solar collectors (PTSC) are widely
used in power plants due to their lower cost in comparison to other
collector types [1,2]. PTSC enables to evaluate the solar energy
obtaining working fluid with higher temperatures up to 400C [3,4]
depending on its structural technology and allows a continuous and
stable power source through the integration with a thermal energy
storage (TES) unit [5], preventing the daily and seasonal fluctuations.
The higher outlet temperature of PTSCs enables the use of water as the
working fluid in the steam Rankine cycle (SRC) with a relatively higher
efficiency [6,7]. However, there is still potential to increase the system
efficiency since SRC waste heat is available depending on the thermo-
dynamic working conditions [8]. In their previous study, the authors
investigated the single-staged solar power system designed for the low
radiation zone [9]. The system is designed in a combination of solar

1. Introduction

Increasingly, there is a global shift toward cleaner and renewable
energy sources to reduce greenhouse gas emissions and mitigate climate
change. This transition involves improving energy efficiency, promoting
renewable energy technologies, and exploring innovative solutions to
sustainably meet the growing energy demand. Therefore, research on
clean and renewable energy sources, such as wind, solar, geothermal,
and biogas, which can be an alternative to fossil sources, has increased in
the last decades. Solar energy draws attention since it is an endless,
clean, and accessible resource.

One of the most beneficial ways to use solar energy is concentrated
solar collectors, which collect the sun’s rays coming to the surface in a
particular area. Many types of concentrated solar collectors exist, such
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Nomenclature
A area (m?)
b distance between plates (m)
B; cash flow
Bo Bond number
¢ specific heat (kJ/kgK)
C cost (US$)
CEPCI  chemical engineering plant cost index
CR concentration ratio
D diameter (m)
e baffle spacing (m)
; energy (kW)
Ex exergy (kW)
Fay bare module
Fr heat removal factor
F collector efficiency factor
G mass flux (kg/rnzs)
h enthalpy (kJ/kg), heat transfer coefficient (W/m?)
H daily solar radiation (W/m?), height (m)
Hy extraterrestrial radiation (W/m?)

hourly solar radiation (W/m?)
k thermal conductivity (W/m°C)
K; clearness index

l wall thickness (m)

L length (m)

m mass (tons)

m mass flow rate (kg/s)
M quantity of coal
Tpass number of passes
N

number of PTSC

Np number of plates

NCV net calorific value

NPV net present value

Nu Nusselt number

p pressure (kPa)

PR tube pitch ratio

r radius (m), discount rate (%)
thermal resistance

Re Reynolds number

R} fouling factors

s entropy (kJ/kgK)

S sunshine duration

So day length

SI sustainability index

t plate thickness (m)

T temperature (°C)

U heat transfer coefficient (W/m? °C)

U coefficiency of collector heat loss (W/m? °C)

14 volume (m®%)

Z altitude of site

Q heat energy (kW)

w width (m)

w power (kW)

Greek Symbols

ar absorptivity of receiver

y correction factor for diffuse radiation
Vs environmental parameter

S declination angle

€ exergy efficiency (%)

n energy efficiency (%)

u dynamic viscosity (Pa-s)

0 incidence angle, tube layout angle
0, zenith angle

p density (kg/m>)

c surface tension (N/m)

Teover transmissivity of the cover glazing
TpTSC effective transmissivity of PTSC

@ latitude angle

W specific exergy (kJ/kg)

® hour angle

s sunset-hour angle

Subscripts

0 dead state

a ambient, aperture

b beam or direct normal irradiation
c cold

cr critical

d diffuse, Destruction

h hot

i inside

l lost

m moving surface

[4 outside

P pump

r receiver

s shell and tube

t tank, total, tube

T turbine

u useful

Abbreviations

AHP analytical hierarchic process

CST cold storage tank

DNI direct normal irradiation

EATWOS efficiency analysis technique with output satisficing
GDM General Directorate of Meteorology

HE heat exchanger

HST hot storage tank

MCDM  multi-criteria decision-making
ORC organic Rankine cycle

PB power block

PTSC parabolic trough solar collector
SF solar field

SRC steam Rankine cycle

TES thermal energy storage

fields (SF), including PTSC, TES, and power blocks (PB), under 24-hour
operating conditions without any external energy source. As a result,
they determined that the system with SRC provided the optimum design
with the highest net present value (NPV). The optimum system’s energy,
exergy, and economic analysis results are reported as 10.19 %, 10.94 %,
and 9.012 million US$, respectively. Although it is possible to design an
economically feasible system operating under low solar radiation, the

authors indicated that it was possible to increase efficiency by inte-
grating a second cycle operating under lower thermodynamical
conditions.

Two-staged cycles were developed to evaluate the waste heat
released to the environment and increase the system efficiency, and
these cycles became the focus of attention for researchers [10]. Alka-
ssem [11] analyzed a power plant with combined Brayton and Rankine
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cycles integrated into the central receiver solar collectors. The results
reported that the hybrid system provides a lower energy cost and en-
hances annual generation. Bahari et al. [12] developed a PTSC-based
combined power cycle consisting of a regenerative SRC and an organic
Rankine cycle (ORC). As a result, the optimum cycle exergy efficiency
and levelized cost of electricity production at the best design point were
determined as 63.89 % and 0.153 USD/kWh, respectively. Li et al. [13],
in their study, proposed an ORC-SRC based on solar energy. The com-
bined cycle using a mixture of biphenyl and diphenyl oxide as the
working fluid in the ORC was reported to achieve a maximum efficiency
of 45.3 %. Khandelwal et al. [14] performed a thermodynamic analysis
of a combined power cycle based on PTSC with a cascaded TES system
for different heat transfer fluids. Nazari et al. [15] performed the ther-
modynamic and exergo-economic analysis of the combined SRC and
ORC. The use of R152a in the combined cycle was reported to have the
best thermodynamic performance. Cao et al. [16] investigated a super-
critical CO, Brayton and organic Rankine (ORC) combined cycle based
on solar energy utilization. In the system developed for a region with a
solar radiation value over 1400 kWh/m?, the optimum efficiency and
net power were determined as 35.07 % and 16.63 MW, respectively. Li
et al. [17] investigated the system with the two-stage SRC and ORC
cycles designed using PTSC. The analysis was conducted for a region
with a direct normal irradiation (DNI) of 800 W/mz, and the system
efficiency was determined to be 15.62 %. Mirjavadi et al. [18] examined
the comparison of two-stage SRC-ORC and SRC-Kalina cycles. It was
stated that the system with the Kalina sub-cycle was superior to the
system with the ORC sub-cycle designed for the region with a DNI of
750 W/m?. Habibi et al. [19] presented a hybrid system consisting of a
partial evaporation SRC, an ORC, and a TES. The system was driven by
PTSC and was investigated from the energy and exergoeconomic as-
pects. The proposed system’s net power output and exergy efficiency
were determined to be 782 kW and 18.61 %, respectively. In the pre-
vious study of the authors [9], they indicated that single-staged designs
are more effective even when the solar radiation values are relatively
lower (approximately DNI of 500 W/m?) compared to other PTSC
studies in the literature (DNI of 750-1000 W/m?). Although SRC was
discovered as the optimal solution for the handled low radiation zone,
there is still potential to be evaluated in ORC. In this study, the appli-
cability of SRC-ORC combined cycles to improve the efficiency of PTSC-
driven power generation systems operating under low solar radiation
values was investigated. In this regard, a two-staged solar thermal power
plant, including the components of SRC and ORC, was explicitly
designed for areas with low solar radiation. A region with the highest
DNI of 541 W/m2 was chosen as the study area. The system’s perfor-
mance was evaluated from the thermodynamic perspective, as well as
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economic viability and environmental impact. Since the most critical
challenge of a solar power plant is radiation fluctuations and how to
provide the energy needed to produce steam during the night or on
cloudy days, a dynamic analysis was conducted for a complete year to
create a realistic model through the analytical calculation prepared by
Excel.

The other important point is to make a decision on the optimal point
amongst the parametrically performed designs considering the outputs
such as efficiency, power generation and economics [20,21]. There are
many methods to decide on the optimal point, including machine
learning and multi-objective [22-24]. These methods were successfully
applied to the solar power systems. Ehsan et al. [25] optimized a dry-
cooled supercritical concentrated solar power (s-CSP) plant to maxi-
mize the power output. All the components were analyzed and sized in
their study considering the climatic conditions. As a result, they con-
ducted the optimal sizes of the system components, such as the TES unit,
cooling tower and solar field, through the parametrical analysis. Bou-
kelia et al. [3,4] conducted an optimization study of a parabolic trough
solar thermal plant using an artificial neural network (ANN) tool. They
successfully applied to generate the new system designs with different
thermodynamical parameters. The optimal point was made based on the
economic indicators of the designs. Although the developed model is
helpful, it has some difficulties from the multi-objective perspectives.
Turja et al. [26] conducted a multi-objective optimization of an s-CSP
plant. They used machine learning algorithms such as artificial neural
network (ANN) and the genetic algorithm. Finally, they used the tech-
nique for order of preference by similarity to ideal solution (TOPSIS) as
the multi-criteria decision-making (MCDM) method for multi-objective
optimization. This application is a helpful tool for optimizing the ther-
modynamic parameters on the forecasting basis of the systems. How-
ever, the separate effects of the parameters are significant for this kind of
analysis. Arslan et al. [27] used the efficiency analysis technique with
output satisficing (EATWOS) to decide on the optimal design of an ORC
plant. In this study, each parameter’s effecting degree (weight) was
concluded equally in the analysis. The equal weight could be effective
when the parameters are selected as the same kind such as temperature
or pressure. When different types of parameters are used, the weights of
the parameters should be carefully determined. Arslan et al. [28]
included the analytical hierarchic process (AHP) in EATWOS to deter-
mine the weights of outputs. So, AHP was successfully used to measure
the qualitative effects. Since an expert view was included in the MCDM
tool, the analysis was successfully applied for the optimization.

The determination of the optimal designs of an energy system can
differ depending on the targets and perspectives. At this point, the social
concerns could be practical on the output of a system design affected by
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Fig. 1. Schematic diagram of the system.
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Determination of the SF

Obtaining the global solar irradiation

Calculating of the direct irradiation

Calculating and determination of the technical and characteristic of SF
(PTSC, HST,CST)

Calculation of the technical characteristic of the SRC
(parametric study)

Calculation of the technical characteristic of the ORC
(parametric study)

Energy and exergy analysis

Economic evaluation

Multi-criteria analysis

\

Environmental evaluation

/

Fig. 2. Calculation flow chart.

Table 1

Technical properties of PTSC [9,31].
PTSC Value
Dor(m) 0.07
Di(m) 0.066
U, (W/m°C) 3.82
h(W/m?) 300
k(W/m °C) 16
Teover 0.90
TPIC 0.94
ar 0.87
y 0.95
W(m) 5.76
L(m) 15
CR 47
N 15,489

input parameters. An investor aims to get more benefits with less in-
vestment cost, whereas an engineer aims for the highest generation with
the highest efficiency. The cost issues are related to efficiency for an
engineering approach since higher efficiency means less cost at the
optimal point. However, a consumer deals with the power tariffs he must
pay. Therefore, according to the social aspects, there would be different
optimums for the energy plants. In this study, the effects of the social
aspects on the optimal design were investigated for the two-staged solar
power plant operating under low radiation. Three social aspects,
including the investor, technical (engineering), and consumer views,
were investigated in this regard to make a decision on the optimal sys-
tem to draw a path for governors and decision-makers. The efficiency
analysis technique with output satisficing (EATWOS) analysis was
handled for three different social aspects to make a decision on the
optimal system. The social aspects were included in the optimization
through the analytical hierarchic process (AHP) for inputs and outputs
since it enables the illustration of the social parameters in numeric
depending on their importance scaling. The input and output values
were obtained from the power plant’s formed design. In this regard, 945

designs operating with R600a and 630 designs operating with R152a
were formed according to climatic conditions. The plant was thermo-
dynamically investigated for different parameters, including solar ra-
diation, investment cost, temperature and pressure scales to form the
input data. So, the outputs, including energy efficiency, exergy effi-
ciency, sustainability index (SI), net power generation, and net present
value (NPV) of the system, were obtained to make a decision on the
optimal solution. Solar radiation related to installation points was per-
formed at different levels, including the minimum, moderate, and
maximum, for the hourly dynamic evaluation for a complete year.

2. System Description

The system model was created specifically for the environmental
conditions of Bilecik province (40.1° latitude and 29.9° longitude) in
Turkey, where the annual solar radiation value is relatively low, ranging
from 1400 to 1550 kWh/m? with a maximum direct normal radiation of
541 kW [29]. Given the mountainous and rugged terrain of Bilecik,
installing a power plant in the area presents specific challenges.
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Fig. 4. Hourly solar radiation and temperature (T) values for the day maximum irradiation (July 1).

Although the mountainous and rugged terrain of Bilecik may pose
challenges for solar power due to potential shading issues, there are still
possibilities for solar energy generation. Considering the shading,
transportation, and distance to networks, the available areas were
determined for installing solar collectors. Detailed information about
the designated solar power plant area is given in the previous study by
the authors [9]. The proposed system comprises four key components:
SF, TES, SRC, and ORC. The schematic diagram of the proposed system is
illustrated in Fig. 1, providing a visual representation of how these
components are interconnected and function together.

In SF, PTSCs are commonly used in areas with low solar radiation. In
the designed system, some heat (at x mass ratio) provided from SF is
used for power generation, while the remaining (at 1-x mass ratio) feeds
the TES system. The energy transferred to the TES system in the heat
exchanger (HE-I) is stored in the hot storage tank (HST) to be evaluated

when solar energy is insufficient. The energy transferred to the power
cycle from HE-II activated in the nonsolar time and HE-III activated in
the solar time conditions generates high-pressure superheated steam in
the working fluid (at point 3) in the SRC. The fluid in this state generates
electricity by operating the Turbine-I. Since the SRC is suitable for
operation at high temperatures, the fluid at point 4 still has a high en-
ergy potential. Waste heat is evaluated through the sub-cycle added to
benefit from this energy. Two-stage power generation is provided by the
waste heat transferred from HE-IV to the ORC. Since no cooling water
source exists in the selected region, air cooling in the condenser has been
considered. The proposed system uses a shell-and-tube heat exchanger
for liquid-vapor heat transfer and a plate type heat exchanger for lig-
uid-gas heat transfer. Under these circumstances, the two-stage solar
power cycle system was evaluated from the energy, exergy, economic,
and environmental points of view. The calculation steps are given in
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A-A cross-section

e

Fig. 5. Model of TES tank.

Table 2

The technical properties of TES.
Property Value
D¢(m) 30
H(m) 9.2
V(m?) 6616.31
m(tons) 10162.65

Table 3
Properties of TES system [38,39].
Component  Explanation Material Radius Thickness k(W/m
(m) (mm) °C)
1 Storage Molten - - 0.55
material salt
2 Stainlesssteel ~ AlS/316 15 30 13.4
3 Insulation Glass - 100 0.038
wool
Fig. 2.

Since the most critical challenge of a solar power plant is radiation
fluctuations and how to provide the energy needed to produce steam
during the night or on cloudy days, a dynamic analysis was conducted
for a complete year to create a realistic model in Excel through the
analytical calculations given as follows.

2.1. Design of the solar Field

PTSC have a reflective surface that redirects sunlight towards a
central receiver pipe, where a fluid is heated, turning it into a heat
source. For the optimal utilization of solar rays, the PTSCs are positioned
in a horizontal North-South (N-S) axis and equipped with a solar
tracking system that allows movement in the East-West (E-W) direction.
As determined in previous research, the distance between PTSCs is set at
5.1 m to minimize shading effects [9]. Table 1 presents the detailed
technical specifications of the PTSCs. These specifications provide
essential information about the physical characteristics and perfor-
mance parameters of the PTSCs used in the system. It includes necessary
details such as dimensions, material properties, tracking system capa-
bilities, and other relevant features for understanding the design and
operation of the PTSCs. As for the heat transfer fluid used in the solar
field, a thermic oil called Therminol VP-I has been selected since it
demonstrates favorable heat transfer properties and effective

Table 4
Properties of fluids used in system design [45,46].

Properties Therminol VP-I Molten salt R718 R152a R600a
Thoiting("C) 257.0 100 —24 -11.7
Trnetting(°C) - 929 - - -

T (°C) 430 - 374.0 1133 134.7
P.(MPa) - 22.06 4.52 3.63
p(kg/ms) 990.6 1920 795.2 812.3 508.7
¢p(kj/kgK) 2.305 1.66 2.16 2.01 2.67

temperature control [30]. This study assumes that the temperature at
the PTCS outlet for Therminol VP-I is kept at 400 °C.

It is essential to know about DNI to accurately analyze systems with
solar tracking, such as PTSC. Unlike diffuse solar radiation, direct solar
radiation cannot be directly calculated. It is determined by subtracting
the diffuse solar radiation from the total solar radiation. Total solar ra-
diation data can be obtained from meteorological stations or estimated
using empirical equations. The daily total solar radiation values
measured for Bilecik were obtained from the General Directorate of
Meteorology (GDM) [32]. The daily total solar radiation values calcu-
lated using 20 different empirical equations were statistically compared
with those obtained from the General Directorate of Meteorology. In this
context, the Kilic and Ozturk model, presented in Equation (1), is the
most statistically appropriate model [32,33]. The coefficient of deter-
mination (R?), Mean Absolute Percentage Error (MAPE) and the root
mean square error (RMSE) values for this model were determined to be
0.97, 0.08 and 1.21, respectively, indicating a high level of agreement
between the calculated values and the actual measurements [32].
Accordingly, the daily total solar radiation incident on the horizontal
plane (H,) is given by:

ZL_a+be(S/Sy) m

where Hy, S, and Sy define daily extraterrestrial radiation, daily sun-
shine duration, and day length, respectively. Then, the Barbaro model
[34] approved for the studied area [32] was used to calculate the daily
diffuse solar radiation (Hy) incident to the horizontal plane:

Hy

= 1.0492 —1.13246 ¢ K 2)

t

where Kr is the day’s clearness index. Accordingly, daily direct solar
radiation (Hp) can be determined by [34]:
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Table 5
The technical properties of the used shell and tube type heat exchangers
[47-49].

Shell and Tube Heat Exchangers

Properties Value
Mpass 1

L(m) 12

D (m) 0.016
Do (m) 0.0508
I(m) 0.0015
a(°) 30
e(m) 1.5

PR 1.25
D;(m) 1
k(W/mK) 42.7 (Chromium alloy)

H, =H,—H; (3)

Total solar radiation values obtained from the GDM, calculated H,,
H,; and H, and Ky are given in Fig. 3.

Hourly total solar radiation values (I;) can be determined from H,
values using the relations developed by Collares-Pereira and Rabl
[35,36]. Accordingly, the hourly total solar radiation (I;) is given by:

COSW — COSW;

r
I, = H— (a+b e cos
¢ t24( +b e cosw) nw; COSw;

4

_ Tos
180

The hourly diffuse solar radiation (I;) value can be determined using
the equation suggested by Liu and Jordan [36]:

T COS®W — COSW;
Ii=Hi/ ————
24 sinw;s — {g5 COSW;

&)

Accordingly, the hourly beam (DNI) solar radiation (I;) value can be
determined as follows:

L=1I-1I (6)

Solar radiation was calculated for each day and hour of the year. The
proposed system’s analysis was carried out hourly for a complete year.
Accordingly, July was determined as the month with the highest solar
potential. Hourly solar radiation and temperature values for July 1,
which has the highest solar radiation value, are given in Fig. 4.

When Fig. 5 is examined, the highest I, on 1 July was observed as
541 W/m? between 12:00 and 13:00. The useful heat energy (Q,) that
can be obtained from a single collector is determined by Equation (12).
This equation quantifies the amount of valuable or beneficial energy
considering various factors and parameters [37]:

Qu=FreA[SeCR—TmeU e (Tyy —T,)] )

Here, Fy is the heat removal factor, S is the heat absorbed by the

receiver,CR is the concentration ratio of the PTSC, andU; is the heat loss

coefficient. Ty; and T, are the inlet temperature of heat transfer fluid and

the ambient temperature, respectively. The thermal efficiency of the

PTSC can be calculated by [1]:

Q

Nprsc = I_u 8)
b

Table 6
The technical properties of the used plate type heat exchangers [47-49].

Plate Type Heat Exchangers

Properties Value

H(m) 0.6

W(m) 0.3

t(m) 0.0007

b(m) 0.003

k(W/mK) 13.5 (Stainless Steel AISI 304)
Np(plate number) 20

S (chevron angle) 30
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Table 7
Energy and Exergy balances of system components.

Component.  Energy Analysis Exergy Analysis
PTSC mithi + Weak + My + Weack + EXgolar = T2y +
Q, = mizhi2 Exqprsc
HST 7 ) = . T . .
mlshls + Quasr Mgy 4 — <1 770) ® Q st —Misyqs =
mighyg T
EXausr
CST migh ) = . . To 5
Als 18 F Q'CST M7y, —Migyyg — | 1 ) Qicst +
mizhyy + Wy . X 7
Wpy = Exqcst
HE-I mizhiz +mughis = Moy, + Mg = Musyng + Muayy +
myshys + myghig T : :
122 o Qup_, + Exane—t
T12
HE-II mighie + Mahy = MieWre + Moty = Mizyy, + Mayy +
mizhiz + myhy To ; :
(1 T, * Que-nr + Exqpp-nn
HE-III mMizhiy +mohy = Mgy + Moy, = Mizyys + mMays +
myzhyz + mshs T . :
(1 —%) ® Qup_m + EXape m
Pump- I mihy + Wp_p = iy, + Wp_p = may, + Exgpr
myhy
Pump- I mshs+Wp_y = Musws + We_ir = MgWag + EXap 1t
mghg
Pump- III mshis + W = misyys + Woom = miyy, + Exap_mr
mihn
Pump- IV mishis + Wey = musyys + Wiy = sy + EXap-tv
nuehie
Pump- V myzhiy + Wp_y = misys + Weoy = mieyie + Exgp v
nighis
Turbine- I mghy = mghys + Maws = maw, + Wrog + Exqr g
WT*I
Turbine- II myh; = mghg + Moy, = mgyg + Wr_n + Exqr_p
Wr_n
Condenser mghg + miohy = nighg + mghg = mshs + miohio +
mshs + miohio T : :
(1-12) *on + B

The detailed information about the solar irradiation analysis is given
in Appendix A.

2.2. Design of thermal energy storage system

The thermal energy storage (TES) system comprises a hot storage
tank HST and a cold storage tank (CST). The purpose of this system is to
store the heat accumulated during the day so that it can be utilized
during the night when sunlight is unavailable or on cloudy days when
solar energy is insufficient. The liquid discharged from the HST is
transferred to the CST, completing the storage cycle. The technical
properties of the storage tanks are given in Table 2.

Insulation is applied to minimize heat transfer from the storage tanks
to the surrounding environment. The selection of insulation materials is
crucial since materials with higher heat transfer coefficients facilitate
more excellent heat transfer. Conversely, materials with lower heat
transfer coefficients are employed when reducing heat transfer is
desired. The chosen storage material for the TES system is a molten salt
mixture consisting of 17.50 % LiNOs, 14.18 % NaNOs, 50.53 % KNOs,
and 17.78 % NaNO; by weight. This specific mixture possesses desirable
properties for TES applications, including a lower freezing point (99 °C),
higher heat capacity (1.66 kJ/kgK), higher upper-temperature limit

Table 8
The basis of the emissions and the annual amount released into the environment
[56].

Fuel type Emission*
CO, NO SO,
Lignite 0.47848 0.00782 0.00077

*per kg-fuel.
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Table 9
The comparison and weighting matrix.
Input Output
1S CcM I Cwm P, T3 Ps T, [SI Wue n & NPV
L 1 5 5 5 5 5 S 1 033 050 1 033
Cy 1 1 4 5 4 5 Woee 3 1 050 1 050
P, 020 025 1 3 1 3 n 2 2 1 050 033
T; 020 020 033 1 033 1 € 1 1 2 1 033
Ps 020 025 1 3 1 3 INPV 3 2 3 3 1
T, 020 020 033 1 033 1
WM [ L, 0.3524 [ SI 01022
Ciny  0.3239 Waee 0.1766
P, 0.1104 n 01738
T; 0.0514 e 0.1662
Ps  0.1104 | NPV 0.3812
— | T, 0.0514
ES CM [I, Ciwy P T3 Pg Ty [ SI Wne 7 e NPV
L, 1 3 3 3 3 3 SI 1 033 033 033 1
Cw 033 1 05 05 05 05 Whee 3 1 1 05 2
P, 033 2 1 3 1 3 n 3 1 1 05 2
T; 033 2 033 1 033 1 € 3 2 2 101
Ps 033 2 1 3 1 3 INPV 1 05 05 1 1
|77 033 2 033 1 033 1
WM [ I, 0.3533 [ SI 0.0943
Ciny  0.0762 Whee 0.2244
P, 0.1896 7 0.2244
T  0.0956 e 0.3086
Ps  0.1896 NPV 0.1481
| T, 0.0956
cs CcM [, Cw P, T3 Ps Ty [ SI Wwe n € NPV
L 1 1 1 1 1 1 sI 1 05 1 1 2
Cw 1 1 2 2 2 2 Wee 2 1 1 1 050
P, 1 05 1 1 1 1 n 11 1 1 2
T 1 05 1 1 1 1 € 101 1 1 2
Ps 1 05 1 1 1 1 NPV 05 2 05 05 1
|77 1 05 1 1 1 1
WM [, 0.1647 [ SI 0.1968
Ciny  0.2599 Waee 0.2113
P, 0.1438 7 0.2149
T; 0.1438 e 02149
Ps  0.1438 | NPV 0.1620
| T, 0.1438
The heat stored during insolation is discharged for use at night or on
T;bl.e 10 fication for th | . cloudy days. During discharge mode, the heat can be transmitted from
The identification for the model enumerating. the TES to the PB. TES consists of charging, storage, and discharging
Model Ip,m Ps Ts P; (kPa) T7 (°C) processes in hot and cold tanks. For the charging stage, the inlet heat of
indicator S:g)/ (kPa) O pis2a Re00a R152a R600a HST can be defined by [42]:
1 150 650 240 1400 900 60 65 Qusr = Qua — Quast 9
2 250 1000 270 1600 1000 65 70 .
3 350 1600 300 1800 1100 70 75 Here, Qysr refers to the heat lost from the storage tank during the
4 450 2000 330 - - 75 - charging period, and it is calculated by [42,43]:
5 541 3000 350 - - -
6 - - 360 - - - Qs = (UA)ysr @ (Tust — Ta) 1o
7 - - 370 - - -
8 - - 380 - - -

(425 °C), enhanced long-term thermal stability (total weight loss of 7.6
%), reduced corrosion behavior (15.75 pm/year), lower cost, and higher
thermal conductivity (0.55 W/mK) [38]. The selected molten salt is
more available than commonly used molten solar salt consisting of 60 %
NaNO3z and 40 % KNO3 by weight since it is available for the higher
temperatures of high-radiation areas (over 220 °C of melting point) [4].
From the freezing issues of the low-solar radiation zones, the selected
molten salt has a lower melting point in comparison to other available
molten salts such as LiNO3-NaNO3-KNO3 (117.4 °C) and LiNO3-NaNOs-
KNO3-MgKN (101.2 °C) [38]. Fig. 5 illustrates the model of the storage
tanks, showcasing their design and structure. Furthermore, Table 3 de-
tails the specific properties of the TES model.

The TES system is driven by three operating modes: charge, storage,
and discharge. During the charging period, the heat obtained from the
sun is stored in the HST. Although the molten salt has a maximum
operating temperature of 390 °C, it is adjusted to 386 °C [40,41],
considering the heat losses from the storage tank to the environment.

where U and A are the overall heat transfer coefficient and heat transfer
surface area of the storage tank, respectively. The (UA)yqy is calculated
by [9,44]:

1

(UA)ysr = 5— an
Rmp
Here, Ry, is the total thermal resistance of the tank walls. The

detailed analysis is given in Appendix B.
2.3. Design of two-stage power block

The power block (PB) of the system consists of a two-stage cycle,
which aims to achieve higher power output and increased efficiency
compared to single-stage systems. Unlike single-stage systems that
release waste heat from the condenser into the environment, the two-
stage cycle utilizes this waste heat of the steam Rankine cycle (SRC) to
generate additional power through an organic Rankine cycle (ORC). The
R718 (water) steam cycle was determined to be the most suitable fluid
for the single-stage cycle to achieve optimal performance and maximum
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Fig. 7. Wye values of the formed designs for R600a.

efficiency in the authors’ previous study [9]. Additionally, in the added
organic Rankine cycle (ORC), which operates at lower temperatures,
refrigerants R152a and R600a were selected since they are well-suited
for harnessing waste heat with lower ozone depletion and global
warming potentials. The properties of these fluids are detailed in
Table 4. In calculations, turbine and pump efficiencies are included as
85 % and 80 % respectively [9].

The assumptions made in heat exchanger modeling include steady-
state conditions, negligible heat losses from the surface, neglecting
changes in kinetic and potential energies, and ignoring pressure drop in
the tube side. These assumptions simplify the analysis and calculations,
enabling a more focused evaluation of the heat transfer process within
the heat exchanger. This study utilizes two different types of heat ex-
changers: a shell and tube heat exchanger and a plate type heat
exchanger. The heat exchanger area (Agg) can be expressed by [47,48]:
Qur

Apg = —HE
HE Ue ATLM'ID

12)

where U is the total heat transfer coefficient. ATyyp is defined loga-
rithmic mean temperature. A shell and tube heat exchanger is a type of

heat transfer device consisting of a cylindrical body and parallel pipes
positioned within this body [49]. The shell and tube heat exchanger in
this study served as the condenser. This heat exchanger design allows for
effective heat exchange between the two fluids, optimizing the cooling
process of the organic fluid within the system. The U is a calculated
value that quantifies heat transfer efficiency in a shell and tube heat
exchanger. The resulting coefficient provides valuable insights into the
heat exchanger’s performance and heat transfer effectiveness between
the fluids. The U is calculated by [49]:

D,y 1, In(Dy/Di) , 1 D,

t "
— “R. +R
Dy by * 5+ %o

U
zﬂ'kL ho Di,t

(13)

The detailed analysis for the shell and tube heat exchanger is given in
Appendix C. Table 5 provides the used shell and tube type heat ex-
changers’ technical specification.

Plate type heat exchangers consist of an assembled series of plates.
The hot and cold fluids flow through separate channels formed by the
narrow gaps (b) between the plates, allowing for efficient heat transfer.
This design ensures that the fluids do not mix during the process,
enabling effective heat exchange. This study selects HE-I, HE-II, HE-III,
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Fig. 9. 7 and ¢ variation of the formed designs for 600a.

and HE-IV as the plate type heat exchangers.
heat exchanger is calculated [50]:

1

The U for the plate type

U 14

=1
T

e
F=

where t, k, and h are defined as plate thickness, thermal conductivity of
material, and heat transfer coefficient (inlet and outlet), respectively.
The detailed analysis of plate type heat exchanger is given in Appendix
D. Table 6 provides the used plate type heat exchangers’ technical
specifications, including dimensions, material composition, and other
relevant parameters.

3. Thermodynamic evaluation

Table 7 provides the energy and exergy balance equations for all the
components within the system being analyzed. These equations describe
the energy and exergy fluxes associated with each element and help to
understand the energy and exergy transformations occurring within the
system. Here, the terms h and y define the enthalpy and exergy flux,
respectively. The specific exergy of a flow can be calculated as [39]:

10

w = (h—ho) —To(s — so) (15)
where h and s are defined as enthalpy and entropy, respectively. The
subscript “0” identifies the reference state conditions taken as 25 °C and
1 atm for this study.

Energy (1) and exergy (¢) efficiency of the system are given as [39]:

_ Wnet (16)
Ib,m
¢ = Dnar an
Exsolar

Here, W, is the net power output in the system and is expressed by:

Wnet = WT—: + WT—II - WP—I - WP—H - WP—!!! - WP—W - WP—V - Wtrack - Wfan
(€L))

EXsolar represents the exergy of solar radiation and is calculated [1]:
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Here, Ty, is the sun’s temperature, taken as 5800 K [1]. The sus-
tainability index (SI) is one of the most used exergy-based sustainability
indices. The SI is given as [51]:

1
1—¢

Exsolar =1 (19)

SI = (20)

4. Economic evaluation

NPV method serves as a financial instrument employed for assessing
the economic viability of an investment or project. This methodology
evaluates the profitability of an investment by juxtaposing the present
value of anticipated cash inflows with the initial investment cost. By
computing this value, researchers can gauge the financial feasibility of
investing in the system. A positive value signifies that the anticipated
cash inflows from the investment surpass the initial investment cost,
suggesting the project’s suitability for investment. Conversely, a nega-
tive value suggests that the expected cash inflows are insufficient to

11

cover the initial investment, indicating that the project may not be
financially viable. The NPV can be expressed as [52]:

n Bt
NPV = : @D
X

where n, B, and r are defined as the project’s useful life, cash flow in t he
year of t, and discount rate, respectively. The detailed analysis is given in
Appendix E.

5. Environmental evaluation

Global energy demand is largely met by coal, which has led to several
adverse environmental impacts, such as greenhouse gas emissions and
acid rain. So, it is important to consider potential emissions when
evaluating a system’s environmental impact. In this study, environ-
mental analysis is based on the principle of determining the amount of
harmful gas emissions to the environment if coal were used instead of
solar energy in the designed system.

The evaluation focuses on estimating the annual reduction in gas
emissions throughout the lifespan of the designed system, which is set at
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20 years. The energy input (E;) required to produce the same outcome is
calculated by [53]:

Wnet,annual

E = (22)

']plant
where 1y, is defined as the efficiency of coal power plants and is taken
27 % [54]. Therefore, the quantity of coal (M) necessary to produce the
same energy input is calculated as [53]:

" NCV

(23)

12

where NCV is the net calorific value of soma lignite coal and is taken as
5.57 kWh/kg [32,44,55]. Accordingly, the environmental parameters
(y,) are calculated as [32]:

7y =Menex 24)
where n and x are defined as the power plant’s lifetime and the average
amount of CO,, NO,, and SO, emitted in the environment. The basis of
the emissions and the annual amount released into the atmosphere are
given in Table 8.
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Fig. 15. Investor-based MCDM results for R152a.

6. Multi-Criteria Decision-Making analysis

Multi-criteria decision-making (MCDM) analysis was a successful
tool for engineering optimizations [57-59]. Efficiency Analysis Tech-
nique with Output Satisficing (EATWOS) is a sufficient technique
depending on the successful results for energy problems since it maxi-
mizes the output values for the minimal input values [60]. So, the effi-
ciency of the ith design with inlet parameters in a number of k is given by
[28,601]:

13

{Opj] ° [Vi ] AHP

p]e [Wj]AHP

(25)

n
E=>)

= lin
where j indicates the output parameter obtained by the thermodynamic
analysis of the energy system. wy and v; are the weights of input and
output parameters, respectively. In this study, the weights were deter-
mined by Analytical Hierarchic Process (AHP) considering three social
aspects, including the investor sight, consumer sight and engineering
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Fig. 16. Investor-based NPV analysis results for R152a.
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(technical) sight since AHP is capable to view the expert and handled
perspectives [28,61]. The detailed information about the hybrid analysis
of AHP and EATEOS is given in Appendix F.

These weighting matrices are formed based on three social aspects,
including investor sight (IS), engineering (ES) sight and consumer sight
(CS). Power generation has different social aspects, including the
investor, technical (engineering) and consumer sights. An investor aims

14

to get more benefits with less investment cost, whereas an engineer aims
for the highest generation with the highest efficiency. The cost issues are
related to efficiency for an engineering approach since higher efficiency
means less cost at the optimal point. However, a consumer deals with the
power tariffs he must pay. Under these social aspects, the parameters
affecting the design were determined to obtain decision units and a
comparison matrix, considering the expert view [58,61,62]. In forming
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Fig. 18. Investor-based NPV analysis results for R600a.
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Fig. 19. Engineering-based MCDM results for R152a.

the comparison matrix (CM) matrix for the investor sight (IS), the beam
(DNI) irradiation (I;) and the investment costs (Cj,) are the most
important input parameters, whereas the net present value (NPV), and
generated net electricity (Wy,) are the most crucial output parameters.
From the engineering sight (ES), the technical parameters directly
affecting the generation process, such as temperature (T) and pressure
(P), are the most important input parameters, whereas the energy (1)
and exergy efficiencies (¢), and Wy, are the most crucial output

15

parameters. From the consumer sight (CS), the economic parameters are
the most critical input parameters since the consumers are just inter-
ested in how much they pay [62]. So, the most important input
parameter is the Cj,, since it directly affects the unit prices of the elec-
tricity generation. The most important output parameters for CS are
determined as the Wy, and NPV for the same reason. In the viewpoint of
importance scale given in Table 10, the pair comparative evaluations
were conducted between each determined decision unit. So, the CMs
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Fig. 20. Engineering-based NPV analysis results for R152a.
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Fig. 21. Engineering-based MCDM results for R600a.

were formed, and WMs were determined. The accuracy and applicability 7. Results and Discussion

of this process were verified for the values of CR less than 0.1. The CR

values of input parameters were calculated as 0.0368, 0.0531, and The designed system consists of SF, TES, SRC, and ORC. System

0.0878 for IS, ES, and CS, respectively. The CR values of output pa- performance was evaluated considering DNI values varying between

rameters were calculated as 0.0849, 0.0592, and 0.0894 for IS, ES, and 150-541 W/m?. First and second law analyses of the system model

CS, respectively. The obtained CMs and WMs are given in Table 9. designed using two different refrigerants (R152a, R600a) were made,
and sustainability evaluation was made depending on the exergy. The

16
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Fig. 22. Engineering-based NPV analysis results for R600a.
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Fig. 23. Consumer-based MCDM results for R152a.
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Fig. 24. Consumer-based MCDM results for R152a.
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Fig. 25. Consumer-based MCDM results for R600a.
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Fig. 27. Consumer-based MCDM results for R600a.

cost analysis of the system was made using the NPV method, and envi-
ronmental analysis was carried out to determine the effects of the system
on the environment. Additionally, the system was analyzed on an
investor-based, engineering-based, and consumer-based basis using the
multi-criteria decision-making method.

A dynamic model based on an hourly basis was conducted to
determine the optimal operating conditions of the designed system. In
this study, the following parameters are considered. The authors have
considered the optimal values determined for SF and TES in their pre-
vious studies [9] as fixed parameters in this work. Accordingly, T11, T12,
T14, and Ty g values are 120 °C, 400 °C, 390 °C, and 111 °C, respectively.
These fixed temperature values were chosen to evaluate the
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performance and efficiency of the power plant under specific operating
conditions. In this study, pump inlet pressure, turbine inlet temperature
and turbine inlet pressure were evaluated under different parameters.
Parametric values for SRC turbine inlet temperature (T3) and pressure
(P3) are 240-380 °C and 650-3000 kPa, respectively. In the ORC, where
R152a working fluid is used, the turbine inlet temperature (T;) and
pressure (P;) are 60-75 °C and 1400-1800 kPa, respectively. In the
ORC, where R600a working fluid is used, the turbine inlet temperature
and pressure are 65-75 °C and 900-1100 kPa, respectively. In the
designed system, the x-mass ratio was accepted as 0.34 for the maximum
benefit for day and night use [9]. According to this, 630 designs for R600
and 945 designs for R152a were formed for evaluation. The
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Design
oco2 1,049,787.01 972,717.00 922,615.06 847,675.99 987,495.69 991,548.94
aNO2 17,157.11 15,897.52 15,078.69 13,853.93 16,139.06 16,205.30
asSo2 1,689.38 1,565.36 1,484.73 1,364.13 1,589.14 1,595.66
Fig. 28. The variation of the emission reduction for the optimal designs.
Table 11
Comparison and validation of the proposed system.
Reference Iym (W/m?) Plant type Fluid Wiee (MW) n (%) e (%)
Present study 250 SRC-ORC R718-R152a 37.46 12.79 13.73
SRC-ORC R718-R600a 34.67 11.83 12.70
350 SRC-ORC R718-R152a 75.63 21.86 23.46
Ref. [8] 800 SRC-ORC R718-R134a - 16.86 22.90
SRC R718 - 17.46 17.51
Ref. [9] 285 SRC R718 19.47 11.05 11.86
ORC R152a 8.28 4.92 5.28
ORC R600a 6.41 3.99 4.29
Ref. [15] — SRC-ORC R718-R152a 6.62 23.38 56.61
ORC R152a 3.72 21.28 60.60
Ref. [17] 800 SRC-ORC R718-R600a 0.1 16.61 21.40
Ref. [18] 750 SRC-ORC R718-R134a 10.5* 24.75 -
SRC-Kalina R718-mixture 12.5% 25.17 -
Ref. [19] 800 SRC-ORC R718-Toluene 0.473 — 15.62

*SRC outputs not included.

identification of the model enumerating is given in Table 10.

According to Table 10, five digits were identified to define the
models formed under the handled parameters. For example, model
53,213 is explained as I}, = 541 W/mz, P, = 1600 kPa, T3 = 270 °C, Pg =
1400 kPa for R152a (900 kPa for R600a), and T; = 70 °C for R152a
(75 °C for R600a). The net power generation (Wpet) values are given in
Fig. 6 and Fig. 7 for R152a and R600a, respectively.

According to the Fig. 6, the power generation ranges between 12.88
and 20.15 MW for the DNI of 150 W/m?. These values range between
24.13-37.46 MW, 48.83-75.63 MW, 60.49-93.68 MW, and
75.66-117.12 MW for the DNI of 250 W/m?, 350 W/m?, 450 W/m?, and
541 W/m?, respectively. The SI values range between 1.08 and 1.14 for
the DNI of 150 W/m2 These values range between 1.10-1.16,
1.18-1.31, 1.17-1.29, and 1.17-1.28 for the DNI of 250 W/m?, 350 W/
mz, 450 W/mz, and 541 W/mz, respectively.

According to Fig. 7, the power generation ranges between 10.99 and
18.62 MW for the DNI of 150 W/m?2 These values range between
20.65-34.67 MW, 41.85-70.01 MW, 51.84-86.72 MW, and
64.85-108.43 MW for the DNI of 250 W/m?, 350 W/m?, 450 W/m?, and

541 W/m?, respectively. The SI values range between 1.07 and 1.12 for
the DNI of 150 W/m2 These values range between 1.08-1.15,
1.15-1.28, 1.14-1.26, and 1.14-1.26 for the DNI of 250 W/m?, 350 W/
m?, 450 W/m?, and 541 W/m?, respectively. The energy efficiency ()
and exergy efficiency (e) values are given in Fig. 8 and Fig. 9 for R152a
and R600a, respectively.

According to Fig. 8, the n values range between 7.12 and 11.18 % for
the DNI of 150 W/m?2. These values range between 8.21-12.79 %,
14.10-21.86 %, 13.49-20.91 %, and 13.27-20.57 % for the DNI of 250
W/mz, 350 W/rnz, 450 W/m?, and 541 W/mz, respectively. The ¢ values
range between 7.65 and 12.00 % for the DNI of 150 W/m?. These values
range between 8.81-13.73 %, 15.13-23.46 %, 14.48-22.45 %, and
14.25-22.09 % for the DNI of 250 W/m?, 350 W/m?, 450 W/m?, and
541 W/m?, respectively.

According to the Fig. 9, the n values range between 6.07 and 10.33 %
for the DNI of 150 W/m?2. These values range between 7.01-11.83 %,
12.07-20.23 %, 11.56-19.35 %, and 11.42-19.08 % for the DNI of 250
W/m?, 350 W/m?2, 450 W/m?2, and 541 W/m>, respectively. The € values
range between 6.51 and 11.09 % for the DNI of 150 W/m?2. These values
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Table 12
Comparison of the single-stage and two-stage systems.
Design Refrigerant Single cycle
Wit (MW) n(%) £(%) NPV s co, NO, S0,
(US$) (ton/year) (ton/year) (ton/year)
45,834 R152a 78.55 17.53 18.82 75,714,162.54 1.23 880,644.99 14,392.75 1,417.19
45,833 R600a 78.55 17.53 18.82 75,714,162.54 1.23 880,644.99 14,392.75 1,417.19
34,833 R152a 58.67 16.95 18.19 53,345,197.81 1.22 759,708.74 12,416.24 1,222.57
34,833 R600a 58.67 16.95 18.19 53,345,197.81 1.22 759,708.74 12,416.24 1,222.57
44,834 R152a 72.68 16.22 17.41 63,963,250.67 1.21 814,415.18 13,310.33 1,310.61
55,833 R600a 98.21 17.34 18.61 72,898,792.64 1.23 897,595.78 14,669.79 1,444.47
Two-stage cycle
45,834 R152a 93.55 20.88 22.42 103,074,869.34 1.29 1,049,787.01 17,157.11 1,689.38
45,833 R600a 86.72 19.35 20.78 90,587,837.24 1.26 972,717.00 15,897.52 1,565.36
34,833 R152a 71.17 20.56 22.08 80,104,399.98 1.28 922,615.06 15,078.69 1,484.73
34,833 R600a 65.42 18.90 20.29 69,340,971.72 1.25 847,675.99 13,853.93 1,364.13
44,834 R152a 88.03 19.65 21.09 92,000,020.53 1.26 987,495.69 16,139.06 1,589.14
55,833 R600a 107.77 19.23 20.64 87,929,159.81 1.26 991,548.94 16,205.30 1,595.66

range between 7.53-12.70 %, 12.96-21.72 %, 12.41-20.78 %, and
12.26-20.49 % for the DNI of 250 W/m?, 350 W/m?2, 450 W/m?, and
541 W/m?, respectively. The NPV values are given in Fig. 10 and Fig. 11
for R152a and R600a, respectively.

According to Fig. 10, the NPV ranges between —0.69 and 40.39
million US$ for the DNI of 150 W/m?2. These values range between
19.17-73.77 million US$, 29.43-92.13 million US$, 35.64-103.07
million US$, and 32.01-101.00 million US$ for the DNI of 250 W/m?,
350 W/mz, 450 W/mz, and 541 W/mz, respectively.

According to Fig. 11, the NPV ranges between —10.25 and 32.36
million US$ for the DNI of 150 W/m?. These values range between
6.83-63.11 million US$, 15.73-79.96 million US$, 21.88-90.59 million
US$, and 18.27-87.93 million US$ for the DNI of 250 W/m?, 350 W/m?,
450 W/m?2, and 541 W/m?, respectively.

According to Figs. 6-11, the energy and exergy efficiency values in-
crease with the increase of turbine inlet pressures. Although the higher
pressure requires more power consumption to obtain the handled con-
ditions, the enthalpy of the fluid is higher depending on the thermo-
dynamical behavior, resulting in more power generation. Also, the
highest efficiencies were obtained at a moderate solar radiation (DNI) of
350 W/m? even though the power generation increase with the increase
of DNI. The main reason for this result can be explained by the decrease
in conversion ratio depending on the reduction of the useful energy
sourced by the increased losses of SF. The NPV values increase till a
particular point of DNI with 450 W/m?2. Then, the NPV starts to decrease,
although the net power generation increases. The first reason for this
result is the rapid increase in the installation cost depending on the re-
quirements of the equipment, such as TES and heat exchangers. The
second reason is the shorter period of sunshine time for low-radiation
zones since the NPV is handled for a complete year. According to the
analysis, it was determined that the energy collected by the solar col-
lectors in the systems working under the DNI of 150 W/m? and 250 W/
m? could only be used to generate power during insolation and to pre-
vent the fluid in the TES tanks from freezing. The TES system can be used
actively at DNI values between 350-541 W/m?. The lowest 7, €& Whet
NPV, and SI values were obtained for the design with P3 = 650 kPa, T3 =
250 °C, P; =900 kPa, and T; = 75 °C. The highest 7, £, Wy, NPV, and SI
values were obtained for the design with P35 = 3000 kPa, T3 = 380 °C, Py
= 100 kPa, and T7 = 75 °C. The variation of n, ¢, and SI by the DNI is
given in Fig. 12 for the highest results. The variation of Wyt and NPV by
the DNI is shown in Fig. 13. The variation of Wy by the DNI is given in
Fig. 13 and Fig. 14, respectively.

The designed system was analyzed from the perspective of investors,
engineers and consumers using the multi-criteria decision-making
method. When examined from the investor’s perspective, the most
effective model in the design models using R152a is given in Fig. 15.

According to the Fig. 15, the design 45,834 was obtained as the most
efficient design. In this case, the parameters of I, Ciy, P3, T3, Py and Ty

21

are 450 W/m?, 77.96 million US$, 3000 kPa, 380 °C, 1800 kPa, and
75 °C, respectively. The 1, €, SI, Wpet, and NPV values of this design point
are 20.88 %, 22.42 %, 1.29, 93.55 MW and 103.07 million US$,
respectively. The energy efficiencies of components range between 78 %
and 99 %, and the exergy efficiencies of components range between 79
% and 98 %. The initial investment cost is relatively high since the
equipment cost of solar energy systems is relatively higher. The payback
period of the system was determined to be 4.8 years as seen Fig. 16. The
detailed information about the results is given in Appendix G.

When examined from the investor’s perspective, the most effective
model in the design models using R600a is given in Fig. 17.

According to Fig. 17, design 45,833 was obtained as the most effi-
cient design. In this case, the parameters of I, Cjn;, P3, T3, P7 and Ty are
450 W/Inz, 76.81 million US$, 3000 kPa, 380 °C, 1100 kPa, and 75 °C,
respectively. The n, €, SI, Wy, and NPV values of this design point are
19.35 %, 20.78 %, 1.29, 86.72 MW and 90.59 million US$, respectively.
The designed system targets higher net power generation with lower
investment costs in these optimal solutions. The energy efficiencies of
components range between 78 % and 99 %, and the exergy efficiencies
of components range between 68 % and 99 %. In the light of Figs. 15 and
17, since the investor-based model is a profit-oriented approach, the
optimal solutions are obtained at the DNI values (450 W/m?) with the
highest NPV. The initial investment cost is relatively high since the
equipment cost of solar energy systems is relatively higher. The system’s
payback period was determined to be 5.2 years as seen Fig. 18. The
detailed information about the results is given in Appendix H.

When examined from an engineering perspective, Fig. 19 shows the
most effective model in the design models using R152a.

According to the Fig. 19, the design 34,833 was obtained as the most
efficient design. In this case, the parameters of I, Ciy, P3, T3, Py and Ty
are 350 W/mz, 78.28 million US$, 2000 kPa, 380 °C, 1800 kPa, and
70 °C, respectively. The n, €, SI, Wyer, and NPV values of this design point
are 20.56 %, 22.08 %, 1.28, 71.17 MW and 80.10 million US$, respec-
tively. The energy efficiencies of components range between 74 % and
99 %, and the exergy efficiencies of components range between 80 %
and 99 %. The initial investment cost is relatively high since the
equipment cost of solar energy systems is relatively higher. The system’s
payback period has been determined to be 5.7 years as seen in Fig. 20.
The detailed information about the results is given in Appendix L.

When examined from an engineering perspective, Fig. 21 shows the
most effective model in the design models using R600a.

According to the Fig. 21, the design 34,833 was obtained as the most
efficient design. In this case, the parameters of I, Ciy, P3, T3, Py and Ty
are 350 W/m?, 75.87 million US$, 2000 kPa, 380 °C, 1100 kPa, and
75 °C, respectively. The 1, €, SI, Wpet, and NPV values of this design point
are 18.90 %, 20.29 %, 1.25, 65.42 MW and 69.34 million US$, respec-
tively. In the light of Figs. 17 and 18, since the engineering-based model
is an efficiency-oriented approach, the optimal solutions are obtained at
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the DNI values (350 W/m?) with the highest energy and exergy effi-
ciencies. The designed system targets the highest net power generation
with lower DNI and investment cost in these optimal solutions. The
energy efficiencies of components range between 74 % and 99 %, and
the exergy efficiencies of components range between 80 % and 99 %.
The initial investment cost is relatively high since the equipment cost of
solar energy systems is relatively higher. The system’s payback period
was determined to be 6.2 years as seen Fig. 22. The detailed information
can be seen in Appendix J.

When examined from the consumer perspective, Fig. 23 shows the
most effective model in the design models using R152a.

According to the Fig. 23, the design 44,834 was obtained as the most
efficient design. In this case, the parameters of I, Ciy, P3, T3, Py and Ty
are 450 W/mz, 77.95 million US$, 2000 kPa, 380 °C, 1800 kPa, and
75 °C, respectively. The 1, €, SI, Wpet, and NPV values of this design point
are 19.95 %, 21.09 %, 1.27, 88.03 MW and 92.00 million US$, respec-
tively. Although designs 54,834 and 55,834 also have the same effi-
ciency score, they were not determined as the most efficient since the
inputs are relatively higher. The energy efficiencies of components
range between 80 % and 98 %, and the exergy efficiencies of compo-
nents range between 80 % and 98 %. The initial investment cost is
relatively high since the equipment cost of solar energy systems is
relatively higher. The system’s payback period was determined to be
5.2 years as seen Fig. 24. The detailed information can be seen in Ap-
pendix K.

When examined from the consumer perspective, Fig. 25 shows the
most effective model in the design models using R600a.

According to Fig. 25, design 55,833 was the most efficient design. In
this case, the parameters of I,, Ciy, P3, T3, P; and Ty are 541 W/m?,
82.46 million US$, 3000 kPa, 380 °C, 1100 kPa, and 75 °C, respectively.
The n, €, SI, Wpet, and NPV values of this design point are 19.08 %, 20.49
%, 1.27, 108.43 MW and 87.93 million US$, respectively. Since the
consumer-based model is a payment-oriented approach, the optimal
solutions target the lowest payment for the power consumption. More-
over, this lowest payment is directly related to lower investment costs
and higher net power generation. The energy efficiencies of components
range between 80 % and 98 %, and the exergy efficiencies of compo-
nents range between 80 % and 98 %. The initial investment cost is
relatively high since the equipment cost of solar energy systems is
relatively higher. The system’s payback period was determined to be
5.6 years as see Fig. 26. The detailed information can be seen in Ap-
pendix K.

According to the dynamic evaluation, the analysis results on the
hourly basis are given for the optimal solutions in Fig. 27.

According to Fig. 27, the power generation increases regularly till the
approximately 2300th hour of the year for all the designs. From the
approximately 6600th hour, the power generation decreases regularly.
Between these hours, the power generation remains stable in accordance
to the installed capacity. This stable process is the main cause that af-
fects the cost and output parameters.

Environmental analysis is based on determining the amount of
harmful gas emissions to the environment if coal were used instead of
solar energy in the designed system. Fig. 28 shows the environmental
analysis results of the best designs obtained through multi-criteria de-
cision-making.

According to Fig. 28, the reduction in CO3, NO,, and SO, gases for
design 45,834 model is 1,049,787.01 tons/year, 17,157.11 tons/year,
and 1,689.38 tons/year, respectively. The reduction in COy, NO,, and
SO, gases for design 45,833 is 972,717.00 tons/year, 15,897.52 tons/
year, and 1,565.36 tons/year, respectively. The reduction in CO3, NO,,
and SO, gases for design 34,833 is 922,615.06 tons/year, 15,078.69
tons/year, and 1,484.73 tons/year, respectively. The reduction in CO,,
NO,, and SO, gases for design 34,833 is 847,675.99 tons/year,
13,853.93 tons/year, and 1,364.13 tons/year, respectively. The reduc-
tion in COy, NOy, and SO, gases for design 44,834 is 987,495.69 tons/
year, 16,139.06 tons/year, and 1,589.14 tons/year, respectively. The
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reduction in CO,, NO,, and SO, gases for design 55,833 is 991,548.94
tons/year, 16,205.30 tons/year, and 1,595.66 tons/year, respectively.

The two-stage solar power plant was compared with the single-stage
one handled in the authors’ previous study [9]. The handled system was
also compared with similar systems in the literature. The results are
given in Table 11.

According to Table 38, the present study’s results agree with the
literature’s results. The slight differences are sourced from the different
DNI values and the refrigerants. For the current conditions, single-stage
working conditions were also performed. The two-stage and single-stage
systems are compared as given in Table 12.

According to Table 36, it is possible to increase the power generation
by 21.31 % with an NPV increase of 50.16 %. It can improve energy
efficiency by 21.30 % and exergy efficiency by 21.39 %. Also, it is
available to increase the CO3, NO5, and SO, reduction by 21.44 %. An
increase of 4.92 is available in SI.

8. Future scope and recommendations

A two-stage solar power plant is appropriate for locations with low
DNI. However, it is crucial to determine the design point of DNI for the
optimal solutions since it directly affects the sizes of the equipment as
well as the capitals and thermodynamic events such as losses. So, the
design point of DNI should be determined separately for the considered
regions since the irradiation characteristics of the regions differ. In the
optimization process of solar plants, the economics of emissions is
commonly ignored since there is no emission under the operating con-
ditions. However, the optimization analysis should also consider the
indirect emission reduction that occurred by preventing fossil fuel use.
Also, multi-stage solar power plants should be regarded as maximizing
power generation since there is still waste potential during the process.
Two-stage cycles, which utilize entirely renewable energy sources and
harness waste heat, are the designs with potential for further develop-
ment. However, the disadvantage of these systems is that solar energy is
an intermittent energy source. In the presented study, electricity pro-
duction is almost non-existent during winter due to insufficient solar
energy. During these months, solar thermal energy can only be utilized
to prevent the freezing of the storage material in TES. Therefore, it can
be suggested that these systems should be complemented with an
additional environmentally friendly energy source. Hybridizing the
studied plant with continuous systems such as hydrogen generation
would also affect the overall system performance since it makes the
handled system available to operate without thermal storage. It would
decrease the investment cost; however, the cost of a hydrogen plant
should be considered in a detailed economic analysis. Also, new
methods such as the Stochastic Identification of Weights (SITW) [74]
can be introduced into new MCDM tools such as the Ranking Compar-
ison (RANCOM) method [75] for more sensitive solutions.

9. Conclusion

In this study, a two-stage power plant driven by parabolic trough
solar collectors designed for low-radiation zones was performed. The
designed system’s performance was evaluated for different installation
capacities working under the different solar radiation values varying
between the lowest of 150 and the highest of 541 W/m?. The analysis of
the power plant was conducted from multiple perspectives, including
energy, exergy, sustainability, economics, and environment for two
different available working fluids. The designed system was finally
optimized using the multi-criteria decision-making method from the
social aspects, including investor, engineering, and consumer sights.
According to the study, the following conclusions were obtained:

e The optimal solution based on the investor sight for R152a was
determined as design 45834. In this design, the values of I, Cjy, Po,
T3, Py and T7 are 450 W/mz, 77.9 million US$, 3000 kPa, 380 °C,
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1800 kPa and 75 °C, respectively. The n, ¢, SI, Wiee and NPV values of
this design point are 20.88 %, 22.42 %, 1.29, 93.55 MW and 103
million US$, respectively. The CO3, NO,, and SO, gas reduction is
1,049,787.01 tons/year, 17,157.11 tons/year, and 1,689.38 tons/
year, respectively. In this design, it is possible to increase the power
generation by 19.10 % with an NPV increase of 36.14 %. It can
improve energy efficiency by 19.11 % and exergy efficiency by
19.13 %. Also, it is available to increase the CO5, NO,, and SO,
reduction by 19.21 %.

The optimal solution based on the investor sight for R600a was
determined as design 45833. In this design, the values of I, Ci,,, Po,
Ts, P; and T, are 450 W/m?2, 76.8 million US$, 3000 kPa, 380 °C,
1100 kPa, and 75 °C, respectively. The 1, ¢, SI, Wee and NPV values
of this design point are 19.35 %, 20.78 %, 1.26, 86.72 MW and 90.5
million US$, respectively. The CO3, NO,, and SO, gas reduction is
972,717 tons/year, 15,897.52 tons/year, and 1,565.36 tons/year,
respectively. In this design, it is possible to increase the power gen-
eration by 10.40 % with an NPV increase of 19.64 %. It can improve
energy efficiency by 10.38 % and exergy efficiency by 10.41 %. Also,
it is available to increase the CO3, NO,, and SO reduction by 10.46
%.

The optimal solution based on the engineering sight for R152a was
determined as design 34833. In this design, the values of I, Ciny, P2,
T3, P; and T, are 350 W/m?, 78.2 million US$, 2000 kPa, 380 °C,
1800 kPa, and 70 °C, respectively. The n, ¢, SI, Wy and NPV values
of this design point are 20.56 %, 22.08 %, 1.28, 71.17 MW and 80
million US$, respectively. The CO3, NO,, and SO, gas reduction is
922,615.06 tons/year, 15,078.69 tons/year, and 1,484.73 tons/year,
respectively. In this design, it is possible to increase the power gen-
eration by 21.31 % with an NPV increase of 50.16 %. It can improve
energy efficiency by 21.30 % and exergy efficiency by 21.39 %. Also,
it is available to increase the CO3, NO3, and SO3 reduction by 21.44
%.

The optimal solution based on the engineering sight for R600a was
determined as design 34833. In this design, the values of I, Ciy, Po,
Ts, Py and Ty are 350 W/m?, 75.8 million US$, 2000 kPa, 380 °C,
1100 kPa, and 75 °C, respectively, respectively. The n, ¢, SI, Wiee and
NPV values of this design point are 18.90 %, 20.29 %, 1.25, 65.42
MW and 69.3 million US$, respectively, respectively. The CO5, NOo,
and SO reduction is 847,675.99 tons/year, 13,853.93 tons/year,
and 1,364.13 tons/year, respectively. In this design, it is possible to
increase the power generation by 11.51 % with an NPV increase of
29.99 %. It can improve energy efficiency by 11.50 % and exergy
efficiency by 11.55 %. Also, it is available to increase the CO3, NOo,
and SO, reduction by 11.58 %.

The optimal solution based on the consumer sight for R152a was
determined as design 44834. In this design, the values of I, Ciny, P2,
T3, P7 and Ty are 450 W/m?, 77.9 million US$, 2000 kPa, 380 °C,
1800 kPa, and 75 °C, respectively. The n, ¢, SI, Whe and NPV values
of this design point are 19.65 %, 21.09 %, 1.27, 88.03 MW and 92
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million US$, respectively. The CO2, NO5, and SO, gas reduction is
987,495.69 tons/year, 16,139.06 tons/year, and 1,589.14 tons/year,
respectively. In this design, it is possible to increase the power gen-
eration by 21.12 % with an NPV increase of 43.83 %. It can improve
energy efficiency by 21.15 % and exergy efficiency by 21.14 %. Also,
it is available to increase the CO5, NO5, and SO, reduction by 21.25
%.

The optimal solution based on the consumer sight for R600a was
determined as design 55833. In this design, the values of I, Ciy, Pa,
T3, P7 and Ty are 541 W/m?, 82.4 million US$, 3000 kPa, 380 °C,
1100 kPa, and 75 °C, respectively, respectively. The n, ¢, SI, Wiee and
NPV values of this design point are 19.08 %, 20.49 %, 1.26, 108.43
MW and 87.9 million US$, respectively, respectively. The CO2, NOo,
and SO gas reduction is 991,548.94 tons/year, 16,205.30 tons/year,
and 1,595.66 tons/year, respectively. In this design, it is possible to
increase the power generation by 9.73 % with an NPV increase of
20.62 %. It can improve energy efficiency by 10.90 % and exergy
efficiency by 10.91 %. Also, it is available to increase the CO3, NOo,
and SO, reduction by 10.47 %.

In conclusion, it is possible to conduct profitable design for the low
radiation zones from the standpoints of all handled social aspects.
However, the optimal solution of investor sight differs from that of en-
gineering and consumer sight since investor-based designs target more
economic benefits without considering environmental effects. Since
there is no load of environmental issues, the economic impact of emis-
sions was not considered in the analysis for the studied region. Although
there is no emission under the operating conditions for solar energy
systems, indirect emissions should be considered in government regu-
lations. So, the differences between the investor, engineering, and con-
sumer viewpoints would be removed for the optimal solutions since all
the optimal points are approximately similar from the thermodynamic
point of view.
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The daily total solar radiation incident on the horizontal plane (H,) is given by:

2t —a+be(S/Sy)

(A1)

where Hy, S, and S define daily extraterrestrial radiation, daily sunshine duration, and day length, respectively. a and b are the empirical coefficients

and are determined by:

a=0.103 +0.000017 ¢ Z +0.198 & cos(¢ — 5)

b =0.553+0.165 e cos(¢ — 5)

(A.2)

(A.3)
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where, ¢, § and are Z the latitude, solar declination angles and altitude of site, respectively. The ¢ for Bilecik is 40°. The § occurs between the sun’s rays
and the equatorial plane. It takes values between -23,45°<6 < 23,45°. The § is computed as follows [1]:

284 + n>

(A.4)

6 =23,45 esin (360 ° 365

where n is the number of days in the year (starting from 1 to 365 for a usual year). The Barbaro model [34] approved for the studied area [32] was used
to calculate the daily diffuse solar radiation (Hy) incident to the horizontal plane:

H

ﬁd =1.0492 — 1.13246 ¢ K1 (A.5)

t

where Ky is the day’s clearness index. Accordingly, daily direct solar radiation (Hjp) can be determined by [34]:
H, =H,—Hy (A.6)

Hourly total solar radiation values (I;) can be determined from H, values using the relations developed by Collares-Pereira and Rabl [35,36].
Accordingly, the hourly total solar radiation (I,) is given by:

z COS®W — COSW.

I=H_(a+b _— A7

¢ 24 (a-+becosw) sinw; — Tg5 COSWs (A7)

a = 0.409 + 0.5016sin(w; — 60) (A.8)

b = 0.6609 — 0.4767sin(w; — 60) (A.9)
where  is the hour angle in degrees for the time in question, and w; is the sunset-hour angle. The w can be obtained as follows [1]:

® = (solartime — 12) ¢ 15 (A.10)
The hourly diffuse solar radiation (I;) value can be determined using the equation suggested by Liu and Jordan [36]:

L= Hdi .cosm - ?050>s (A11)

24 sinw; — 155 COSW;s

Accordingly, the hourly beam (DNI) solar radiation (I;) value can be determined as follows:

L=IL-1I (A.12)

The useful heat energy (Q,) that can be obtained from a single collector is determined by Equation (12). This equation quantifies the amount of
valuable or beneficial energy considering various factors and parameters [37]:

Q,=FreA[SeCR—meU e (T —T,)] (A.13)

Here, Fy is the heat removal factor, S is the heat absorbed by the receiver,CR is the concentration ratio of the PTSC, andU; is the heat loss co-
efficient. T;; and T, are the inlet temperature of heat transfer fluid and the ambient temperature, respectively. The concentration ratio is calculated by
[1]:

CR = Iﬁ — (Dr - Do.g)

Al
Ar Do (A.14)

where A, and A, are described as the aperture area and receiver area, respectively. Fg is determined by [1]:

FR _ mll.cp‘rherminol |:1 —exp ( _ UL oF o Ar ) :| (A15)

A e U M1 @ Cp therminol

Here, F is the collector efficiency factor and is defined by [1]:

1

F = Y (A.16)

T Do, Dy Doy
O T hen, T (3 +Inpe)

where D, ;, and D;, are the outer and inner diameters of the receiver, respectively. The heat absorbed by the receiver (S) is defined by [1]:

S=Ien, (A17)

where 7, is defined as the optical efficiency and given as [1]:
Ny = Teover ® O ® Tprc @ ¥ @ k(0) (A.18)

Here, 7.,y is the transmissivity of the glazing cover of the receiver, «, is the absorptivity of the receiver, 7prc is the reflectance of the mirror, y is the
intercept factor, and k() is the incidence angle modifier and calculated by [1,37]:

k() =1—2.2307x10"* 0 — 1.1x10"* @ 6> + 3.18596x107° ¢ 6* — 4.85509x10 %  ¢* (A.19)
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where 6 indicates the incidence angle and can be calculated as follows [1];

cosf = \/ €020, + c0s25 o sin*w (A.20)

The expressions 6,, given in the equation denote the zenith angles. These values can be determined by [1]:

c0sf, = cosgp ® oSS ® COSw + Sing e sind (A.21)

Appendix B

The inlet heat of HST can be defined by [42]:

thz = Q14 - QI,HST (B.1)
Here, Q, sy refers to the heat lost from the storage tank during the charging period, and it is calculated by [42,43]:
QI.HST = (UA)HST o (Tusr — Ta) (B.2)

where U and A are the overall heat transfer coefficient and heat transfer surface area of the storage tank, respectively. The (UA);; is calculated by
[9,44]:

1

UA =—
(UA) gy Rup

(B.3)

Here, Ry, is the total thermal resistance of the tank walls. Ryq, Rss, Rim, and Ry refer to the thermal resistance of storage, stainless steel, insulation,
and outside air, respectively. R, is calculated by [9,44]:

Rtop = Rgair + Rss +Rim + Rair (B4)
1 1 | 1
Rup = n(rz/r1) | In(rs/rz) ®5)
(2ﬂ'r1L)hmh zﬂ'Lk:S 271:Lk,m (27rr3L)hair
The total heat gain of the tank during the day can be calculated by [42]:
Z Qust = Qusr ® Aty (B.6)
Here, At, predicates the total charging time. The temperature of the HST can be determined by [42]:
T = % (B.7)
Cp HST ® MHST
Here, my is the total mass in the HST. The change in the temperature of the HST can be calculated by [42]:
Aty
Thisr = Tast +———————o(—(UA) 51 ® (Tusr — Ta) (B.8)
Mpyst ® Cp HST
The total amount of heat lost from the HST during the storage process is defined by [42]:
Qust ost = Mpst @ Cp st ® ATgsr (B.9)
Here, AT}, refers to the temperature change in the HST and can be calculated by [42]:
ATysr = Tust — Ty (B.10)

The equation that expresses the heat given by the total heat stored during insolation in the absence of insolation is defined as [42]:
Qis = Z Qust — Qust dost (B.11)

The calculation methods mentioned here can be similarly applied to the CST. Accordingly, the heat given during the discharge time from the CST is
expressed by [42]:

Q7 = Z Qcst — Qcsr.dost (B.12)

Appendix C

The heat exchanger area (Agg) can be expressed by [47,48]:
QHE

App = —J
HE = U o ATy

(C.D)

where U is the total heat transfer coefficient. ATy yrp is defined logarithmic mean temperature difference and is calculated by [48]:
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Thi — Teo) — (Tho — Tes
ATLMTD _ ( hii c,a) ( h,0 L‘,l) (C2)
In (Th.i’Tc.a>
Tho=Tei
The U is calculated by [49]:
Dot 1 ll'l(Do_t/Dit) 1 Dot ” ”
U="% o7, = "R’ +R C.3
Di_[ hi 2ﬂkL +ho+Di,t ﬁ+ fo ( )

Where D; ¢ and D, ; are the inlet and outlet diameters of the tube side, respectively. Fouling factors (Rj’,’) are taken as 0.0002 m2K/W in this study [63].
The h; is the heat transfer coefficient of the tube side and calculated as [49]:

Nuek
hi = Di‘t (C.4)
The Nusselt number (Nu) can be determined depending on the Reynold number (Re). Accordingly, the Re number can be calculated as [64]:
Re = & (C.5)

pemeD; o N

Npass

where Ny and np, are defined as the total number of tubes and passes, respectively. The Nt can be calculated as [50]:

(C.6)

TP D?
N;r =0.785e (C ) <

CL ) *PreD2,

where CTP, CL, D;, P;, and D, ; are defined as tube count calculation constant, tube layout constant, shell diameter, tube pitch, and outer diameter of
the tube, respectively. CTP and CL values can be achieved from the Table 5.

Table C1

CTP and CL values [50].
Tube layout angle CL
For 90" and 45 1
For 30" and 60 0.85
Number of passes CTP
One pass 0.93
Two passes 0.9
Three passes 0.85

The tube pitch is calculated by [50]:
P,=PReD,; (C.7)

where PR indicates the pitch ratio. The Nu is determined to quantify the convection heat transfer on the tube side of the heat exchanger [49,65]:
Nu= 0.023 e Re®® e Pr*3  for Re > 10* and 0.6 < Pr < 100 (C.8)

The heat transfer coefficient of the shell side (h,) is calculated by [49]:

Nuek
= 11
h, D. (C.1D
where D, is the equivalent diameter. This value depends on the layout angle and is calculated for 30" or 60" layout angle as [64]:
1.2
D.=— ?(Pf —0.785eD?)) (C12)
The Re of the shell side is given by [64]:
D, e
Reguen =~ (C.13)
oA
where A, is the cross-sectional area of the shell perpendicular to the flow direction and is calculated by [64]:
A;=0.639¢ (P, —D,,)ee ¢l N, (C.14)
=0. ° —D,;)ece e e .
s t .\t CTP 7[ T
where e is the baffle spacing. The Nu of the shell side is given by [64]:
Nu = (0.037 e Re%5, — 871) @ Pr'/35.10° < Reg < 107 Pr = 0.6 — 50 (C.15)
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The average heat transfer coefficient for the phase change process on the outer surface of Nt horizontal pipes is given [48]:

0.25

gepe(p—p,) ekiohy+ (0680 Cy e T —T))

hspen = 0.729 Ny oo |Ton —T| @ D, (C.16)
where g is the acceleration of gravity.
Appendix D
The U for the flat plate heat exchanger is calculated [50]:
U= #ﬁ (D.1)

where t, k, and h are defined as plate thickness, thermal conductivity of material, and heat transfer coefficient (inlet and outlet), respectively. The heat
transfer coefficient is calculated by [50]:

h=N = k (D.2)
where Dy, is the hydraulic diameter calculated by [63]:

Dy=2eb (D.3)
where b is the average distance between the plates. The Nusselt number is given by [50]:

Nu=0.2eRe® o Pr** o </4£) o (D.4)

The Nusselt number at macro-scale for phase change case is given by [66]:

0.248 0.235 0.351 o) 0.235 0.198 —-0.223
Nu—18.4950¢ (2 o (Gox*Dn o (G*Dn o((P=r)egeDy (4 (7 D.5)
'max Hy M 4 G.hlv P,

where g is chevron angle (Bmax = 45 °C), G is mass flux, p is the density, g is the acceleration of gravity, o is the surface tension, x is the dryness friction,
u is the dynamic viscosity, q is the transferred heat, and hy, is the latent heat of phase change.

Appendix E

The NPV can be expressed as [52]:

n Bt
NPV = ;(1 e (E.1)

where n, B, and r are defined as the project’s useful life, cash flow in t he year of t, and discount rate, respectively. The B; value is calculated [9]:

B,=C.—Cn—GC, (E.2)

where C., Crr, and C,, are defined as the gain of electricity, cost of maintenance and repair, and total annual personnel expenses, respectively. The cost
analysis of the designed system includes the initial investment, operating cost, and salvage cost [52]. The cost of initial investment (Ci) is calculated
by:

Cim = Cinv - Csal (E3)

where Cj,, and C,y are defined as the investment cost of the system and the salvage cost of the plan, respectively. Cyy was taken as 10 % of the in-
vestment cost. The investment cost of the system (Ciny) is composed of the cost of the solar field (Csr), thermal energy storage system (Crgs), and power
block (CPB)-

Ciny = Csr + Crgs + Cpa (E.4)

Csr and Crgs values were taken as respectively, 150 $/m? [67] and 25,68 $/kWh [68]. The cost of all system equipment was calculated to determine
the Cpg. The equipment costs were modified for the year 2023 by CEPCI. The cost of the heat exchanger is calculated [69]:

_ CEPCIgozg

Cup = —— 2023
HE = CEPCLo0

® Fpy e ® Conp (E.5)
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where CEPCl500; and CEPCI,,3 are defined as the Chemical Engineering Plant Cost Index in 2001 and 2023, respectively. The CEPCI index in 2001 and
2023 are 397 [69] and 789.6 [70], respectively. Co ur and Fpy e are respectively defined as the purchase cost of equipment and bare module cost
factor, and are calculated as [69]:

Fpympe = [Bl‘HE + (B2me ® Fy e @ FP.HE)] (E.6)
logFp pe = [CI,HE + c2.uE(logPug) + CB,HE(logPHE)Z} (E.7)
logCo u = {KI,HE + Ky e (logAne) +K3.HE(10gAHE)2] (E.8)

where Cug, Fu e, Fp ue, Ange, and Pyg are the cost, the material factor, pressure factor, surface area, and pressure for heat exchangers, respectively. The
cost of the turbine is calculated by [69]:

- CEPC12023
Cr = CEPClyon; o Fyr e Cor (E.9)
_ N2
logCor = |Kir+Kar (lOgWT) +Ksr (logWr) :| (E.10)

where Cy r and Fgy r are the initial cost and the bare module cost factor of the turbine, respectively. The cost of the pump is calculated by [69]:

Cp :%ZEETJBM‘P e Cop (E.11)

Fpyp = [Bip + (Bap @ Fup @ Fpp)] (E.12)

logFp, = {clp + 2, (logP,) + c3, (logP,) ] (E.13)
. . 2

logCop = |K1p +Kap (long> +Kspug (long) } (E.14)

where Cyp, Fpp, and P, are defined as the initial cost, pressure factor, and pressure of the pump, respectively. By, B, K1, K2, K3, c1, c2, and c3 are
constants related to the material used in each equipment within the cycle, and their values are given in Table 8.

Table E1

The constant of the cost equations [69].
Constants Equipment

Shell and Tube HE Flat Plate HE Turbine Pump

Ky 4.2768 4.6656 2.6259 3.3892
K> —0.0495 —0.1557 1.4398 0.0536
K3 0.1431 0.1547 —0.1776 0.1538
By 1.63 0.96 - 1.89
B, 1.66 1.21 - 1.35
c 0 0 0 —0.3935
c2 0 0 0 0.3957
c3 0 0 0 —0,0023
Fy 2.73 2.45 - 2.2
Fp 1 1 - -
Fpm - - 11.6 -

The labor force requirement for the power plant was determined based on the personnel needed, including one engineer and ten workers. To
calculate the personnel expenses, the minimum wage for 2024, which was 548.45 $, was considered. According to this, the total annual personnel
expense is given by [9]:

C,=54845e120(21e1+1.210) (E.15)

The unit cost of electricity is assumed to be 0.133 $ [71]. Accordingly, the electricity cost is calculated by:

Ce = Wy #0.133 (E.16)

Appendix F

Efficiency Analysis Technique with Output Satisficing (EATWOS) is a sufficient technique depending on the successful results for energy problems
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since it maximizes the output values for the minimal input values [60]. So, the efficiency of the ith design with inlet parameters in a number of k is given
by [28,60]:

E - 2": {Opj} ° [Vf}AHP

j=1 [lpl lpk] b [WJ}AHP

(F.1)

where j indicates the output parameter obtained by the thermodynamic analysis of the energy system. wy and v; are the weights of input and output
parameters, respectively. ip; and op; are the distance matrices for the input and output values, respectively:

iy =1 +% — min{s;} (F.2)
\/ 22X
iz
0 71+L—max{r4} (F.3)
Py = : ax{r, '
>y
iz

where x and y are the input and output values, respectively. AHP can determine the degree of importance of the output parameters to be used for the
weighting of input and output parameters in terms of the importance of scaling of experts given in Table 10.

Table F1
Importance scale [72].
Scale Value Definitions
1 The equal importance of both factors
3 The first factor is more important than the second factor
5 The first factor is much more important than the second factor
7 The fact that the first factor has extreme importance compared to the second factor
9 The fact that the first factor has absolute superiority than the second factor
2,4,6,8 Intermediate values

According to this scale, a comparison matrix is formed for the output parameters (decision points) in a number n of the energy problem. Taking the
relationship of aj; = ai between the matrix elements, the comparison matrix is given by [73]:
ij

1 ce Qin

A= -~ (F.4)
[« BN 1

ij

where a; is the importance scale of the i" criteria compared to the jth criteria. For the next step, A is normalized using the formulation of b; = S to
i1
give the significance matrix B:
bl 1 ot bln
B=|: -~ (E.5)
bnl brm
Finally, the weighting matrix are determined as:
V1
[Vj}AHP =1 (F.6)
Vn
where v, is calculated by:
n
b
Vo = % (F.7)

The obtained weights are acceptable if the consistency ratio of the determined weights (CR) is less than 0.10. The CR is given using with Random
indicators (RI) [72,73]:

cI

CR=— F.8
RI (F.8)

where CI is the consistency indicator given by [72,73]:

ca=r—" (F.9)
n-1
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where vy is calculated with the following equation:
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Z?—l d;
y === (F.10)
n
where
i
d== (F.11)
Vi
¢; is obtained from following matrix operation:
1 o+ dp V1 C1
C=|: =~ +|x|:|=1: (F.12)
Ay - 1 Vn Cn
Random indicator (RI) is taken from the following table [72,73]:
Table F2
Random indicator scale [72,73].
n RI n RI
3 0.58 8 1.41
4 0.90 9 1.45
5 1.12 10 1.49
6 1.24 11 1.51
7 1.32 12 1.48
Appendix G
Table G1
Thermodynamic properties of design 45,834 during insolation for R152a.
Point Fluid mkg/s T P h s E vkj/kg
°C kPa kJ/kg kJ/kgK kw
1 R718 108.37 81.32 50 340.54 1.0912 36905.6 19.76
2 R718 108.37 81.35 3000 343.57 1.0912 37234.8 22.79
3 R718 108.37 380 3000 3185.87 6.8543 345265.5 1146.81
4 R718 108.37 81.32 50 2503.75 6.8543 271341.2 464.69
5 R152a 815.8 40.03 910 271.41 1.2413 221428.8 63.42
6 R152a 815.8 40.35 1800 272.44 1.2413 222273.5 64.46
7 R152a 815.8 75 1800 554.05 2.0731 452020.3 98.04
8 R152a 815.8 42.97 910 535.57 2.0731 436939.4 79.55
9 Air 18,907 28.9 — 428.4 3.890 8,099,636 1.141
10 Air 18,907 40 — 439.54 3.927 8,310,836 1.059
11 Terminol VP-I 769.12 120 15 181.3 0.54 139441.1 20.59
12 Terminol VP-I 261.5 400 23 800.5 1.71 209330.9 291.85
13 Terminol VP-I 261.5 120 15 181.3 0.54 47409.98 18.75
14 Molten Salt 342.6 390 — 483.06 - 165507.5 210.25
18 Molten Salt 342.6 111 - 19.92 — 6825.1 17.33
Table G2
Thermodynamic properties of design 45,834 during non-sunshine time for R152a.
Point Fluid mkg/s T ) 4 h s E wkj/kg
°C kPa kJ/kg kJ/kgK kw
1 R718 29.75 81.32 50 340.54 1.0912 10131.6 19.76
2 R718 29.75 81.35 3000 343.57 1.0912 10,222 22.79
3 R718 29.75 380 3000 3185.87 6.8543 94784.97 1146.81
4 R718 29.75 81.32 50 2503.75 6.8543 74490.67 464.69
5 R152a 223.97 40.03 910 271.41 1.2413 60788.35 63.42
6 R152a 223.97 40.35 1800 272.44 1.2413 61020.23 64.46
7 R152a 223.97 75 1800 554.05 2.0731 124092.1 98.04
8 R152a 223.97 42.97 910 535.57 2.0731 119952.2 79.55
9 Air 2880 20 - 419.4 3.860 1,208,283 1.207
10 Air 2880 40 - 439.54 3.927 1,266,263 1.059
15 Molten Salt 189.21 387.8 — 479.54 — 90,733 214.99
16 Molten Salt 189.21 387.9 - 479.54 - 90,733 214.99
17 Molten Salt 189.21 113.15 - 23.49 — 4444.26 20.35
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Incomes

Electricity Production
Scrap cost

Total cash flow
Cumulative cash flow

—77,962,441.61

21,942,090.94

19,135,456.17
28,360,461.46

21,942,090.94

19,135,456.17
134,418,729.91

21,942,090.94

19,135,456.17
241,006,177.60

Table G3
Energy and Exergy analysis results of Thermodynamic properties of design 45,834 for R152a.
Component EpassikW EmassokW Qkw Wkw EXpass ikW EXass ok W ExqokW ExwkW ExgkW 1 €
% %
PTSC 139441.1 209330.7 528367.6 542.12 15836.1 76318.7 294344.2 542.12 233319.4 80 85
HST 90733.7* 91399.7* 919.58* - 40678.2* 39781.4* 540.80* - 356 98* 97*
CST 4444.5* 3769.1* 269.55* 3.78 3850.42* 3279* 77.89 3.79 497.32 84* 85*
HE-I 161920.9 158652.5 3238.4 — 82255.49 76940.82 1804.06 — 7118.74 98 91
HE-II 86288.7* 84562.9*% 1725.77* - 91411.27* 37970.48* 947.38* - 54388.21* 98* 81*
HE-III 314317.0 308030.7 6286.34 — 150,619 133803.3 3502.01 — 20317.77 98 87
HE-IV 234435.6 229746.8 4688.71 — 102947.9 82123.04 744.93 — 21569.76 97 79
64359.6* 63071.06* 1287.57* - 28262.7* 22545.8*% 204.50* - 5921.10* 97* 79*
Pump- I 36905.59 37234.86 - 411.58 2141.40 2470.66 - 411.48 82.32 99 97
10131.61* 10222* - 112.99* 587.84* 678.42* - 112.99* 22.60* 99* 97*
Pump- II 221428.8 222273.5 — 1055.84 51743.4 52588.1 — 1055.84 211.16 99 98
60788.38* 61020.98* - 289.85* 14205.2* 14436.8* - 289.85* 57.90* 99* 98*
Turbine- I 345265.5 271341.2 - 62835.7 124284.2 50359.8 - 62835.7 11088.7 79 91
94784.5* 74490.58* — 17250.6* 34119.8* 13825.8* — 17250.6* 3044.34* 78* 91*
Turbine- II 452020.3 436939.4 - 12818.75 79981.6 64900.7 - 12818.75 2262.13 96 97
124092.1* 119952.1* - 3519.7* 21957.7* 17717.7* - 3519.7* 621.24* 96* 97*
Condenser 215510.6 211200.4 4310.21 378.16 86482.02 71769.4 245.01 378.16 14845.7 98 83
59163.7* 57980.9*% 1183.79* 57.62* 21295.62* 17256.66* 67.26* 57.62* 4029.32* 98* 81*
Overall system 20.88 22.42
*defines TES mode.
Table G4
The NPV analysis results of design 45,834 for R152a.
Today 5 10 15 20
Investment
Solar Field cost -67,736,850.0 — — — —
TES cost —10,460,523.84 — — — —
PB cost —8,427,561.28 - - - -
Cash flow (US$)
Expenses
Maintenance and repair cost - —584,718.31 —584,718.31 —584,718.31 —584,718.31
Personnel expenses - —92,798.01 —92,798.01 —92,798.01 —92,798.01

21,942,090.94
8,662,493.51
19,135,456.17
347,329,050.67

Discount rate (%13) 1.00 0.62 0.39 0.24 0.15
Present Value —77,962,441.61 13,203,627.80 8,198,414.05 5,090,570.10 3,160,843.52
NPV (US$) 103,074,869.34

Appendix H

Table H1

Thermodynamic properties of design 45,833 during insolation for R600a.
Point Fluid mkg/s T P h s E wkj/kg

°C kPa kJ/kg kJ/kgK kw

1 R718 108.37 81.32 50 340.54 1.0912 36905.6 19.76
2 R718 108.37 81.35 3000 343.57 1.0912 37234.8 22.79
3 R718 108.37 380 3000 3185.87 6.8543 345265.5 1146.81
4 R718 108.37 81.32 50 2503.75 6.8543 271341.2 464.69
5 R600a 645.8 41.32 550 299.66 1.3369 193517.4 51.51
6 R600a 645.8 41.54 1100 300.69 1.3369 194189.4 52.55
7 R600a 645.8 75 1100 656.45 2.3816 423936.2 96.80
8 R600a 645.8 43.72 550 643.26 2.3816 415410.1 83.60
9 Air 19,467 28.9 — 428.4 3.890 8,339,458 1.141
10 Air 19,467 40 — 439.54 3.927 8,556,912 1.059
11 Terminol VP-I 769.12 120 15 181.3 0.54 139441.1 20.59
12 Terminol VP-I 261.5 400 23 800.5 1.71 209330.9 291.85
13 Terminol VP-I 261.5 120 15 181.3 0.54 47409.98 18.75
14 Molten Salt 342.6 390 — 483.06 - 165507.5 210.25
18 Molten Salt 342.6 111 - 19.92 - 6825.1 17.33
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Total cash flow
Cumulative cash flow
Discount rate (%13)
Present Value

NPV (US$)

—76,808,834.04
1.00
—76,808,834.04
90,587,837.24

19,662,350.20
21,502,916.94
0.62

12,208,772.50

32

19,662,350.20
119,814,667.92
0.39
7,580,687.17

19,662,350.20
218,126,418.91
0.24
4,707,010.31

Table H2
Thermodynamic properties of design 45,833 during non-sunshine time for R600a.
Point Fluid mkg/s T P h s E wkj/kg
°Cc kPa kJ/kg kJ/kgK kw
1 R718 29.75 81.32 50 340.54 1.0912 10131.6 19.76
2 R718 29.75 81.35 3000 343.57 1.0912 10,222 22.79
3 R718 29.75 380 3000 3185.87 6.8543 94784.97 1146.81
4 R718 29.75 81.32 50 2503.75 6.8543 74490.67 464.69
5 R600a 177.28 41.32 550 299.66 1.3369 53126.17 51.51
6 R600a 177.28 41.54 1100 300.69 1.3369 53310.36 52.55
7 R600a 177.28 75 1100 656.45 2.3816 116382.2 96.80
8 R600a 177.28 43.72 550 643.26 2.3816 114041.6 83.60
9 Air 2966.17 20 — 419.4 3.860 1,244,059 1.207
10 Air 2966.17 40 — 439.54 3.927 1,303,756 1.059
15 Molten Salt 189.21 387.8 — 479.54 - 90,733 214.99
16 Molten Salt 189.21 387.9 - 479.54 - 90,733 214.99
17 Molten Salt 189.21 113.15 - 23.49 — 4444.26 20.35
Table H3
Energy and Exergy analysis results of design 45,833 for R600a.
Component Epmass kW Enmass ok W Qkw WkwW EXpss (kW EXmassokW ~ ExqkW ExykW ExgkW 1 €
% %
PTSC 139441.1 209330.7 528367.6 542.12 15836.1 76318.7 294344.2 542.12 233319.4 80 85
HST 90733.7* 91399.7* 919.58* - 40678.2* 39781.4* 540.80* — 356 98* 97*
CST 4444.5% 3769.1% 269.55% 3.78 3850.42* 3279* 77.89 3.79 497.32 84* 85*
HE-I 161920.9 158652.5 3238.4 - 82255.49 76940.82 1804.06 — 7118.74 98 91
HE-II 86288.74* 84562.2* 1725.61* - 91411.04* 37970.03* 947.20* — 54388.21* 98* 81*
HE-III 314317.0 308030.7 6286.34 — 150,619 133803.3 3502.01 — 20317.77 98 87
HE-IV 234435.6 229746.8 4688.71 - 84294.92 64656.18 744.93 — 20383.68 98 76
64359.6* 63071.06* 1287.57* - 23141.37* 17749.73* 204.50* — 5595.89* 98* 76*
Pump- I 36905.59 37234.86 — 411.58 2141.40 2470.66 - 411.48 82.32 99 97
10131.61* 10222* — 112.99* 587.84* 678.42* — 112.99* 22.60* 99* 97*
Pump- II 193518.4 19189.4 - 838.68 33264.18 33935.13 - 838.68 167.73 98 99
53126.78* 53310.74* — 230.95* 9131.52* 9316.49* — 230.95* 46.05* 98* 99*
Turbine- I 345265.5 271341.2 — 62835.7 124284.2 50359.8 — 62835.7 11088.7 80 91
94784.5* 74490.58* - 17250.6* 34119.8* 13825.8* - 17250.6* 3044.34* 78% 91*
Turbine- II 423936.2 415410.1 — 7247.18 62514.78 53988.68 — 7247.18 1278.91 97 98
116382.8* 114041.1* — 1989.07* 17162.59* 14821.87* - 1989.07* 351.66* 97* 98*
Condenser 221891.7 217453.9 4437.83 389.36 76208.94 53883.2 1113.06 389.36 21,602 98 72
60915.3* 59697.51* 1218.78* 59.32* 18402.55* 12273.18* 305.57* 59.32* 5882.44* 98* 68*
Overall system 19.35 20.78
*defines TES mode.
Table H4
The NPV analysis results of design 45,833 for R600a.
Today 5 10 15 20
Investment
Solar Field cost —67,736,850.0 — - - -
TES cost — 10,608,979.87 - - - -
PB cost —6,997,319.07 - — - —
Cash flow (US$)
Expenses
Maintenance and repair cost — —576,066.26 —576,066.26 —576,066.26 —576,066.26
Personnel expenses - —92,798.01 —92,798.01 —92,798.01 —92,798.01
Incomes
Electricity Production - 20,331,214.46 20,331,214.46 20,331,214.46 20,331,214.46
Scrap cost — — — — 8,534,314.89

19,662,350.20
316,438,169.89
0.15
2,922,683.07
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Appendix I
Table I1
Thermodynamic properties of design 34,833 during insolation for R152a.
Point Fluid mkg/s T P h s E vkj/kg
°C kPa kJ/kg kJ/kgK kw
1 R718 81.86 81.32 50 340.54 1.0912 27876.84 19.76
2 R718 81.86 81.35 2000 342.54 1.0912 28041.21 21.76
3 R718 81.86 380 2000 3204.22 7.0626 262300.2 1103.05
4 R718 81.86 81.32 50 2569.27 7.0626 210322.3 468.09
5 R152a 654.6 40.03 910 271.41 1.2413 177661.4 63.42
6 R152a 654.6 40.35 1800 272.44 1.2413 178339.1 64.46
7 R152a 654.6 70 1800 545.58 2.0487 357135.7 96.87
8 R152a 654.6 40.03 910 527.48 2.0487 345282.4 78.76
9 Air 12,002 26.4 - 425.9 3.881 5,111,531 1.16
10 Air 12,002 40 - 439.54 3.927 5,275,800 1.059
11 Terminol VP-I 584.94 120 15 181.3 0.54 106045.7 20.59
12 Terminol VP-I 198.9 400 23 800.5 1.71 159197.2 291.85
13 Terminol VP-I 198.9 120 15 181.3 0.54 36055.53 19.93
14 Molten Salt 260.6 390 - 483.06 - 125869.3 210.25
18 Molten Salt 260.6 111 - 19.92 - 5190.5 17.33
Table 12
Thermodynamic properties of design 34,833 during non-sunshine time for R152a.
Point Fluid mkg/s T P h s E wkj/kg
°C kPa kJ/kg kJ/kgK kw
1 R718 28.94 81.32 50 340.54 1.0912 9856.68 19.76
2 R718 28.94 81.35 2000 342.54 1.0912 9914.65 21.76
3 R718 28.94 380 2000 3204.22 7.0626 92743.3 1103.05
4 R718 28.94 81.32 50 2645.2 7.0626 74365.52 468.09
5 R152a 231.44 40.03 910 271.41 1.2413 62816.45 63.42
6 R152a 231.44 40.35 1800 272.44 1.2413 63056.78 64.46
7 R152a 231.44 70 1800 545.58 2.0487 126274.1 96.87
8 R152a 231.44 40.03 910 527.48 2.0487 121935.1 78.76
9 Air 2299.7 14.9 - 414.3 3.842 952,653 1.245
10 Air 2299.7 40 — 439.54 3.927 1,010,735 1.059
15 Molten Salt 185.32 387.8 - 479.54 - 88872.81 221.95
16 Molten Salt 185.32 387.88 - 479.54 — 88872.81 221.95
17 Molten Salt 185.32 113.15 - 23.49 — 4353.85 22.76
Table 13
Energy and Exergy analysis results of design 34,833 for R152a.
Component EpassikW EmassokW Qkw Wkw EXmass kW EXass ok W ExqokW ExwkW ExgkW 1 €
% %
PTSC 106045.7 159197.2 401826.2 542.12 12043.9 58048.9 296,097 542.12 249549.8 74 83
HST 89520.6* 88868.3* 926.63* 41131.7* 38963.5* 544.9* - 1623.3* 98* 94*
CST 4353.16* 3691.6* 282.64* 3.7* 4217.8* 3211.6* 76.3* 3.7* 933.6* 84* 76*
HE-I 123141.7 120678.8 2462.8 — 62555.7 58748.2 1372.0 — 5179.4 98 92
HE-II 84518.9* 82828.6* 1690.3* 89502.1* 36145.3* 927.8* — 54284.5* 98* 80*
HE-III 239039.7 234258.9 4780.7 — 114449.5 97990.6 2663.2 - 19122.1 98 83
HE-IV 182445.4 178796.5 3648.9 — 80512.0 65030.5 579.7 — 16061.2 98 80
64508.9* 63218.3* 1290.5* 28467.5* 22993.2* 204.98* — 5678.9* 98* 80*
Pump- I 27876.8 28041.2 — 205.50 1617.52 1781.92 — 205.50 41.10 99 98
9856.5* 9914.6* — 72.66* 571.92* 630.28* — 72.66* 14.51* 99* 98*
Pump- II 177661.4 178339.1 - 847.1 41515.8 42193.5 - 847.1 169.4 96 99
62816.4* 63056.7* - 299.51* 14679.1* 14918.4* - 299.51* 59.93* 96* 99*
Turbine- I 262300.2 210322.3 — 44181.2 90296.3 38318.4 — 44181.2 7796.7 80 91
92743.2* 74365.5* - 15621.4* 31926.7* 13548.0* - 15621.4* 2756.3* 80* 91*
Turbine- II 357135.7 345282.3 - 10075.3 63413.0 51559.6 - 10075.3 1778.0 98 97
126274.1% 122083.1* — 3562.40* 22421.37* 18230.1* — 3562.40* 628.6* 98* 97*
Condenser 167620.9 164268.5 3352.4 240.1 65482.0 54228.6 160.8 240.1 11332.5 98 83
59266.6* 58081.7* 1185.8* 45.99* 21093.7* 17114.6* 56.82* 45.93* 3968.2* 98* 81*
Overall system 20.56 22.07

*defines TES mode.
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Table 14
The NPV analysis results of design 34,833 for R152a.
Today 5 10 15 20

Investment
Solar Field cost -67,736,850.0 — — — —
TES cost —10,383,600.54 - - - -
PB cost —8,847,783.96 — — — —
Cash flow (US$)
Expenses
Maintenance and repair cost - —587,120.41 —587,120.41 —587,120.41 —587,120.41
Personnel expenses - —92,798.01 —92,798.01 —92,798.01 —92,798.01
Incomes
Electricity Production - 19,284,010.30 19,284,010.30 19,284,010.30 19,284,010.30
Scrap cost - — — - 8,698,080.18
Total cash flow - 18,604,091.88 18,604,091.88 18,604,091.88 18,604,091.88
Cumulative cash flow —78,282,721.66 14,737,737.72 107,758,197.10 200,778,656.48 298,799,115.87
Discount rate (%13) 1.00 0.62 0.39 0.24 0.15
Present Value —78,282,721.66 11,551,677.34 7,172,682.78 4,453,671.68 2,765,379.71
NPV (US$) 80,104,399.98

Appendix J

Table J1

Thermodynamic properties of design 34,833 during insolation for R600a.
Point Fluid mkg/s T P h s E wkj/kg

°C kPa kJ/kg kJ/kgK kw

1 R718 81.86 81.32 50 340.54 1.0912 27876.84 19.76
2 R718 81.86 81.35 2000 342.54 1.0912 28041.21 21.76
3 R718 81.86 380 2000 3204.22 7.0626 262300.2 1103.05
4 R718 81.86 81.32 50 2569.27 7.0626 210322.3 468.09
5 R600a 502.6 41.32 550 299.66 1.3369 150602.4 51.51
6 R600a 502.6 41.54 1100 300.69 1.3369 151124.6 52.55
7 R600a 502.6 75 1100 656.45 2.3816 329921.1 96.80
8 R600a 502.6 42.54 550 643.26 2.3816 323285.8 83.60
9 Air 12365.4 26.4 — 425.9 3.881 5,265,910 1.16
10 Air 12365.4 40 — 439.54 3.927 5,435,140 1.059
11 Terminol VP-I 584.94 120 15 181.3 0.54 106045.7 20.59
12 Terminol VP-I 198.9 400 23 800.5 1.71 159197.2 291.85
13 Terminol VP-I 198.9 120 15 181.3 0.54 36055.53 19.93
14 Molten Salt 260.6 390 — 483.06 - 125869.3 210.25
18 Molten Salt 260.6 111 . 19.92 - 5190.5 17.33

Table J2

Thermodynamic properties of design 34,833 during non-sunshine time for R600a.
Point Fluid mkg/s T P h s E wkj/kg

°c kPa kJ/kg kJ/kgK kw

1 R718 28.94 81.32 50 340.54 1.0912 9856.68 19.76
2 R718 28.94 81.35 2000 342.54 1.0912 9914.65 21.76
3 R718 28.94 380 2000 3204.22 7.0626 92743.3 1103.05
4 R718 28.94 81.32 50 2645.2 7.0626 74365.52 468.09
5 R600a 177.70 41.32 550 299.66 1.3369 53249.5 51.51
6 R600a 177.70 41.54 1100 300.69 1.3369 53434.1 52.55
7 R600a 177.70 75 1100 656.45 2.3816 116652.4 96.80
8 R600a 177.70 41.54 550 640.93 2.3816 114306.2 83.60
9 Air 2368.9 14.9 — 414.3 3.842 981425.2 1.245
10 Air 2368.9 40 - 439.54 3.927 104126.1 1.059
15 Molten Salt 185.32 387.8 - 479.54 - 88872.81 221.95
16 Molten Salt 185.32 387.88 — 479.54 — 88872.81 221.95
17 Molten Salt 185.32 113.15 — 23.49 - 4353.85 22.76
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Incomes

Electricity Production

Scrap cost

Total cash flow

17,717,673.58

17,055,885.12

17,717,673.58

17,055,885.12

17,717,673.58

17,055,885.12

Table J3
Energy and Exergy analysis results of design 34,833 for R600a.
Component  f,,. kW EpassokW Qkw WkW EXimass kW EXmassokW  ExokW ExykW ExgkW n €
% %
PTSC 106045.7 159197.2 401826.2 542.12 12043.9 58048.9 296,097 542.12 249549.8 74 83
HST 89520.6* 88868.3* 926.63* — 41131.7* 38963.5* 544.9* — 1623.3* 98* 94*
CST 4353.16* 3691.6* 282.64* 3.7* 4217.8* 3211.6* 76.3* 3.7* 933.6* 84* 76*
HE-I 123141.7 120678.8 2462.8 - 62555.7 58748.2 1372.0 — 5179.4 98 92
HE-II 84518.9* 82828.6* 1690.3* — 89502.1* 36145.3* 928.8* - 54284.5% 98* 80*
HE-III 239039.7 234258.9 4780.7 — 114449.5 97990.6 2663.2 — 19122.1 98 83
HE-IV 182445.4 178796.5 3648.9 - 64727.9 50268.5 579.7 — 15039.0 98 77
64508.9* 63218.3% 1290.5* — 22886.4* 17773.1* 204.7* - 5317.9* 98* 77%
Pump- I 27876.8 28041.2 — 205.50 1617.52 1781.92 — 205.50 41.10 99 98
9856.5* 9914.6* - 72.66* 571.22% 630.28* - 72.66* 14.51* 99* 98*
Pump- II 150602.4 151124.5 - 652.6 25887.2 26409.4 - 652.6 130.5 96 99
53249.6* 53434.0* — 230.4* 9153.9* 9337.3* — 230.4* 46.16* 96* 99*
Turbine- I 262300.2 210322.3 — 44181.2 90296.3 38318.4 — 44181.2 7796.7 80 91
92743.2* 74365.5* - 15621.4* 31926.7* 13548.0* - 15621.4* 2756.3* 80* 91*
Turbine- II 329921.1 323285.8 — 5639.9 48651.0 42015.7 — 5639.9 995.2 98 98
116652.3* 114306.1% — 1994.7* 17201.9* 14855.7* — 1994. 7* 351.4* 98* 98*
Condenser 172683.4 169229.7 3453.6 247.31 56358.6 38983.9 866.2 247.31 16755.7 98 70
61056.4* 59835.8* 1221.6* 47.32% 17805.7* 11662.9* 306.90* 47.32* 5884.20* 98* 67*
Overall system 18.90 20.29
*defines TES mode.
Table J4
The NPV analysis results of design 34,833 for R600a.
Today 5 10 15 20
Investment
Solar Field cost -67,736,850.0 - - - -
TES cost —10,396,167.88 — - - -
PB cost —6,161,863.27 - - - -
Cash flow (US$)
Expenses
Maintenance and repair cost —568,990.45 —568,990.45 —568,990.45 —568,990.45
Personnel expenses - —92,798.01 —92,798.01 —92,798.01 —92,798.01

17,717,673.58
8,429,488.12
17,055,885.12

Cumulative cash flow 75,865,393.04 9,414,032.56 94,693,458.16 179,972,883.75 265,252,309.35
Discount rate (%13) 1.00 0.62 0.39 0.24 0.15
Present Value —75,865,393.04 10,590,362.75 6,575,782.05 4,083,043.29 2,535,248.64
NPV (US$) 69,340,971.72

Appendix K

Table K1

Thermodynamic properties of design 44,834 during insolation for R152a.
Point Fluid mkg/s T P h s E vkj/kg

°C kPa kJ/kg kJ/kgK kw

1 R718 107.64 81.32 50 340.54 1.0912 36655.6 19.76
2 R718 107.64 81.35 2000 342.54 1.0912 36871.8 21.76
3 R718 107.64 380 2000 3204.22 7.0626 344902.6 1103.05
4 R718 107.64 81.32 50 2569.27 7.0626 276556.1 468.09
5 R152a 834.9 40.03 910 271.41 1.2413 226590.4 63.42
6 R152a 834.9 40.35 1800 272.44 1.2413 227454.8 64.46
7 R152a 834.9 75 1800 554.05 2.0731 462557.2 98.04
8 R152a 834.9 42.97 910 535.57 2.0731 447124.8 79.55
9 Air 19348.7 28.9 — 428.4 3.890 8,288,443 1.141
10 Air 19348.7 40 — 439.54 3.927 8,504,567 1.059
11 Terminol VP-I 769.12 120 15 181.3 0.54 139441.1 20.59
12 Terminol VP-I 261.5 400 23 800.5 1.71 209330.9 291.85
13 Terminol VP-I 261.5 120 15 181.3 0.54 47409.98 18.75
14 Molten Salt 342.6 390 — 483.06 - 165507.5 210.25
18 Molten Salt 342.6 111 - 19.92 — 6825.1 17.33
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Incomes

Electricity Production
Scrap cost

Total cash flow
Cumulative cash flow
Discount rate (%13)
Present Value

NPV (US$)

—77,953,378.92
1.00
—77,953,378.92
92,000,020.53

20,640,110.88
19,962,662.53
21,859,933.72
0.62

12,395,242.83
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20,640,110.88
19,962,662.53
121,673,246.36
0.39
7,696,470.58

20,640,110.88
19,962,662.53
221,486,559.01
0.24
4,778,902.69

Table K2
Thermodynamic properties of design 44,834 during non-sunshine time for R152a.
Point Fluid mkg/s T ) 4 h s E wkj/kg
°C kPa kJ/kg kJ/kgK kW
1 R718 29.55 81.32 50 340.54 1.0912 10,063 19.76
2 R718 29.55 81.35 2000 342.54 1.0912 10122.35 21.76
3 R718 29.55 380 2000 3204.22 7.0626 94685.32 1103.05
4 R718 29.55 81.32 50 2569.22 7.0626 75922.31 468.1
5 R152a 229.19 40.03 910 271.41 1.2413 62205.3 63.42
6 R152a 229.19 40.35 1800 272.44 1.2413 62442.65 64.46
7 R152a 229.19 75 1800 554.05 2.0731 126984.8 98.04
8 R152a 229.19 42.97 910 535.57 2.0731 122748.1 79.55
9 Air 2948 20 - 419.4 3.860 1,236,448 1.207
10 Air 2948 40 — 439.54 3.927 1,295,780 1.059
15 Molten Salt 189.21 387.8 — 479.54 - 90,733 214.99
16 Molten Salt 189.21 387.9 - 479.54 - 90,733 214.99
17 Molten Salt 189.21 113.15 - 23.49 — 4444.26 20.35
Table K3
Energy and Exergy analysis results of design 44,834 for R152a.
Component Enmass ikW Enmass ok W Qkw Wkw EXnass ikW EXmass ok W ExqokW ExwkW ExgkW Ul €
% %
PTSC 139441.1 209330.7 528367.6 542.12 15836.1 76318.7 294344.2 542.12 233319.4 80 85
HST 90733.7* 91399.7* 919.58* - 40678.2* 39781.4* 540.80* - 356 98* 97*
CST 4444.5* 3769.1* 269.55* 3.78 3850.42* 3279% 77.89 3.79 497.32 84* 85*
HE-I 161920.9 158652.5 3238.4 — 82255.49 76940.82 1804.06 — 7118.74 98 91
HE-II 86288.7* 84562.9* 1725.77* - 91376.27* 36446.26* 947.38* - 55877.37* 98* 81*
HE-III 314317.0 308030.7 6286.34 — 150,619 133803.3 3502.01 — 20317.77 98 87
HE-IV 239900.4 235102.4 4798.0 — 104199.5 83972.9 762.29 — 20988.83 98 80
65859.3* 64542.12* 1317.18* - 28605.65* 23052.9* 209.27* - 5762.02* 98* 80*
Pump- I 36655.59 36871.87 — 270.22 2126.40 2343.66 — 270.22 54.04 99 98
10063.61* 10122* - 74.18* 583.84* 643.42* - 74.18* 14.84* 99* 98*
Pump- II 226590.4 227454.8 — 1080.45 52949.57 5381.93 - 1080.45 216.1 99 99
62205.36* 62442.65* - 296.6* 14536.12* 14773.4*2 - 296.6* 59.52* 99* 99*
Turbine- I 344902.5 276556.2 - 58094.7 118732.2 50385.8 — 58094.7 10252.7 80 91
94685.5* 75922.58* — 15948.6* 32595.8* 13832.23* — 15948.6* 2814.4* 80* 91*
Turbine- II 462557.2 447124.8 - 13117.56 81846.06 66413.63 - 13117.56 2314.86 96 97
126984.8* 122748.1% - 3601.13* 22469.01* 18232.38* — 3601.13* 635.49* 96* 97*
Condenser 220534.3 216123.6 4410.68 386.97 88497.97 73442.45 250.72 386.97 15191.76 98 83
60542.78* 59331.93* 1210.85* 58.96* 21791.6% 17658.48* 68.83* 58.96* 4123.28* 98* 81*
Overall system 19.65 21.09
*defines TES mode.
Table K4
The NPV analysis results of design 44,834 for R152a.
Today 5 10 15 20
Investment
Solar Field cost —67,736,850.00 - - - -
TES cost —10,460,523.84 - - - -
PB cost —8,417,491.62 - — — —
Cash flow (US$)
Expenses
Maintenance and repair cost - —584,650.34 —584,650.34 —584,650.34 —584,650.34
Personnel expenses — —92,798.01 —92,798.01 —92,798.01 —92,798.01

20,640,110.88
8,661,486.55
19,962,662.53
321,299,871.65
0.15
2,967,322.58
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Appendix L
Table L1
Thermodynamic properties of design 55,833 model during insolation for R600a.
Point Fluid mkg/s T P h s E ykj/kg
°C kPa kJ/kg kJ/kgK w
1 R718 131.99 81.32 50 340.54 1.0912 44947.82 19.76
2 R718 131.99 81.35 3000 342.54 1.0912 45348.84 22.79
3 R718 131.99 380 3000 3204.22 6.8543 420503.6 1146.81
4 R718 131.99 81.32 50 2503.75 6.8543 276556.1 464.69
5 R600a 786.5 41.32 550 299.66 1.3369 235688.7 51.51
6 R600a 786.5 41.54 1100 300.69 1.3369 236505.9 52.55
7 R600a 786.5 75 1100 656.45 2.3816 516317.7 96.80
8 R600a 786.5 41.32 550 643.26 2.3816 505933.6 83.60
9 Air 25802.15 29.8 — 429.3 3.893 11,076,290 1.135
10 Air 25802.15 40 - 439.54 3.927 11,341,130 1.059
11 Terminol VP-I 936.72 120 15 181.3 0.54 169827.2 20.59
12 Terminol VP-I 318.5 400 23 800.5 1.71 254946.9 291.85
13 Terminol VP-I 318.5 120 15 181.3 0.54 57741.26 18.75
14 Molten Salt 417.3 390 - 483.06 — 201573.9 210.25
18 Molten Salt 417.3 111 — 19.92 - 8312.3 17.33
Table L2
Thermodynamic properties of design 55,833 during non-sunshine time for R600a.
Point Fluid mkg/s T P h s E wkj/kg
°Cc kPa kJ/kg kJ/kgK kw
1 R718 40.56 81.32 50 340.54 1.0912 13811.39 19.76
2 R718 40.56 81.35 3000 342.54 1.0912 13934.61 22.79
3 R718 40.56 380 3000 3185.8 6.8543 129210.7 1146.8
4 R718 40.56 81.32 50 2383.37 6.8543 101545.5 464.6
5 R600a 241.67 41.32 550 299.66 1.3369 72421.5 51.51
6 R600a 241.67 41.54 1100 300.69 1.3369 72672.59 52.55
7 R600a 241.67 75 1100 656.45 2.3816 158652.1 96.80
8 R600a 241.67 41.32 550 643.26 2.3816 155461.3 83.60
9 Air 4023 20 - 419.4 3.852 1,687,056 1.207
10 Air 4023 40 - 439.54 3.927 1,768,435 1.059
15 Molten Salt 257.27 388.2 - 480.11 - 123519.9 215.45
16 Molten Salt 257.27 388.2 - 480.11 - 123519.9 215.45
17 Molten Salt 257.27 112.79 - 22.90 - 5891.2 20.25
Table L3
Energy and Exergy analysis results of design 55,833 for R600a.
Component  E.. kW EpmassokW Qkw WkW EXass kW EXmassokW ExqkW ExykW ExgkW n €
% %
PTSC 169827.2 254946.9 643506.1 542.12 19287.1 92954.2 382,385 542.12 308175.8 81 85
HST 124276.8* 123517.9* 1013.14* - 55428.8* 54091.01* 595.82* - 741.98* 97* 98*
CST 5124.8* 5891.48* 286.04* 5.14* 5209.71* 4458.4* 82,65* 5,14* 673.8* 86* 87*
HE-I 197205.7 193261.5 3944.1 - 100180.0 93572.1 2197.1 - 8805.1 98 91
HE-II 117628.6* 115276.1* 2352.5% — 124444.4% 51723.1* 1292.0% - 74013.3* 97* 86*
HE-III 382810.9 375154.8 7656.2 — 183,441 162698.5 4265.1 — 2007.61 97 86
HE-IV 285522.2 279811.8 5710.44 - 102663.9 78745.63 907.26 - 24825.5 97 76
87734.15* 85979.47* 1754.68* — 31546.17* 24196.65* 278.78* - 7628.30 97* 76*
Pump- I 44947.8 45348.8 — 501.27 2608.04 3009.05 - 501.27 100.25 99 97
13811.39* 13934.61* - 154.03* 801.39* 924.61* — 154.03* 30.81* 99* 97*
Pump- II 235688.7 236505.9 — 1021.44 40512.9 41330.05 - 1021.44 204.28 98 99
72421.5% 72672.59* — 313.86* 12448.6* 1269.7* - 313.86* 62.77* 98* 99*
Turbine- I 420503.6 330471.1 - 76528.5 151367.4 61333.88 — 76528.5 13505.0 80 91
129210.7* 101545.5* — 23515.38* 46511.58* 18846.43* - 23515.38* 4149.77* 80* 91*
Turbine- II 516317.7 505933.6 — 8826.44 76137.5 65573.5 - 8826.44 1557.60 97 98
158652.1* 155461.3* - 2712.15* 23395.26* 20204.49* — 2712.15% 478.62* 97* 98*
Condenser 270244.9 264,840 5404.89 516.04 95031.69 67840.8 1355.61 516.04 26351.2 96 82
83039.79* 81379* 1660.79* 80.47* 25065.01* 16709.92* 416.55* 80.47* 8019.01* 96 80
Overall system 19.08 20.49

*defines TES mode.
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Table L4
The NPV analysis results of design 55,833 for R600a.
Today 5 10 15 20

Investment
Solar Field cost —67,736,850.00 — — — —
TES cost —15,116,068.88 - — - -
PB cost — 8,766,945.85 - — - —
Cash flow (US$)
Expenses
Maintenance and repair cost — —618,434.09 —618,434.09 —618,434.09 —618,434.09
Personnel expenses - —92,798.01 —92,798.01 —92,798.01 —92,798.01
Incomes
Electricity Production - 20,724,829.66 20,724,829.66 20,724,829.66 20,724,829.66
Scrap cost - - — - 9,161,986.47
Total cash flow - 20,013,597.56 20,013,597.56 20,013,597.56 20,013,597.56
Cumulative cash flow —82,457,878.26 17,610,109.53 117,678,097.32 217,746,085.11 317,814,072.91
Discount rate (%13) 1.00 0.62 0.39 0.24 0.15
Present Value —82,457,878.26 12,426,869.48 7,716,108.24 4,791,096.13 2,974,893.75

NPV (US$)

87,929,159.81

Data availability

No data was used for the research described in the article.
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