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Abstract: Power generation using concentrating solar energy is a potential solution to provide clean,
green, and sustainable power generation in the long term. The objective of this paper is to analyze the
performance of a parabolic trough collector-based concentrating solar power (CSP) plant by selecting
four different reference days (i.e., 22 March, 22 June, 22 September, and 22 December), representing
four seasons in Mongolian climate conditions. Numerical simulation of the 50 MW CSP plant was
performed, both at nominal and part-load conditions using the heat balance method considering
variations of power load owing to the direct normal irradiation (DNI). The results revealed that
the 50 MW CSP plant could operate well throughout the year, and it showed the highest value of
operating performance for the 22 June due to the higher DNI and small solar incidence angle. The
operating performance for the 22 March and 22 September is nearly similar. The lowest value of
operating performance occurred on the 22 December. Moreover, the operating performance of the
CSP plant in the part-load conditions was significantly reduced compared to the nominal load owing
to the DNI fluctuation. This study also revealed that the CSP plant could significantly contribute to
environmental protection and climate change mitigation.

Keywords: solar thermal power plant; parabolic trough collector; performance analysis; part-load
conditions; IPSEpro software

1. Introduction

Nowadays, the world’s population is growing unceasingly, and therefore the electricity
demand is estimated to increase. It is the main reason for increasing greenhouse gas
emissions. For instance, greenhouse gas emissions from electricity and heat production
have contributed to the largest global greenhouse gas emissions in 2014, with a share of
about 25% [1]. To reduce greenhouse gas emissions, a large number of studies have been
conducted related to the utilization of renewable energy for power generation purposes
with minimum pollutants. Solar energy is the most abundant, sufficient, and cleanest
available anywhere among renewable energy resources. According to the technology
roadmaps of the CSP provided by the International Energy Agency (IEA) in 2010 [2],
the CSP could supply 11.3% of global electricity by 2050. In addition, the one-megawatt
capacity of the CSP can avoid 1360 tons of CO2 emission compared to the coal-fired power
plant [3].

Regarding the trend of power generation development, solar energy is undoubtedly
the next generation of clean, green, and sustainable energy resource for power generation.
Two main power generation methods use solar energy in power generation practice, such
as solar photovoltaic (PV) [4] and CSP technology [5]. Moreover, solar chimney technology
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is one of the potential solutions for solar power generation [6,7]. Besides, another interest-
ing method of solar power generation in the short and midterm is solar-assisted power
generation, which is the hybridization of solar energy and fossil fuel-based conventional
thermal power plants [8]. From the future perspective of dispatchability, energy storage,
and system efficiency, CSP technology is superior to PV technology [2,3]. Nowadays, four
different types of technically mature CSP technologies, such as parabolic trough collectors
(PTC), linear Fresnel collectors (LFC), solar power tower (SPT), and parabolic dish (PD)
systems, are used to generate electricity using solar energy via a thermodynamic princi-
ple [9]. Moreover, the high-temperature potential available in SPT and PD technologies can
be used for fuel production via steam reforming and thermochemical approaches [10–12].
Among these CSP technologies, the PTC technology is the most developed and commonly
practiced for power generation [13,14].

In recent years, intensive studies on CSP plants have been investigated using different
methods and technologies under various operation conditions [5,15]. Some researchers
have studied the thermodynamic analysis of the CSP plant using first and second laws.
Reddy et al. investigated energetic and exergetic analysis of the 50 MW parabolic trough-
based CSP plant for two different tropical locations to optimize the operating pressures
of the Rankine cycle for the maximum efficiency of the system by considering a variety of
condenser pressure concerning ambient temperature [16]. Desai et al. [17] performed the
extensive energy and economic analysis of parabolic trough collector-based CSP plants to
study effects of turbine inlet pressure and temperature, design radiation, plant capacity,
and various modifications of Rankine cycle on overall efficiency, as well as levelized cost of
electricity (LCOE = 0.188 $/kWh).

Moreover, many studies have conducted detailed investigations on the performance
analysis, techno-economic evaluation, and economic analysis of the CSP plants with various
capacities using different numerical methods. Yuanjing et al. [18] achieved the performance
analysis of the 30 MW CSP plant for performance improvement of SEGS VI trough solar
power plant. Sultan et al. [19] examined the techno-economic competitiveness of the 50 MW
CSP plants under Kuwait climatic conditions considering solar multiple and the number of
operation hours of thermal energy storage (TES). Wang et al. [20] conducted thermodynamic
and economic analyses of the CSP plant with an air-cooled condenser, considering the
effects of meteorological conditions, including DNI and ambient temperature. Praveen
et al. [21] investigated performance analysis of the 100 MW CSP plant in two different sites
of the Middle East Region to optimize the initial plant design by considering variations of
the solar multiple (SM) and operation hours of TES. Shafiee et al. [22] demonstrated a life
cost analysis model to support investment decision-making in CSP projects based on the net
present value, internal rate of return and discounted payback period of the investment, and
LCOE. Results show that the average LCOE is 0.16 $/kWh. Boukelia et al. [23] analyzed
and compared the techno-economic and environmental potential of two different CSP
plants in terms of both hourly and annual performances using an ANN-based approach.
Ikhlef et al. [24] performed a techno-economic optimization of a 25 MW parabolic trough
power plant in Algeria by considering the solar multiple, fossil fill fraction of the backup
system, and a full load of TES.

Besides, many studies related to the operation conditions of the CSP plant have
been performed under different geographical locations with various climate conditions.
Teleszewski et al. reported the analysis of the applicability of the parabolic trough CSP
plants in the temperate climate locations. Results revealed that geographical location was
strongly affected by the operating performance of the CSP plant [25]. Aqachmar et al.
presented a detailed investigation of the Noor-I parabolic trough CSP plant located in
Morocco [26]. Mohamed et al. studied the effects of plant site location on the performance
of CSP plants with molten salt TES under three different locations in Egypt [27].

Furthermore, numerous studies have been conducted on the operation conditions of
the solar field (SF), TES system, and power block (PB) to improve the operating performance
of the CSP plant. Mokheimer et al. [28] analyzed the techno-economic performance of the
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PTC solar field in Dhahran, Saudi Arabia by considering average hourly, daily, monthly,
and annually-averaged weather data. Wang et al. [29] examined the daily performance
of PTCs in three different regions of China under different seasons, considering cosine
effect, shadowing effect, end loss effect, and optical efficiency. González-Portillo et al. [30]
performed the analytical optimization of the TES system for LCOE reduction in CSP plants
considering the costs and efficiencies of the three main parts (SF, TES, and PB) of the CSP
plant. Topel et al. [31] investigated performance improvement of the CSP plant by increasing
steam turbine flexibility during start-up. Schenk et al. [32] developed the dynamic model
to evaluate and optimize the transient behavior of PB in the CSP plant during normal,
warm, and hot start-up operation modes. Gonzalez et al. performed a simulation of a solar
steam generator in the CSP plant via machine learning using a complete year of data from
a commercial CSP plant [33]. Salazar et al. performed analytic modeling of the energy flow
in parabolic trough solar thermal power plants under low-latitude locations, considering
the effect of solar field operation on the turbine power and efficiency [34].

As can be seen in previous studies, the performance analysis of the CSP plant located
in warm climate conditions with higher DNI was mainly investigated under nominal load.
Therefore, it is significantly important to investigate the performance of the CSP plant
located in temperate climate conditions under part-load conditions. The novelty of this
study lies in the following several aspects:

(1) Performance analysis of the 50 MW CSP plant is performed in the nominal and
part-load conditions;

(2) Effect of power output on the operating performance of the power block is investigated
considering the variation of power output caused by the variation of DNI;

(3) Effect of variation of DNI on the operating performance of the solar field is considered
in the design-point condition;

(4) Effect of outlet temperature of the heat transfer fluid (HTF) on the operating parame-
ters of the solar field is examined in the design-point condition;

(5) The aperture area of the solar field is optimized using a solar multiple considering the
minimum LCOE;

(6) Effect of daily DNI on the operating performance of the solar field and CSP plant
system is considered under four different reference days.

2. Methods and Methodology

From the literature review, it can be seen that the performance analysis of CSP plants
has been performed using simulation tools including SAM: 2021-12-02 [35], IPSEpro7.0 [14],
Epsilon15.0 [23], Transys18.0 [36], Matlab2019 [27], Modelica3.5 [37], and other relevant
software utilizing the material and energy balance approach based on the thermodynamics’
first and second laws. In this study, the IPSEpro software (CSP library) is used in the
numerical simulation of the 50 MW CSP plant [38,39]. The numerical simulation of the
50 MW CSP plant consists of three subsystems: solar field, thermal energy storage, and
power block. The 50 MW CSP plant is modeled according to component models, sub-
systems, and complete systems, which are defined as the basic chemical and physical
processes [40]. The solar irradiation model and solar position (geometrical) calculations
are not presented in this study. The basic thermodynamic equations of component models
used in the numerical simulation of the CSP plant are comprehensively discussed in the
present study.

2.1. Model of Solar Field Subsystem

The model of the solar field subsystem consists of the following component models,
including PTCs, HTF system, HTF pump, TES system, and oil-water heat-exchanger (steam
generation and steam reheating system). The basic mass and heat balance of component
models used in the solar field subsystem are provided as the following formulae [38,39,41].
Moreover, the simulation model of the 50 MW CSP plant was considered a limited factor of
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shadow argument, the end loss coefficient, cleanliness of mirrors, optical losses, as well as
thermal losses.

2.1.1. Parabolic Trough Collector

PTC technology is widely used in the CSP plant due to its efficiency and simple
operation condition. Mass and heat (the heat is added to the process) balance:{

mf = md;
hf ·mf + qcoll = hd ·md;

(1)

where mf and md are mass flow rates of feed and drain stream (kg/s); hf and hd are
enthalpies of feed and drain stream (kJ/kg); qcoll is the heat absorbed in the collector by the
HTF, (kW).

Heat amount absorbed in the collector by the HTF:

qcoll = qDII − qloss (2)

where qDII is the heat gain of the PTC from direct incident irradiation (DII) (kW); qloss is the
optical and thermal losses of the PTC, including thermal losses of a pipeline (kW).

Direct incident irradiation:

DII = ηopt · ηshad · ηendloss · IAM · ηclean · DNI (3)

where ηopt is the optical efficiency of a collector (for Eurotrough-150 collector: ηopt = 0.75);
ηshad is the limited factor of shadow argument (ηshad = 1.0); ηendloss is the end loss coef-
ficient (ηendloss = 0.99); IAM is the incident angle modifier (IAM) (for Eurotrough-150
collector: IAM = cos(θ · 0.017453)− 0.000525 · θ − 0.0000286θ2; θ is the incidence angle);
ηclean is the cleanliness of mirrors (ηclean = 0.97); DNI is direct normal irradiance (W/m2);

Apparent aperture area of one parabolic trough collector unit, (m2):

Acoll = ηaperture · Acoll0 (4)

where ηaperture is the aperture factor representing defocusing of mirrors (for all mirrors
aimed at target: ηaperture = 1, for all mirrors defocused: ηaperture = 0); Acoll0 is the physical
aperture area of one parabolic trough unit (for Eurotrough-150 collector: Acoll0 = 817.5 m2).

Aperture area of the solar field, (m2):

ASF = APTC · Ncoll · Nloops (5)

where Ncoll is the number of PTC per loop; Nloops is the number of parallel subsystems
represented by the collector loop.

The heat gains of the PTC from direct incident irradiation:

qcoll = DII · Acoll (6)

The thermal efficiency of the PTC solar field can be expressed by instantaneous value
for actual feed and drain conditions. The thermal efficiency of the solar field can be defined
as the following equation:

ηSF =
mHTF ·

(
hout

HTF − hin
HTF
)

DNI · ASF
(7)

where mHTF is the mass flow rate of the HTF (kg/s); hout
HTF, hin

HTF are the enthalpies of the
HTF at outlet and inlet of the solar field (kJ/kg).
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Thermal losses of parabolic trough collector:

qloss.PTC = APTC ·
[
(a + c · vwind) · (tabs − tamb) + ε · b · (t4

abs − t4
sky)

]
(8)

where parameters a, b, and c are empiric constant [42] (a = 0.01982 W/K·m2, b = 0.00000000202
W/K4·m2, c = 0.006612 J/K·m3); vwind is the wind velocity (m/s); tabs is the absorber tube
outer wall temperature (K); tamb is the ambient temperature (K); tsky is the sky temperature
(K); ε is the absorber tube emissivity (ε = 0.0042 · tabs − 0.0995).

Thermal losses of pipeline [38]:

qloss.pipe = U · 3.14159 · d0 · L ·
(
(t f + td)

2
− tamb

)
(9)

where U is the overall heat transfer coefficient (W/m2·K); d0 is the outer diameter of
insulated connection pipeline (m); L is the actual length of connection pipe (m).

In this study, we have selected the EuroTrough-150 collectors. The main technical
specifications of the EuroTrough-150 collector [43] are summarized in Table 1.

Table 1. Main technical specifications of EuroTrough-150 collector.

Parameters Units Values

Name of collector − ET-150
Collector length m 150

Aperture width of parabolic trough m 5.77
Focal length m 1.71

The inner diameter of the absorber pipe m 0.059
The roughness of the inner wall of the absorber pipe m 0.0001

Distance between collector rows m 17.31
Optical efficiency % 75.0
Mirror reflectivity % 94.0

2.1.2. Oil-Water/Steam Heat-Exchanger

Oil-water heat exchanger for transfer from heat transfer fluid on the hot side to cooling
fluid (feedwater and steam) on the cold side.

Mass and heat balance of heat-exchanger on the hot side:{
mh

f = mh
d;

mh
f · (h

h
f − hh

d) · (1.0− qloss/100) = qtrans
(10)

Mass and heat balance of heat-exchanger on the cold side:{
mc

f = mc
d;

mc
f · (h

c
d − hc

f ) = qtrans
(11)

where mh
f and mh

d are mass flow rates of feed and drain stream on the hot side (kg/s); hh
f

and hh
d are enthalpies of feed and drain stream on the hot side (kJ/kg); qloss is the thermal

loss of oil-water heat exchanger (kW); qtrans is the transferred heat (kW); mc
f and mc

d are
mass flow rates of feed and drain stream on the cold side (kg/s); hc

f and hc
d are enthalpies

of feed and drain stream on the cold side (kJ/kg).
Transferred heat into the working fluid:

qtrans = U · AOW · tMTD; (12)

where AOW is the heat transfer area of an oil-water heat exchanger (m2); tMTD is the mean
temperature difference (K).
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2.1.3. Heat Transfer Fluid

Heat transfer fluid plays an important role in CSP applications. In this study, Ther-
minol VP-1 is chosen as the HTF for obtaining high temperatures, since it has a boiling
point around 257 ◦C at a pressure of 1013 mbar. Therminol VP-1 is employed up to
400 ◦C. Therminol VP1 is a synthetic mixture oil, which is widely used for CSP applica-
tions. Thermo-physical properties correlation as a function of temperature for Therminol
VP1 [44]: 

cp = 2.82 · T + 716;
λ = 1.73× 10−7 · T2 + 7.62× 10−6 · T + 0.14;
ρ = −7.61× 10−4 · T2 − 2.24× 10−1 · T + 1191;
µ = (−23× 10−5 · T3 + 5.61× 10− 3 · T2 − 19.89 · T + 1822)−1

(13)

2.2. Model of TES Subsystem

In this study, the proposed 50 MW CSP plant was designed to install an indirect molten
salt TES system. The TES system is composed of two molten salt storage tanks, which are
stored thermal power absorbed by the Therminol VP-1 from the solar field. In order to
avoid oversizing the thermal energy backup, the TES system was selected with a six hours’
full operation load. The TES system can stabilize the fluctuation of DNI and improve the
stable and reliable operation condition of the CSP plant in part-load conditions. When DNI
grows more than the design-point value, the HTF will be stored in the TES system in the
thermal energy form so that the stored thermal energy can be used for power generation
during the available time. The TES includes two types of tanks, named hot and cold. The
mass and thermal balance in the hot and cold tanks are similar formulae [45].

Mass and heat balance of the hot tank (HT):

mHT = mres + (mf −md) · ∆τ;
QHT = Qres + (qf − qd − qloss(HT)) · ∆τ

(14)

where mHT is the mass flow rate of HTF in the HT (kg/s); mres is the initial mass flow rate
of HTF in the HT (kg/s); mf and md are the inlet and outlet mass flow rates of HTF of the
HT, respectively (kg/s); ∆τ is the time interval (s); QHT is the thermal energy stored in the
HT (kW); Qres is the initial energy stored in the HT (kW); qf and qd are the thermal power
inlet and outlet of the HT, respectively (kW).

The thermal energy loss of the hot tank:

qloss(HT) = U · AHT · (tHT − tamb) (15)

where AHT is the heat transfer area of the HT (m2); tHT is the temperature of HTF in the HT (K).

2.3. Model of Power Block Subsystem

The model of the power block subsystem consists of a steam turbine, electric generator,
condenser, low-pressure preheaters, deaerator, high-pressure preheaters, pumps, and
electric motors [46]. The following formulae provide the basic mass and heat balance of
component models used in the model of power block.

2.3.1. Model of the Steam Turbine

The component model of the steam turbine is modeled as the single pressure stage or
the pressure stage group. Mass and heat balance:{

mf −md = 0.0;
hf − hd = ∆hs · ηs

(16)

Power production:
(hf − hd) · ηm ·mf −Wout = 0.0 (17)
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where ∆hs is the isentropic enthalpy difference (kJ/kg); ηs is the isentropic efficiency (%);
ηm is the mechanical efficiency (%); Wout is the power production (kW).

In the CSP plant, the steam turbine works in part-load conditions due to the variation
of solar irradiation. Steam parameters of the steam turbine in the part-load conditions can
be defined by the Stodola-Flugel equation:

m′i
mi

=

√√√√ p′2i − p′2i+1

p2
i − p2

i+1

√
Ti
T′i

(18)

where mi and m′i are the mass flows of steam inlet and outlet of turbine pressure stage
at off-design regime (kg/s); pi and pi+1 are the steam pressures of inlet and outlet of
turbine pressure stage at design regime (bar); p′i and p′i+1 are the steam pressures of inlet
and outlet of turbine pressure stage at off-design regime (bar); Ti and T′i are the steam
temperatures of inlet turbine pressure stage at design and off-design regime (K).

2.3.2. Model of the Electric Generator

The purpose of an electric generator is to convert mechanical energy (shaft power)
into electrical energy (power output). The power output of the electric generator:

Wout − ηel · ηm ·Wshaft = 0.0 (19)

where Wout is the electrical power output (kW); ηel is the electrical efficiency (%); Wshaft is
the shaft power (kW).

2.3.3. Model of Motor

The purpose of an electric motor is to convert electrical energy into mechanical energy.
Electrical power input of motor:

Wm =
Wshaft
ηel · ηm

(20)

where Wshaft is the shaft power of motor (kW); ηel electrical efficiency of motor (%); ηm is
the mechanical efficiency of motor (%).

2.3.4. Model of Pump

The purpose of the pump is to transport fluids by the conversion of rotational kinetic
energy to the hydrodynamic energy of the fluid flow using an electric motor. Shaft power
of the pump:

Wshaft =
mf · (hd − hf)

ηm
(21)

where mf is the mass flow rate of the feed stream (kg/s); hd and hf are the enthalpies of
drain and feed streams (kJ/kg); ηm is the mechanical efficiency of the pump.

2.3.5. Model of Heat Exchangers

The high-pressure preheaters, low-pressure preheaters, and steam condenser are the
surface type of heat exchangers.

Mass and heat balance of feedwater preheaters at the hot and cold side:{
mh

f = mh
d;

mh
f · (h

h
f − hh

d)− qtrans = 0.0
(22)

{
mc

f = mc
d;

mc
f · (h

c
f − hc

d) + qtrans = 0.0
(23)
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Mass and heat balance of steam condenser at the hot and cold side:{
mh

f + mf.rc = mh
d;

mh
f · h

h
f + mf.rc · hf.rc −mh

d · h
h
d = qtrans

(24)

{
mc

f = mc
d;

mc
f · h

c
f −mc

d · h
c
d + qtrans = 0.0

(25)

Deaerator is a mixed type of heat exchanger, which is employed for preheating and
deaerating the feedwater. Mass and heat balance of deaerator:{

mc
f + mh

f + mf.rc = md;
mc

f · h
c
f + mh

f · h
c
f + mf.rc · hf.rc = md · hd

(26)

where mh
f , mh

d, mf.rc are mass flow rates of hot streams for feed, drain, and recycle (kg/s);
mc

f , mc
d are mass flow rates of cold streams for feed, drain, and recycle (kg/s); hh

f , hh
d, hf.rc

are the enthalpies of hot streams (kJ/kg); hc
f , hc

d are the enthalpies of cold streams (kJ/kg);
qtrans is the transferred heat (kW).

2.4. Performance Characteristics of the CSP Plant

The aperture area of the solar field is one of the key parameters for designing the CSP
plant, representing the major investment cost of the CSP plant. The optimal aperture area
of the solar field is characterized by a solar multiple, which can be determined as the ratio
between the solar thermal powers received from the solar field in the design point to the
thermal power required in the power block in the nominal load. An optimal value of SM
represents a minimum value of LCOE. Solar multiple [47]:

SM =
Qcoll,SF

Qcoll,PB

∣∣∣∣
design−point

(27)

where Qcoll,SF is the received solar thermal power of the solar field (kW); Qcoll,PB is the
required thermal power of the power block (kW).

There are several characteristics, including thermal efficiency, specific steam consump-
tion, and specific heat consumption, that determine the operating performance of the power
block in the CSP plant.

The thermal efficiency of the power block can be defined as the following equation.

ηPB =
W
Q
· 100; (%) (28)

where W is the power output of the CSP plant (kW); Q is the quantity of the heat supplied
with steam (kW).

The specific steam consumption can be defined as the following equation:

m =
m0

W
; (kg/kW · h) (29)

where m0 is the mass flow rate of the main steam (kg/s).
The specific heat consumption can be determined by the following equation:

q =
Q
W

; (kJ/kW · h) (30)

where Q is the quantity of the heat supplied with steam (kW).
Overall solar-to-electric efficiency of the 50 MW CSP plant can be calculated as the

following equation [48]:
η = ηSF · ηPB · ηaux · ηavia; % (31)
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where ηaux is the auxiliary internal power consumption (%); ηavia is the plant availability (%).
Figure 1 depicts the simplified logic flow diagram for estimating the operating perfor-

mance of the CSP plant. Input parameters of the CSP plant model were the geographical
location (latitude, longitude, and time zone), solar time (hour of the day, day of the year,
DNI), collector characteristics (dimensions, length, and mirror properties), and climate data
(ambient temperature, pressure, wind speed, and relative humidity). These parameters
allowed estimating the performance of the 50 MW CSP plant.

Figure 1. Simplified logic flow diagram for estimating the operating performance of the CSP plant.

The economic analysis of the CSP plant is performed by an estimation of the LCOE [47].
The formulae used for estimating the LCOE of the CSP plant is:

LCOE =
(Cinvest · CRF) + CO&M + Cfuel

Ean (32)

where Cinvest is the total investment of the CSP plant ($); CRF is the capital recovery
factor; CO&M is the annual operation and maintenance (O&M) costs ($); Cfuel is the annual
fuel costs (in this case, annual fuel costs are neglected, because the CSP plant has been
planned without fossil fuel hybridization.) ($); Ean-annual electricity production of the CSP
plant (kWh).

The capital recovery factor can be determined by the following formulae.

CRF =
r(r + 1)D

(r + 1)D − 1
(33)

where r is the discount rate (%); D is the lifetime of the proposed system (year).



Energies 2022, 15, 1367 10 of 24

Cost data for economic analysis of the 50 MW CSP plant is summarized in Table 2.
These cost data have been set according to several references [41,47,49].

Table 2. Cost data for economic analysis of 50 MW CSP plant.

Parameters Units Values

Direct cost (DC)

Solar field cost $/m2 170
HTF cost $/m2 70

Power block cost $/kW 800
Balance of plant cost $/kW 110

TES cost $/kWth 70
Contingency % of DC 10

Indirect cost (O and M cost)
Engineering, construction, and project

management % of DC 15

Engineer, procure, construct % of DC 3.5
Project, land, management % of DC 1.5

Debt interest rate % 6
A lifetime of power plant year 30

2.5. Model Validation

Accuracy of our model and verification of our simulation results are performed under
the same design-point parameters and operation conditions used by Montes’s model.
Montes et al. [47] studied the performance analysis of the 50 MW CSP plant located in
Plataforma Solar de Almeria site in Spain. Figure 2 shows the simplified process flow
diagram of the 50 MW CSP plant located in Plataforma Solar de Almeria. The verification
is conducted by using data of the 50 MW CSP plant according to Figure 2.

Figure 2. Process flow diagram of the 50 MW CSP plant (Montes’s paper): SF—solar field; SG—steam
generator; RH—reheater; ST—steam turbine; EG—electric generator.

Comparison of some main parameters and numerical results between Montes’s model
and our model is clearly described in Table 3. As shown in Table 3, the numerical results of
our model agreed well with those reported in Montes’s model. Compared results show
that the numerical results are the same as Montes’s model and satisfy the project modeling
requirement, with a relative error range of 0.0% to about 2.5%. Higher error percentages
related to the solar thermal power, the mass flow rate of the main steam, and heat input
of reheater are attributed to the uncertainty of some technical specifications of the 50 MW
CSP plant in Montes’s model during the modeling procedure.
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Table 3. Comparison of the main parameters and numerical results of 50 MW CSP plant.

Parameters Units Montes’s Model Our Model Error, %

DNI W/m2 850 850 0.00
Location (longitude and latitude) ◦ 2.21◦ W, 37.05◦ N 2.21◦ W, 37.05◦ N 0.00

Altitude m 366 366 0.00
Ambient temperature ◦C 25 25 0.00

Collector type − ET-150 ET-150 −
Number of loops − 80 80 0.00

Solar multiple − 1.03 1.03 0.00
Solar thermal power MW 150.3 146.1 2.80

Power output MW 51.5 51.71 0.41
Main steam temperature ◦C 370 370 0.00

Main steam pressure bar 90 90 0.00
Reheated steam temperature ◦C 370 370 0.00

Exhausted steam pressure bar 0.08 0.08 0.00
Mass flow rate of main steam t/h 228.31 226.56 0.76
Thermal efficiency of the PB % 38.20 37.26 2.40

Heat input of a steam generator MW 121.10 121.51 0.33
Heat input of a reheater MW 21.56 21.12 2.00

3. Results and Discussions
3.1. Solar Resource Assessment of the Selected Location

Mongolia has ample solar resources and favorable climate conditions for effective solar
energy utilization. However, Mongolia could not utilize this enormous solar resource to its
full potential. Solargis team has created a direct normal irradiation map of Mongolia [50],
which is depicted in Figure 3. As shown in Figure 3, the annual received DNI in southern
parts of Mongolia is a large number, which is greater than 1700 kWh/m2, and some
areas are greater than 2000 kWh/m2. The lowest value of annual DNI was between
1300–1500 kWh/m2y in northern parts of the country. Moreover, the highest value of
annual DNI was between 1700–2200 kWh/m2y in southern parts of the country. According
to Mongolia’s direct normal irradiation map, the southern desert areas are highly suitable
areas for implementing any CSP project.

Figure 3. Direct normal irradiation in Mongolia via Solargis data.

The selected location to implement the CSP plant is a key factor to provide maximum
solar thermal power and economic benefits from the CSP project. Location of the 50 MW
CSP plant is selected in Mandalgobi city of Dundgobi province (longitude: 45.45◦ N and
latitude: 106.16◦ E) due to the higher solar irradiation, more than 3300 sunshine hours in a
typical year, a lower density population, and the largest vacant areas, which is appropriate
to implement any CSP plant in the future. Moreover, the selected location is near the
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transport logistic system, which is an advantage during installing the CSP plant. According
to the Solargis map [50], the daily yearly totals of DNI in the selected location were around
6.2 kWh/m2·day and 2280 kWh/m2·year, respectively.

For the selected location, one-hour solar radiation and climate data from the most
recent 15 years (2003–2017) are used [51]. Figure 4 shows the annual distributions of solar
and climate data in the selected location. The annual distributions of solar and climate
data are run from January 1 to December 31. According to the solar data, the annual DNI
of the selected location is around 2160 kWh/m2, which is sufficient to allow the normal
operation of the CSP plant. The annual average air temperature and wind speeds in the
selected location are around 6–7 ◦C and 3.5–4.0 m/s, respectively. As shown in Figure 5, the
selected location was suitable and reliable for solar power generation due to the higher solar
radiation resource and favorable climate conditions. However, the ambient temperature in
winter is around −30 ◦C, which is expected to significantly affect the operation condition
of the CSP plant.

Figure 4. Annual distributions of solar and climate data in the selected location.

Figure 5. The model of the process flow diagram of the 50 MW CSP plant (IPSEpro model).
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3.2. Numerical Simulation of the 50 MW CSP Plant in the Design Point Conditions

A parabolic trough collector is one of the most mature CSP technologies for medium-
temperature applications. The nominal capacity of most commercial CSP plants using PTC
technology is around 50 MW [5,13]. In this study, the process model of the 50 MW CSP
plant was performed on the IPSEpro software based on mass and energy conservation using
the technical specification of the Andasol CSP plant. Numerical simulation of the 50 MW
CSP plant with nominal load is carried out in the design-point conditions. In Figure 5, the
model of the process flow diagram of the 50 MW CSP plant is illustrated. In the process
flow diagram described in Figure 5, the power block operates the reheating steam cycle.
The feedwater preheating system is composed of two high-pressure preheaters (HPH#1
and HPH#2), deaerator equipment, and three low-pressure preheaters (LPH#1, LPH#2,
and LPH#3) connected according to pressure descending order. Deaerator equipment is
connected to the third extraction and operates as a separate feedwater preheater.

A temperature–entropy (T-s) diagram of the 50 MW CSP plant cycle with all corre-
sponding intermediate state points in the design point condition is depicted in Figure 6.
The general heat transfers and steam expansion process of the 50 MW steam turbine in the
CSP plant can be seen in Figure 6. It is pertinent to mention that the steam reheating is after
the first steam extraction.

Figure 6. T-s diagram of the steam turbine in the 50 MW CSP plant.

A general layout of the steam generation and steam reheating system of the 50 MW
CSP plant based on the design of the Aalborg CSP is shown in Figure 7 [52]. The steam
generation system consists of an economizer, feedwater evaporator, and steam superheater.
The steam reheating system consists of a low and high-temperature reheater. The tem-
perature balance of working fluids (feedwater, superheated steam, reheated steam, and
heat transfer fluid) in the steam generation and the steam reheating system is also shown
in Figure 7. In design point condition, the HTF is heated to a maximum of 393 ◦C in the
solar field and cooled to a temperature of 280 ◦C in the steam generator. The mass flow
rate of the main steam is around 58.63 kg/s per 50 MW electric power output. The main
steam is generated at around 100 bar at 370 ◦C. The mass flow rate of reheated steam is
around 47 kg/s. Outlet steam with a temperature of 200 ◦C from the high-pressure cylinder
of the turbine is heated in a steam reheater at 370 ◦C (16.3 bar) again before it enters the
low-pressure cylinder of the turbine.
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Figure 7. A general layout of the steam generation and steam reheating system of the 50 MW CSP plant.

To calculate the proper solar thermal power received from the solar field, as well as an
appropriate aperture area of solar field related to the thermal power required in the power
block with nominal load, it needs to set a design point in which the operating performance
of solar field is nominal. The design point is set on the 22 June at solar noon. The design
point value of DNI is taken as 800 W/m2, considering the annual distribution of DNI.
The parabolic trough collectors in the solar field were arranged along with North-South
orientation due to the maximum solar thermal power received from the solar field on a
yearly basis. The design parameters and operating performance of the 50 MW CSP plant
are calculated at the design point value of DNI and summarized in Table 4.

Table 4. Main parameters and operating performance of 50 MW CSP plant in nominal load.

Parameters Units Values

Power block characteristics
Power output (gross) kW 50,000

Pressure of main steam bar 100
Temperature of main steam ◦C 370
Pressure of exhausted steam bar 0.08

Temperature of reheated steam ◦C 370
Pressure of reheated steam bar 16.5

Mass flow rate of main steam t/h 211.1
Mass flow rate of reheated steam t/h 169.5

Mass flow rate of exhausted steam t/h 169.5
Temperature of feedwater ◦C 235

Transferred heat into cooling fluid kW 140,160
Thermal efficiency of PB % 35.72

Specific steam consumption of PB kg/kWh 4.22
Specific heat consumption of PB kJ/kWh 10,080

Solar field characteristics
Type of PTC − Eurotrough-150

Design point value of DNI kW/m2 0.80
Number of loops − 80

Aperture area of the SF m2 261,600
DNI on aperture area kW 209,280

Heat gain of collector from DII kW 151,744
Optical and thermal heat loss of SF kW 68,230

Transferred heat into HTF kW 141,050
Temperature of HTF at the outlet to the SF ◦C 395
Temperature of HTF at the inlet to the SF ◦C 280

Mass flow rate of HTF t/h 1866
Thermal efficiency of the SF % 67.4

Overall solar-to-electric efficiency of CSP plant % 22.03

3.3. Numerical Simulation of the 50 MW CSP Plant in the Part-Load Condition

Due to the fluctuation of solar irradiation, solar thermal power produced from the
solar field is always changed. On the other hand, the power block operates in part-
load conditions when insufficient solar thermal power is available. For that reason, it
is significantly important to analyze the operating performance of the CSP plant in the
part-load conditions. Numerical simulation of the 50 MW CSP plant is carried out in the
part-load conditions by considering the variation of power output from 50 MW to 30 MW.
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Figure 8 depicts the effect of power output on the mass flow rates of the main steam,
reheated steam, and exhausted steam. When the CSP plant is the nominal load of 50 MW,
the mass flow rates of the main, reheated, and exhausted steam are at design point values.
However, reducing the rated power output could result in the reduction of the mass flow
rates of the main steam, reheated steam, and exhausted steam.

Figure 8. Effect of power output on the mass flow rates of main, reheated, and exhausted steam.

The operating performance of the power block in the CSP plant is characterized by
thermal efficiency, specific steam consumption, and specific heat consumption. Figure 9
depicts the effect of the power output on the operating performance of the CSP plant. From
Figure 9, the operating performance of the power block can decrease by reducing power
output due to part-load conditions. The results revealed that the efficient and economical
operation condition of the CSP plant is near the nominal load. For instance, operating
performance is at maximum when the CSP plant operates at a nominal load. It is relevant
to mention that the operating performance of the CSP plant is always changed due to the
fluctuation of solar irradiation.

Figure 9. Effect of power output on the operating performance of the power block.

3.4. Optimization for Aperture Area of the Solar Field

DNI value of each day in a typical year is different, and the calculation of the aperture
area of the solar field is significantly important for the investment costs of the CSP plant.
When the real climate condition is cloudy, the DNI value is lower than the clear climate
condition. Moreover, solar energy does not continuously shine the solar field and is
interrupted during cloudy and rainy days. When the aperture area of the solar field is
large, solar energy will be partially useless under a higher DNI value. In contrast, when the
aperture area of the solar field is small, the power block will be operated in the part-load
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conditions. Hence, the optimization for the aperture area of the solar field is economically
important.

In this study, a solar multiple is used to calculate the optimal aperture area of the solar
field. To estimate the optimal value of SM, ten aperture areas of the solar field from 60 loops
to 200 loops have been studied. The SM value varies from 0.75 to 2.5 and solar multiple
calculations for each aperture area of the solar field are given in Table 5. The thermal power
required in the power block is the same for each SM. On the other hand, the solar thermal
power received from the solar field is increased with the growth of the aperture area of the
solar field. However, the optical and thermal losses of the solar field also increase with the
growth of the aperture area.

Table 5. Calculation of solar multiple.

Solar
Multiple

Number of
Loops

Aperture Area
of SF, m2

Solar Thermal Power
Received from SF, MW

Thermal Power
Required in PB, MW

0.750 60 196,200 105.78 140.16
0.875 70 228,900 123.42 140.16
1.000 80 261,600 141.05 140.16
1.125 90 294,300 158.68 140.16
1.250 100 327,000 176.31 140.16
1.500 120 392,400 211.57 140.16
1.750 140 457,800 246.84 140.16
2.000 160 523,200 282.10 140.16
2.250 180 588,600 317.36 140.16
2.500 200 654,000 352.62 140.16

The effect of solar multiple on the LCOE of the 50 MW CSP plant is considered in
the design point condition, which is shown in Figure 10. The result shows that the SM
corresponding to the minimum value of LCOE is around 2.0. As can be seen in Figure 10, the
LCOE decreases first until the minimum value, before it quickly increases. The minimum
LCOE was 0.2143 $/kWh, considering the optimal aperture area of the solar field. On the
other hand, the optimal aperture area of the SF was estimated as 523,200 m2 corresponding
to the minimum LCOE. From the literature review, the LCOE of the CSP plant is depending
on the geographical location, DNI, climate conditions, system capacity, and operation
hours of the TES system, and other studies reported the LCOE in 50 MW CSP plant as
0.1506 $/kWh by Sultan et al. [19], 0.16 $/kWh by Shafiee et al. [22], and 0.17 $/kWh by
Llamas et al. [53].

Figure 10. LCOE for every solar multiple.

3.5. Effect of Variation of DNI on the Operating Performance of the Solar Field in the Design
Point Conditions

In this section, the operating performance of the solar field has been obtained under
different DNI values. In practice, the solar field of the CSP plant operates in the part-load
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conditions, which depends on the variation of DNI that may continuously vary. Thus,
it is significantly important to analyze the operating performance of the solar field in
the part-load conditions considering the variation of DNI. Table 6 provides the operating
performance of the solar field in the part-load conditions under design-point. The effect
of variation of DNI on the operating performance of the solar field was analyzed for
ranging from 1.00 kW/m2 to 0.2 kW/m2 under design point (22nd of June). The operating
parameters of the solar field include thermal efficiency of the solar field, DNI on an aperture
area of the solar field, heat gain of collector from DII, heat loss of collector, heat absorbed
in the solar field by the HTF, mass flow rate of HTF, and outlet and inlet temperature of
HTF. These parameters are the determining characteristics for calculating the operating
performance of the solar field. To maintain the outlet temperature of HTF at the constant
design-point temperature of 393 ◦C, the mass flow rate of HTF can be adapted by controlling
the HTF pump according to the variation of DNI.

Table 6. The operating performance of the solar field in the part-load condition.

Parameters Units Values

DNI kW/m2 1.00 0.90 0.80 0.70 0.60 0.50 0.40 0.30 0.20

DII kW/m2 0.725 0.653 0.580 0.508 0.435 0.363 0.290 0.218 0.145

Aperture area of SF m2 523,200 523,200 523,200 523,200 523,200 523,200 523,200 523,200 523,200

Thermal efficiency of SF % 68.4 68.0 67.4 66.7 65.7 64.3 62.3 58.9 52.0

DNI on aperture area of SF kW 523,200 470,880 418,560 366,240 313,920 261,600 209,280 156,960 104,640

Heat gain of collector
from DII kW 379,358 341,422 303,486 265,550 227,615 189,679 151,743 113,807 75,872

Heat loss of collector kW 165,218 150,835 136,452 122,070 107,690 93,311 78,937 64,570 50,230

Heat absorbed in the SF by
the HTF kW 357,982 320,045 282,108 244,170 206,230 168,289 130,343 92,390 54,410

Mass flow rate of HTF t/h 1315.1 1175 1036 896.3 756.8 617.5 478.1 338.8 199.4

Outlet temperature of HTF ◦C 393 393 393 393 393 393 393 393 393

Inlet temperature of HTF ◦C 280 280 280 280 280 280 280 280 280

The effect of variation of DNI on the operation performance of the solar field is shown
in Figure 11. The DNI on an aperture area of the solar field, heat gain of collector from
DII, heat loss of collector, and heat absorbed in the solar field by the HTF are considered
under variations of DNI. As shown in Figure 11, the DNI is a key factor that significantly
influences the operation performance of the solar field. Results revealed that the solar field
was of good operation performance under higher DNI conditions. However, optical and
thermal losses also increase when the DNI value grows.

The effect of the outlet temperature of the HTF on the operating parameters of the
solar field was analyzed for temperatures ranging from 350 ◦C to 410 ◦C under design
point DNI condition (DNI = 0.8 kW/m2), as shown in Figure 12. The effect of the outlet
temperature of the HTF on the mass flow rate of HTF and power consumption of the HTF
pump is shown in Figure 12a. From Figure 12a, the mass flow rate of HTF and power
consumption of HTF pump are decreased with the increase of outlet temperature of the
HTF under design-point DNI condition. The effect of the outlet temperature of the HTF
on the thermal efficiency and heat loss of the solar field is shown in Figure 12b. From
Figure 12b, the thermal efficiency of the solar field has decreased due to the increase of heat
loss of the solar field when the outlet temperature of HTF has increased. Results show that
increasing the outlet temperature of HTF has the advantage of reducing the mass flow rate
of HTF, thereby reducing the power consumption of the HTF pump. On the other hand,
increasing the outlet temperature of HTF will increase heat loss of the solar field, and thus
the thermal efficiency of the solar field reduces.
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Figure 11. Effect of variation of DNI on the operation performance of the solar field: (QDNI is the
DNI on an aperture area of the solar field; QDII is the heat gain of collector from DII; Qloss is the heat
loss of collector; Qcoll is the heat absorbed in the solar field by the HTF).

Figure 12. Effect of outlet temperature of the HTF on the operating parameters of the solar field:
(a) mass flow rate of HTF and power consumption of HTF pump; (b) thermal efficiency and heat loss
of the solar field.

3.6. Operating Performance of the 50 MW CSP Plant under Four Reference Days

To evaluate the operating condition of the 50 MW CSP plant, it is investigated under
four different reference days in Mongolian climate conditions. In this study, the 22 March,
22 June, 22 September, and 22 December are selected as the four reference days in a typical
meteorological year. The selected four reference days represent the four seasons of the year.
Figure 13 clearly describes the daily variations of DNI and solar incidence angle under
four different reference days. As described in Figure 13a, the DNI value is the highest
on the 22 June and the lowest on the 22 December. It was found that the DNI increases
sharply at first, reaches the maximum value between 10:00 and 14:00, and then decreases
by the changing of the Sun race. As described in Figure 13b, the solar incidence angles are
maximum for the 22 January and minimum for the 22 June, as estimated. The variations of
DNI and solar incidence angle on 22 March are almost similar to those on 22 September.
For the 22 June, the solar incidence angle is visibly smaller compared to the other three
days, which is lower than 20◦. In contrast, the solar incidence angle for the 22 December is
the largest in four typical reference days, which is around 66◦. The results indicate that the
solar incidence angle has the largest effect on the absorbed solar thermal power from the
solar field.
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Figure 13. Daily variations of (a) DNI and (b) solar incidence angle under four different reference days.

The following characteristics, such as the mass flow rate of the HTF, absorbed solar
thermal power from the solar field, and thermal efficiency of the solar field, are the key
characteristics for evaluating the operating performance of the solar field. Figure 14 depicts
the daily variations of the operating performance of the solar field under four different
reference days. The operating performance of the solar field is obtained at higher values
in the spring, summer, and autumn seasons. On the other hand, the lowest value of
operating performance occurred in the winter season due to the decrease of DNI value
and the increase of solar incidence angle. The operating performance of the solar field
mainly depends on DNI and solar incidence angle. Due to the solar incidence angle, the
operating performance of the solar field decreases at noon under four reference days when
the DNI value is higher. In all reference days, the operational performances of the solar
field are a higher value between 10:00 and 16:00. However, there are two peak values of
the operating performance of the solar field between 9:00 and 11:00 and between 15:00
and 18:00 under four different reference days, which are caused by the DNI value and
solar incidence angle. In other words, DNI is the highest value during 12:00–13:00, and the
solar incidence angle is significantly high during this period, which reduces the thermal
efficiency of the solar field due to the larger optical loss. Similar observations were found
in the numerical studies of Shagdar et al. [54] and Chen et al. [55]. The solar field exhibited
a very good capability to collect solar thermal power during summer days, whereas during
winter days, the operating performance of the solar field was significantly reduced due to a
decrease in DNI and ambient temperature and an increase in solar incidence angle.

Figure 14. Daily variations of the operating performance of the SF under four different reference
days: (a) mass flow rate of HTF; (b) heat amount absorbed in the solar field; (c) thermal efficiency of
the solar field.

To evaluate the power generation of the CSP plant throughout the year, daily variation
of the power output of the 50 MW CSP plant is examined under four different reference
days, which is depicted in Figure 15. The simulation results show that the power generation
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of the CSP plant is significantly changed during the year due to the season. For instance,
the 50 MW CSP plant can generate 580.12 MWh, 867.64 MWh, 511.76 MWh, and 105.31
MWh of electricity during the four different reference days, respectively.

Figure 15. Daily variation of power generation of CSP plant under four different reference days.

The effect of the TES system on power generation is evident as shown in Figure 15.
The TES system is filled up on summer days, which is extended to the operation hours of
the CSP plant during evening and night times. Consequently, the CSP plant can generate
power output per hour around 50 MW from 8 h to 21 h on the 22 July. On the 22 December,
the CSP plant can generate a little amount of power output from 10 h to 16 h. The solar field
collected a different amount of solar thermal power on four different reference days. This
collected solar thermal power is supplied to the power block as well as the TES system. For
instance, solar thermal powers absorbed in the solar field by the HTF are 162.9 MW, 254.1
MW, 146.6 MW, and 297.5 MW for the 22 March, 22 June, 22 September, and 22 December,
respectively. The TES system is charged during the day when additional solar thermal
power is available and supplies this stored solar thermal power to the power block when
solar energy is unavailable. For the 22 June, the 50 CSP plant can produce 295 MWh of
additional electricity using the TES system. Moreover, the 50 CSP plant can produce 75
MWh of electricity using the TES system on the 22 September. Besides, the 50 CSP plant can
produce 107 MWh of electricity using the TES system on the 22 March. On the other hand,
the TES system cannot be used in the 50 CSP plant during the winter season. For example,
the 50 CSP plant can only produce 105 MWh of electricity on the 22 December, which is
caused by the decrease of DNI value, decrease of ambient temperature, and increase of
solar incidence angle. Results revealed that the highest power generation of the CSP plant
is in June, and the lowest is in December. Moreover, power generation for March and
September are almost similar. The power generation of the CSP plant is mainly affected by
the DNI value and solar incidence angle.

4. Conclusions

In this study, the performance analysis of the 50 MW CSP plant was investigated for
four different reference days (i.e., 22 March, 22 June, 22 September, and 22 December).
Numerical simulation of the 50 MW CSP plant was performed both at nominal and part-
load conditions, considering the effects of several variations, including the power load
and solar radiation. The results show that the operating performance of the CSP plant
was strongly affected by the solar radiation and solar incidence angle. Moreover, the
operating performance of the CSP plant in the part-load conditions was significantly
reduced compared to the nominal load. For instance, the efficient and economical mode of
the CSP plant is near the nominal load, which is around 50 MW.

The results also show that, except for the winter season, the rest of the reference days
represent the best period with higher operating performance for the 50 MW CSP plant. For
example, the highest value of the operating performance of the 50 MW CSP plant is for
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the 22 June and the lowest value for the 22 January. Moreover, the operating performance
on the 22 March is almost similar to the 22 September. Although the results revealed that
the 50 MW CSP plant could operate well throughout the year, the winter season has been
expected to significantly affect the operating performance of the CSP plant due to the solar
incidence angle, duration of sunshine, and ambient temperature. Except for the winter
season, the power generation of the CSP plant can be significantly increased due to the
TES system. For instance, the 50 MW CSP plant can produce 295 MW·h, 75 MW·h, and
107 MW·h of additional power generation with the aid of the TES system on the 22 June,
22 September, and 22 March, respectively. In addition, the minimum LCOE was 0.214
$/kWh, considering the optimal aperture area of the solar field (523,200 m2).
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Nomenclature

CSP Concentrating solar power
DC Direct cost
DII Direct incident irradiation
DNI Direct normal irradiance
EG Electric generator
ET-150 Eurotrough-150 collector
HT Hot tank
HTF Heat transfer fluid
HPH High-pressure heater
IAM Incident angle modifier
IEA International Energy Agency
IPSEpro Integrated process simulation environment
LCOE Levelized cost of electricity
LFC Linear Fresnel collectors
LPH Low-pressure heater
O&M Operation and maintenance
PB Power block
PD Parabolic dish
PTC Parabolic trough collector
PV Photovoltaic
SAM System advisor model
SF Solar field
SG Steam generator
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SM Solar multiple
SPT Solar power tower
ST Steam turbine
RH Reheater
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