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Abstract: In this work, the energy status and supply plans of Saudi Arabia are discussed with a focus
on concentrated solar power (CSP) technologies. Subsequently, optimal designs for a 20 MWe solar
power plant external receiver, combined with a 15 h thermal energy storage unit, operating under
the weather conditions of Neom City, located in northeast Saudi Arabia, is proposed. The effects of
receiver tube diameters, tube thicknesses, tube thermal conductivity and receiver’s performance are
studied in detail and compared to those used in a well know operational CSP plant. Results show
that a smaller tube diameter and thickness give higher receiver thermal efficiency but increase the
annual cost of pumping energy. However, that increment in cost is negligible compared to the total
energy gained. Furthermore, the aspect ratio is investigated and it was found that a higher aspect
ratio gives a higher thermal efficiency. The thermal efficiency of the optimised receiver was increased
by about 1% more than the reference plant. In addition, the new design decreases the total estimated
cost of tube material by approximately 43%. It is anticipated that the reported results could pave the
path for more efficient solar thermal power plants.

Keywords: solar energy; solar power thermal plant; central receiver; design; solar energy in
Saudi Arabia

1. Introduction

At present, as in most parts of the world, conventional electric power generation is the main
source of electricity in Kingdom of Saudi Arabia (KSA). It is also expected the demand for electricity in
KSA will increase from 55 GW to about 121 GW by 2032, with a gap of 61 GW between the capacity of
projected plants and the predicted demand [1].

Therefore, more attention should be given to renewable energy generation technologies.
The recently announced energy mix plan in KSA for 2032 is shown in Figure 1 [1]. The plans
aim to produce around 45% (54 GW) of its electricity demand from renewable sources, including 25 GW
from CSP technology, 16 GW from photovoltaic solar cells, 9 GW through wind turbine technology,
4 GW by using geothermal and waste-to-energy technology. In Saudi Arabia (where the sky is often
clear around the year), the average yearly direct solar radiation is more than 2000 kWh/m?/year which
makes concentrated solar power (CSP) promising renewable technologies that can boost the country’s
energy mix [1].
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Figure 1. Renewable energy mix plan in [GW] of Saudi Arabia for 2032 [1].

CSP technologies can be categorised according to the type of solar collector into four main
technologies: parabolic trough concentrator (PTC), linear Fresnel reflector (LFR), dish Stirling and
solar power tower (SPT). Figure 2 illustrates a schematic diagram for each technology [2].
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Figure 2. The main technologies of concentrated solar power systems.

Direct normal irradiance (DNI) represents the portion of solar radiation reaching the Earth’s
surface that has not been diffused or scattered by the atmosphere. In Saudi Arabia, the average yearly
DNI varies between a maximum of 2400 kWh/mz/day at the western inland sites of the kingdom to a
minimum of 2000 kWh/m?/day at the eastern regions of the kingdom. Therefore, this technology could
be the best alternative renewable energy system for the country, which could boost the 2032 energy mix
plan [1], reduces pollutions and meet the energy demands of the new projects such as Neom City in
the northeast of KSA. Another advantage for using CSP technology in the KSA is its ability of adding
thermal energy storage (TES) subsystem to the plant. Due to the variability of the solar resource energy,
e.g., the PV cell cooperates with a battery storage units, has limited storage capacity and degrade over
the time of usage. However, CSP plant can use large thermal energy storage (TES) units, which the
capability to work at a full-rated capacity for hours—even after the absence of solar energy.

SPT technology consists of four main subsystems: a heliostat field subsystem, central receiver
subsystem, thermal energy storage (TES) subsystem and power generation subsystem. Design
optimisation of the central receiver subsystem has a great impact on the total efficiency of a solar power
plant. However, defining the optimum design in terms of the outer and inner geometry of a receiver is
one of the challenges associated with designing SPT plants. Li et.al. developed a global steady state
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mathematical model for a 100 kWth cavity receiver [3]. Molten salt was used as the heat transfer fluid
(HTF), and the influence of the receiver surface area, the emissivity and reflectivity of the receiver
surface, the view factor, the number of tubes on the receiver panel and the optimal tube diameter for
the thermal performance of the cavity receiver were investigated. Convection heat loss comprises the
largest part of the total heat losses for a cavity receiver because both the natural and forced convective
heat loss rates are included.

Yang et al. examined the characteristics of receiver tubes to determine their effect on the
performance of a central receiver [4]. The outcome of the experiment indicated that, compared to
smooth tubes, spiral tubes can reduce convection and radiation heat losses and improve the total
efficiency of the receiver. The study also showed that the Nusselt number for a spiral tube is about
three times that of a smooth one. As a result, the surface temperature of a spiral tube is lower than that
of a smooth tube by approximately 30 °C, which leads to less heat loss.

Rodriguez-Sanchez et al. designed a new external central receiver formed by several vertical
bayonet tubes [5]. Under the same ambient conditions, a numerical simulation model was developed
to compare the performance of the new design with the traditional external tubular receiver. This
work showed that using a bayonet tube receiver can increase the efficiency of the receiver by about 2%
and the receiver surface temperature of the bayonet receiver fell by around 100 °C. However, bayonet
tubes could make the wall temperature more homogeneous. Consequently, the thermal stresses would
decrease, which reduces the early failure of the receiver due to fatigue.

The effect of using transparent insulation materials to enhance the thermal performance of a
central receiver was studied in [6]. The performance of an external cylindrical receiver was analysed
by integrating a glass envelop layer plus a transparent insulation marital layer into the design. The
result of this work showed, in general, that using the insulation material at a low receiver surface
temperature (<484 °C) provides low receiver efficiency, and it is better to use the traditional receiver
without any insulation material. The benefit of the insulation becomes clear at high-operation work
temperatures (>600 °C).

Using a flat-plate receiver, with a 13 kWth thermal energy capacity, a prototype SPT system was
designed and tested under the weather conditions of Jeddah (KSA) [7]. Molten salt was used as the
HTF and thermal storage material. Ten mirrors with a total surface area of 17.2 m? were installed
in the heliostat field area. The prototype showed that Jeddah is an appropriate site to construct a
central tower solar plant. Benoit et al. discussed current and future heat transfer fluids and heat
storage mediums, which can be utilized in the external solar receiver [8]. They also presented various
thermo-physical properties correlations to determine the heat transfer coefficient. It was concluded
that current HTFs can achieve thermodynamics efficiency of up to 35% to 42%. This efficiency could
reach 50% using new molten salt that ensures supercritical water thermal stability up to 700 °C. In [9],
Zheng et al. demonstrated that raising the receiver working temperature could initially increase both
thermal and exergy conversion efficiencies until an optimum temperature is reached. They also found
that increasing the concentration ratio could raise the conversion efficiency until the concentration
ratio is extremely high. Wang et al. presented a model for molten salt solar power tower (SPT) system
integrated with a S-CO, Brayton cycle [10]. System costs change with the types of storage tanks
and also that the operation temperature is limited by the thermal properties of the thermal storage
medium [11]. The findings also stated that cost of energy can be substantially reduced by replacing the
conventional power cycle with more advanced power cycles, such as a supercritical carbon dioxide
power cycle [11]. Potential freezing of the HTF in the system has been addressed by Prieto et al. [12].
Two methods of freeze recovery have been presented: heat tracing in pipes and components, and
impedance melting in the solar field. The models compare the parasitic consumption in three molten
salts mixtures, namely Solar Salt, HiTec, and HiTec XL, under freezing conditions. Results show freeze
recovery for a molten salt plant is possible.

In addition to an updated overview on energy plans for KSA, the paper proposes optimal design
for cylindrical receiver, including its performance assessment, under the meteorological conditions
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of Neom city in Saudi Arabia. The rated and thermal storage capacities of the proposed solar tower
system are 20 MWe and 15 h, respectively. The main two aspects used to define the optimum geometry
are as follows: the receiver thermal efficiency and the annual cost of the receiver pumping energy.

2. Status of Concentrated Solar Power (CSP)

At present, the majority of the installed CSP plants are either parabolic trough concentrator (PTC)
or solar power tower (SPT) designs [5]. In the PTC system, a parabolic shape collector (reflector) is
used to reflect sunlight onto an absorber (receiver), which is usually made from a metal tube and then
enclosed in a glass tube to reduce the radiation and convection heat losses. In addition, a vacuum
between the glass tube and the absorber is introduced to minimise the convection heat losses. To reach
the desired temperature (max ~ 550 °C), the heat transfer fluid (HTF) needs to be pumped into series
of parabolic collectors that are connected to each other [3].

An SPT system (also known as a central receiver tower) consists of four major subsystems: a
heliostat field, central receiver subsystem, thermal storage subsystem and power generation subsystem.
In SPT, large mirrors called heliostats, which have a reflective surface area range from 50 to 150 m?, are
arranged in a solar field to reflect and concentrate incident solar radiation to a central receiver located
at the top of a supporting tower. The receiver consists of tubes through which the HTF flows, heated
up from 590 °C to 1000 °C depending on the central receiver geometry and the thermal specification of
the HTF. Then, the absorbed thermal energy is transported either to a power generation subsystem or
to a thermal storage subsystem. The aim of the thermal storage system is to allow the solar power
system to produce electric power in the absence of solar radiation, as shown in Figure 3 [13].

Solar
Receiver

Steam Generator

Hot Storage @

Tank

Cold Storage
Tank

Heliostats

Power System

Figure 3. Solar power tower plant subsystems [12].

A solar tower has number of advantages that could make this technology the most preferable CSP
method. The main potential advantages are summarised as follows:

e In a solar tower system, the HTF can be heated up to 1000 °C, which yields to a larger
thermal-to-electric conversion efficiency in the power block subsystem and can result in a
lower cost of generating power.

e  The higher temperature of the HTF allows the solar system to store the exceeded thermal energy
in a thermal storage system, which can give the solar system the ability to operate longer.

Despite PTC technology having the most commercial operating plants, as depicted in Figure 4,
the SPT system has gained a lot of interest recently, and the construction and development of this type
of solar system is a growing trend [14].

In Saudi Arabia, the development of CSP technologies is as advanced as those of the leaders of
other Sun Belt countries. In 2017, the Saudi government lunched two natural gas combined cycle-CSP
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hybrid plants. Both plants use PTC technology. The first project is located on the western coast of the
country in Duba. The projected capacity of the plant is 565 MWe. Around 43 MWe of the projected
capacity is generated by the PTC technology. The second project is in a new industrial city close to the
northern border of the country. The project, called Waad Al Shamal, aims to generate a total output of
1390 MWe, of which 50 MWe produced by PTC technology. So far, in Saudi Arabia, SPT technology
has not been used in a commercial power plant. However, a recent trend of using SPT is apparent due
to new projects in several countries, such as Noor III (150 MWe) in Morocco, Redstone in South Africa
(100 MWe) and DEWA in the United Arab Emirates (200 MWe). Plans also include Seih Al-Dahal,
the area of 48 km? is enough to construct plants (PV and CSP) with a total capacity of 1000 MW by
2030 [15]. Therefore, SPT may be a strong choice for generating electricity for KSA in the coming years.

1657

221

m PTC = LFR = SPT

Figure 4. Solar power projects under construction or development [14].

3. Modelling of CSP Central Receiver

3.1. Equivalent Capacity of the System

To determine the amount of incident thermal energy on the central receiver (Q), rated capacity
(the required net electric output power) of the proposed SPT system and thermal energy capacity of
the TES subsystem are required. The combination of these capacities forms the equivalent capacity of a
solar power plant. It is assumed that a typical solar power plant without thermal storage can generate
electric power for nine hours. Further, the equivalent capacity for a SPT system with (x) hour’s thermal
energy storage capacity is defined in Equation (1):

9
Equivalent capacity = Rated capacity x ( —; X) . 1)

The efficiency of a heliostat field subsystem, central receiver subsystem and power block subsystem
are assumed to be 70%, 85% and 42%, respectively [6]. Then, the total efficiency of the SPT system can
be calculated by Equation (2):

TNtotal = Topt X Nre X Ntur- )
3.2. Direct Normal Irradiance (DNI)

To design a solar tower system, it is important to define a design point at which the solar system
will run at full capacity. Since environmental solar radiation varies over time, it is necessary to decide
on a point when the device will reach peak performance. This time was chosen to be mid-day and
was used to define the optimum design point of the system. During this time, solar radiation DNI
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commonly reaches the highest concentration. Figure 5 depicts the available free hourly DNI data for
the North East of KSA.

This study used a histogram chart to find the most frequent DNI over the year. The histogram
chart, in Figure 6, shows that the most frequent value of DNI is 950 W/m2, 1000 and 50 W/m? are the
second highest frequent value of DNI. However, the 50 W/m? represents the solar radiation at the early
and last hours of a day, which are usually neglected in designing a solar system.
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Figure 5. Hourly direct normal irradiance (DNI) for the region (www.soda-pro.com).
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Figure 6. A histogram chart for DNI in the region.

3.3. Determination of Heliostat’s Reflecting Area

To estimate the useful active reflecting area of the heliostat field (Ap), the required thermal energy
needed to be reflected by the heliostat field to the central receiver has to be determined. This can be

calculated using Equation (3):
_ Equivalent capacity

Qh N Nopt X Tre X Ntur

©)
Then, the heliostat-reflecting area (Ap), m? is calculated by Equation (4):

O

Ah - DNI/ (4)
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where Qy, is the thermal energy that needs to be reflected by the heliostat field subsystem (in W) and
DNI is the solar radiation per unit surface area (in W/m?).

3.4. Receiver Thermal Energy

Since the design point of solar radiation DNI and the total useful reflecting area of the heliostat
field have been calculated, the total incident thermal energy on the central receiver can be computed.
Qre can be expressed using Equation (5):

Qre = DNIX Ap X 1 ®)
where Qye is the total incident thermal energy on the receiver W/m? and 7y, is the heliostat field efficiency.

3.5. Proprieties of Heat Transfer Fluid

The thermal properties of molten salt (60% wt NaNO3 and 40% wt KNO3) play a major role in
designing a central receiver. These properties can define the operating temperature of a central receiver.
For example, the melting temperature for a molten salt HTF (temperature for the transition 100%
solid into solid + liquid) is 221 °C, and the freezing temperature (temperature for the transition 100%
liquid into solid + liquid) is 238 °C. Therefore, the minimum operating temperature of molten salt
has been defined as 290 °C to avoid any transition of molten salt into a solid phase inside the receiver
tubes, which could damage the receiver. In addition, the maximum operating temperature is also
important to avoid any decomposition of the solar salt, which begins at about 580 °C [16]. The molten
salt from is pumped to the receiver from cold tank, with the temperature of the molten salt at 290 °C
then heated up to 565 °C by the thermal energy of solar radiation impinging on the receiver surface.
mean temperature of the HTF is calculated by Equation (6) [17]:

Tms = (Tin,ms + Tout,ms)/ 2 (6)

where Tjy s and Toutms are the inlet and outlet temperature of the molten salt (290 °C and 565 °C),
respectively. Thermal conductivity of the molten salt can be assumed a constant (kpy,s = 0.45 W/m-K).
Molten salt properties are listed in Table 1.

Table 1. Physical proprieties of molten salt [17].

Fluid density (p), [kg/m?] Pms = 2263.628 — 0.636:Tms
Specific heat capacity, [J/(kg-K)] Cppps = 1396.044 + 0.172:Tpys
Dynamic viscosity [Pas] s = 0.075439 — 2.77-107%(Tpns) + 3.49-1077«(Tpns)? — 1.474-10710-(Tpns)?

3.6. Calculations of Receiver Outer Geometry

The outer receiver geometry plays a major role in defining receiver efficiency because it can affect
the total thermal heat losses in a receiver. Outer geometry of a receiver includes total receiver surface
area (Are), receiver height (Hy.) and receiver diameter (Dye).

3.6.1. Allowable Heat Flux

The calculations associated with the receiver surface area are related to the allowable heat flux.
Heat flux can be defined as the rate of heat energy transferred through a meter surface of the receiver.
The peak value for the heat flux depends on the thermal stress of a tube’s material and the thermal heat
capacity of a HTF. From the perspective of the tube’s material, the allowable thermal strain, thermal
expansion and Poisson’s ratio are used to calculate the maximum heat flux for a receiver. For example,
the maximum heat flux for a receiver constructed from a 316 stainless steel material ranges from 830 to
850 kW/m? [17]. Furthermore, in terms of the thermal capacity of the HTF, the flux limit for molten salt
ranges from 600 to 1200 kW/m?. As a conservative design approach, peak-to-average heat flux ratio is
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used to compute the allowable heat flux on a receiver surface. Using allowable heat flux instead of the
peak heat flux would increase the expected lifetime of a receiver because it would reduce the rate of
heat energy transfer through the surface of the receiver; in other words, it would reduce the receiver
surface temperature. For an external cylindrical receiver using molten salt as a HTF, such as that used
by the Gemasolar solar power plant (with a 20 MWe rated capacity), the peak-to-average heat flux
ratio is 1.47 [18]. Falcone [19] used a 1.78 peak-to-average heat flux ratio in his design approach for
a SPT plant having a rated capacity of 100 MWe. Thermal stress analysis is out of the scope of this
work, so the peak-to-average heat flux value of the Gemasolar power plant is used for the current
design approach. Thus, the value of the peak-to-average heat flux ratio for in this work was 1.47 and
allowable heat flux is described by Equation (7):

Allowable heat flux = Max. heat flux X peak to average heat flux ratio (7)
Allowable heat flux = 850[kl\2/] x 1.47
m
kW

Allowable heat flux = 578.23 —-
m

3.6.2. Diameter and Height of Receiver

After determining of total receiver thermal energy (Qr.) and the allowable heat flux, the receiver
surface area (Ar.) can be defined by Equation (8):

Qre
Allowable heat flux

Are = ®)
where A is the total receiver surface area (m?). Then, to define the height and diameter of an external
receiver, the receiver aspect ratio (height-to-diameter) is assumed to range from 1 to 2 [17]. To find
the optimum aspect ratio, a compromise between thermal and spillage losses is required. A taller
height receiver is desirable to minimise the thermal heat losses and spillage loss. Alternatively, a
larger diameter receiver is required to increase the inner space to accommodate the interior receiver
components, such as the header tubes bends, oven header boxes and support structure. For the
external cylindrical receiver, the aspect ratio will be between 1.2 and 1.5 [17] and could be calculated
by Equation (9):

H
Aspect ratio = Dre 9

re

The total surface area of the receiver has been calculated in the previous subsection. Then, the
receiver surface area can also be expressed by Equation (10):

Are = X Dye X Hpe (10)

where Dy and Hy, are the diameter and the height of the receiver, respectively. To add the aspect ratio
(AR) term into the above equation, the receiver area can be rewritten as shown in Equation (11):

Are = TX Dye? X AR (11)

Therefore, the receiver diameter (D) and height (Hye) can be calculated by Equations (12) and (13):

_ Are
Dre = ‘/ARxn (12)

Hre = AR X Dre (13)
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3.6.3. Receiver’s Inner Geometry

To define the interior geometry of an external receiver, it is important to know the major inner
components of the receiver and how the HTF flows inside them. In general, an external receiver
consists of number of panels constructed using vertical metal tubes welded side by side to generate
the cylindrical shape of the external receiver. These tubes are connected from the bottom and top
to headers. Molten salt heat transfer has a high volumetric heat capacity (J/m?® K) that causes a low
volume flow rate (m3/s). Therefore, it is advisable to use a multi-pass flow path in a receiver using
molten salt. Wagner et al. [20] analysed eight alternative flow paths of the HTF inside the tube receiver.
These flow patterns are depicted in Figure 7.

plolole
ololsls.

Figure 7. Top view for the eight alternative flow patterns of the heat transfer fluid [14].

The study showed that a receiver with two parallel flow paths has higher efficiency than one with
a single flow path. Furthermore, the study demonstrated that for a solar site located in the Northern
Hemisphere, the south-to-north flow configurations could lead to high receiver efficiency. That is
because the solar flux in the Northern Hemisphere is concentrated more on the northern side of the
receiver. Therefore, if the cold HTF comes from the north-to-south side of the receiver, the temperature
of the HTF and the film temperature of the receiver surface will increase rapidly. As a result, the
amount of heat losses are greater than in the south-to-north flow configurations [21]. The present work
proposed the North Eastern area of Saudi Arabia as the location of the solar tower system. Thus, the
pattern number (4) is used because it has two south-to-north parallel flow paths, which will increase
the total efficiency of the solar system.

In the pattern, shown in Figure 8, the HTF (molten salt) is pumped from a cold tank (290 °C) to
the top of a tower, where the external receiver is located [3]. At the top of the receiver, the HTF is
distributed to two main sides that are usually referred to as the west and east side. Each side of the
receiver has number of headers connected to each other in series, and the HTF goes down through the
first header to its tubes. Then at the bottom of the tubes, the HTF is collected again and transferred to
the next header, which pumps the fluid vertically up insides its tubes. This sequence continues until
the last header, where the HTF is collected from the bottom of the receiver. To distribute the number of
headers equally to each side of the receiver, it is important that there is an even number of headers per
receiver for this type of flow pattern.
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Figure 8. Receiver scheme for number 4 flow pattern configuration.

3.7. Inner Total Mass Flow Rate

To simplify the analysis, the total mass flow rate, which describes the mass flow rate inside the
main pipe that goes in and out of the external receiver, is assumed to be a constant. In addition to that,
the total mass flow rate is related to the amount of thermal energy that is absorbed by the external
receiver (Qups W). The absorbed thermal energy (Qaps) is a portion of the total thermal energy received
by the receiver. Therefore, the receiver efficiency needs to be assumed so that Qgps can be calculated.
The total thermal energy absorbed can be expressed as shown in Equation (14):

Qabs = Qre X Mre, (14)

where 7 is the receiver thermal efficiency and (as a first assumption) is equal to 85%.
The total mass flow rate myy, by as shown in Equation (15):

Qabs
Cp X (Tout,ms - Tin,ms)

(15)

Myotal =

where my, is the total mass flow rate (kg/s), Qups is the absorbed thermal energy (W), Cp is the
specific heat capacity of the molten salt (J/kg.K), Tin ms is the inlet temperature of the molten salt (K),
and Toutms is the outlet temperature of the molten salt (K).

3.7.1. Number of Tubes and Headers

The size of the outer tube diameter (doyt) was assumed to range from 20 mm to 56 mm. The tube
thickness (t) value depends on the HTF pressure inside the tube. When considering molten salt heat
transfer in a solar application, the pressure of the fluid is relatively low and the tube thickness can be as
low as 1.25 mm [22]. However, a tube thickness in the range of 1 to 5 mm is used to discern the effect
of tube thickness on receiver efficiency. Therefore, the inner diameter is calculated using Equation (16):

din = dout-2xt (16)

where doyt and dj, are the outer and inner diameters of the tube (m). The number of fluid flow paths
for the proposed solar site is assumed to be two. The total cross-sectional area of the fluid path (Agec)
in (m?) is related to the total mass flow rate, the density and the proposed tube fluid velocity of the
HTEF. Equation (17) describes the relation between these parameters:

rhtotal
A = ——2 17
see Pms X Viube 17)
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where pns is the density of the molten salt HTF (kg/m3) and vyype is the HTF velocity inside the tube
(m/s). The HTF velocity (Viube) is selected to meet the required mass flow rate inside a tube. Then it is
important to assume a realistic value for the fluid speed to define the interior geometry of the receiver.
However, due to the confidentiality of this type of information, a rule of thumb is used to assume the
value of viype. The velocity of the fluid in the receiver tube for the Gemasolar power plant is close to
2.8 m/s [23]. Thus, this value is used as a first assumption.

Then, the number of tubes per header can be computed by Equation (18):

Asec
Zl_rdinz X Nflow path

Ntubes/header — (1 8)

where dj, is the inner diameter of the receiver tube (m) and nfow path is the designed number of the
flow path and is equal to 2. To find the number of headers in a receiver, first the length of one header is
required to be calculated. The length of a header can be approximated in Equation (19):

Header length = dout X Ntubes /header + (1.2(3 -3 X (ntubes /header — 1)) (19)

where dgy is the outer diameter of the tube receiver (m), 1.2 x 1073 is an approximate weld thickness
(m), and (Ngypes/header — 1) i the number of gaps between tubes in a header. Then, the number of
headers for a receiver can be expressed in Equation (20):

7Tt X Dre
Nheader/receiver — (20)

Header length
where Dy, is the diameter of the receiver (m). It is important to note that the number of headers per
receiver must be a multiple of 2 because the receiver has been desgined with two parallel flow paths.
Therefore, the number of headers can be distributed equally per receiver side. Finally, once the number
of tubes per header and the number of headers per receiver are calculated, the total number of receiver
tubes (Ngybes total) can be calculated by Equation (21):

Niybes,total — Ntubes/header X Nheader/receiver- (21)

3.7.2. Receiver Thermal Efficiency

It is recognised that an unsteady-state mathematical model for calculating thermal receiver
efficiency can give a more accurate result in defining the optimum geometry of an external receiver.
However, this would complicate the designing process [20]. Therefore, a steady-state mathematical
model was used to compute the thermal performance of the receiver. The first law of thermodynamics
(energy balance) was used to analyses the thermal performance of the receiver. This states that “the
total energy of an isolated system is constant; energy can be transformed from one form to another, but
can be neither created nor destroyed”. Therefore, the total energy balance equation for the body of the
receiver can be described by Equation (22):

Qre = Qabs + Qloss,total (22)

where Qjoss total (W) is the total heat transfer losses, which include convection, emmisive, reflective and
conduction heat losses. The total heat losses can be stated using Equation (23):

Qloss,total = Qconv,air + Qem + Qref + Qcond' (23)

The energy balance model for a receiver tube can be illustrated as shown in Figure 9, where rj,
and roy¢ are the inner and outer radius of a tube (m), respectively.
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Figure 9. Energy balance model for a receiver tube.
Then, thermal efficiency of the external receiver can be computed by Equation (24):

_ Qabs —1- Qloss,total

T] =
e Qre Qre

To compute the receiver efficiency, total heat losses need to be calculated, which depend on
the average receiver surface temperature. Therefore, it is necessary to discern the receiver surface

(24)

temperature to calculate receiver efficiency.

3.7.3. Receiver Surface Temperature

The receiver surface temperature depends on the amount of incident solar radiation on the receiver
surface and the temperature of the HTF that runs through the tubes. It is assumed that the receiver
has a uniform surface temperature. Therefore, the present thermal analysis takes account of thermal
performance of a single tube. Thermal resistance circuit for a receiver tube is shown in Figure 10.

Q.

Qs Qloss, total

(o @

Rconv, air
e\ N\ /\—
Reonv, ms Reond, tube Rem
AN\ NN ANN—
Tons Teurt Ror
s\ A\ —

Figure 10. Thermal resistance circuit diagram of a receiver tube.

Based on the above thermal circuit, the receiver surface temperature can be determined by

Equation (25):
1
Qabs,tube = R X (Tsurf - Tms) (25)
total

The absorbed thermal energy per tube (Qqpg tube in W) has been used, as this analysis is based on
the thermal performance of a tube. Then, the total thermal resistance (Riotq in K/W) for a tube is the
sum of the conduction resistance (Reond tube) between the outer and inner surface of the tube and the
convection resistance (Reonv,ms) between the inner wall of the tube and the HTE. The mean temperature
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of the molten salt fluid (Tms) can be calculated as in Equation (6). The conduction resistant of a tube
can be written as shown in Equation (26):

In Tout

T
— m 26
Rcond,tube 2 X TX Hye X ktube ( )

where Hy. is the height of the receiver (in m) and kype is the thermal conductivity of the receiver tube
(in W/(m-K). A 316 stainless steel tube is used in this desgin (kgpe = 23.9 W/m-K). The convection
resistance inside the tube is expressed in Equation (27):

1
hpmg X 7T X 10 X Hye

Rconv,ms = (27)
In the Equation (28), hpys is the molten salt convection heat transfer coefficient in the tube (W/m2
K), which can be calculated by Equation (28):
h k,
Nty = —ms X Xms (28)
Din
where kps is the thermal conductivity of the molten salt and the molten salt is assumed to be constant
(0.45 W/m-K). Due to the fluid velocity inside the tube (viype), the flow in the tube is kept in full
turbulent flow conditions, where Re > 10,000. This is to avoid any freezing for the HTF inside the tube,
which could damage the receiver. Therefore, the Gnielinski equation (Equation (29)) is used to give an
accurate result for the Nusselt number [21]:

(£) X (Rems —1000) X Prins , )
Nums = — ——, 0.5 < Prmg <2000,3 X 10* < Rems < 5x 10 (29)
1+127x (£)7 X (Prms3 = 1)

The Reynolds number (Rens) and the Prandtl number (Prys) for the thermal proprieties of HTF
need to be calculate at the mean temperature of the fluid Tms, and then Reps Pryg can be computed by
Equations (30) and (31):

PMS X Viype X Din

Rems =
ems ms (30)
pums X Cp
Prmys = TToms L (31)

For smooth tubes, the friction factor in turbulent flow can be calculated from the first Petukhov
equation [20], as described in Equation (31):

f = (0.790 X InRems — 1.64) %, 1x 10* < Rems < 1x 10° (32)
The absorbed thermal energy (Qapg tube) can be determined in Equation (33):

Qabs,tube = Myype X Cpms X (Tout,ms - Tin.ms) (33)

The mass flow rate per tube is related to the type of flow pattern selected. The mass flow rate
inside a tube can be computed by Equation (34):

: m
Migbe = total (34)
Nflow path X Ntubes/header
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Then, fluid velocity inside the tube can be calculated by using Equation (35):

Ihtube
Vigbe = —— 25— (35)
Pms X Asec,tube

where Agec tube i the inner cross-sectional area of the tube, see Equation (36):

Tt .
Asec,tube = Z x din? (36)
The calculated fluid velocity should give the same result as the selected velocity. This could prove
that the amount of mass flow rate per tube is correct and then can be used to define the absorbed
thermal energy per tube.

3.8. Receiver Thermal Energy Losses

The external receiver is exposed to three main heat losses: convection, emissive and reflection heat
losses. Conduction heat loss is the smallest part of heat loss, which is generally neglected in thermal
energy loss calculations. The following subsections describe main types of heat loss.

3.8.1. Convection Heat Loss

In the external receiver, the convection heat loss (Qcony,air) 0ccurs due to the convection loss
between the external body of the receiver and the surrounding air flow field [24]. The total convection
losses for a cylindrical receiver can be stated as shown in Equation (37):

Qconv,air = htotal X Are X (Tsurf - Tamb) (37)

where hy, is the total convection heat coefficient (W/m?-K), which takes into account the natural hyc
and forced hg. convection heat coefficients. The average ambient temperature T,y for the proposed
site is assumed to be constant (25 °C).

Siebers and Kraabel in [25] recommended a correlation to define the total convection heat
coefficient for an external receiver. This relation has been used widely among receiver designers. The
recommended correlation is shown in Equation (38):

)1/3.2

hiotal = (hne*? + he>2 (38)

3.8.2. Forced Convection Coefficient

The forced convection heat loss has a direct relationship with wind speed (m/s) and the roughness
of the receiver surface. Literally, predicting the forced convection loss for an external receiver is a
complicated process because the air flow over the cylindrical shape of the receiver exhibits a complex
flow pattern [26]. As a result, many empirical correlations have been generated for estimating the
average Nusselt number, which is used later to compute the forced convection coefficient. An estimate
of roughness of a cylindrical receiver surface according is provided in Equation (39) [26]:

Surface roughness = gut (39)
re

where 1oyt is the radius of the tube receiver (in m) and Dy, is the receiver diameter (in m).
Then, according to the assumed wind velocity (8 m/s) and the estimated surface roughness
(fout/Dre = 300 x 107°), Equation (40) is selected to calculate Nup:

Nup = 0.0135 x Rep®®, 1.8 x 10° < ReD < 4.0 x 10° (40)
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The Reynolds number with receiver diameter Dy, as a characteristic length, and the air
thermo-physical proprieties taken at the film temperature (Tgy, K) can be worked out as in Equations
(41) and (42). Suitable correlations to define air thermal properties at the film temperature are shown

in Table 2.
Pair X Vwind X Din

Rep = (41)
Hair
T T
Tey = surf + Tamb ( 42)
2
Table 2. Correlations for the dry air theoretical physical properties.
Property Correlation
Fluid density (p), [kg/m®] pair = 22 + 2E
Specific heat capacity, [J/(kg.K)] Cp,i, = 1030.5 —0.19975 X Tgy, + 3.9734 X 107* x Tfmz
. . . — 3/2
Dynamic viscosity [107° Pa.s] Hair = %m
. e -3 3
Thermal conductivity [W/(m.K)] Kair = %
The forced convection coefficient (hy.) is computed according to Equation (43):
Nup x D
hf = —2 - —1¢ (43)
kair

where Nup, is the average Nusselt number, D is the receiver diameter (in m), and k,;;, is the thermal
conductivity of the air (in W/m-K).

3.8.3. Natural Convection Coefficient

The primary cause for natural convection heat loss occurring in the external receiver is the
buoyancy force which is introduced by replacing the heated air in the vicinity of the receiver by cooler
air nearby [26]. In natural convection analysis, the external receiver can be treated as a vertical plate
because the receiver diameter is significantly large, and then the curvature effects can be neglected.
The receiver diameter satisfies condition described by Equation (44):

Dre > —— (44)

where Gry is the Grashof number dimensionless parameter for the receiver height (Hy.) as a
characteristic length. Grashof number Gry, can be calculated using Equation (45):

_ gXx B X (Tsurf - Tamb) X Hre
A%

GI'H

(45)

where g is the gravitational acceleration (m/s2), B is the coefficient of volume expansion (1/Tgy, 1/K),
and v is the kinematic viscosity of the air (m?/s).

Then, to find the average Nusselt number for natural convection over a vertical plate, the Churchill
and Chu correlation is used. Although this equation is complex, it can lead to more accurate results.
The correlation for Nuyy is described by Equation (46):

0.387 x Rag; '/ }2

[1 + (%)f"]

Nug = {0.825 + (46)

e
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where Rayj is the Rayleigh number, which is the product of the Grashof number (Gryy) and the Prandtl
number (Pr). The Prandtl number for the air required is computed at the film temperature Tg, by
Equation (47):
ir X Cp.;
Pry, = ”alrk—Palr (47)
alr
After the Nusselt number is calculated, the natural convection coefficient can be determined by
Equation (48):
. Nug X Hye

h,
ne kair

(48)

3.8.4. Conduction Heat Loss

Conduction heat loss (Qcong) is the smallest part of the total heat losses and occurs due to
conduction in the insulation layer. Most receiver design reports have neglected this type of heat
loss [20] determined the conduction heat loss as shown in Equation (49):

(Tsurf - Tins,w)
kins

tins

Qcond = X Are (49)

where Tjpg is the temperature at the insulation surface (in K), kips is the thermal conductivity of the
insulation layer (in W/m-K), and tj,s is the insulation layer thickness. The temperature at the insulation
surface is required to complete the analysis. In an experimental analysis approach, this value can
be measured and then used in the rest of the calculation. However, in a mathematical analysis, this
temperature needs to be assumed, which can lead to incorrect results. The current analysis does not
consider conduction heat loss in the insulation layer.

3.8.5. Emissive Heat Loss

Emissive heat loss occurs due to infrared radiation, which is emitted from the external receiver
wall. The external body of the receiver is treated as a grey surface, to be independent of the wavelength.
In general, a black coating is applied on the external wall of the receiver. Then, total emissive heat loss
can be computed using Equation (50):

Qem = &eX 0 X Ape X (Tsurf4 - Tamb4) (50)

where ¢ is the emissivity of coating surface and ¢ is the Stefan-Boltzmann constant (5.67 x 1078,
W/m2-K*).

3.8.6. Reflective Heat Loss

Reflective heat loss exists due to the reflectivity of the receiver material, which is intended for an
opaque surface, Equation (51):
Reflectivity =1 -« (51)

where « is the surface absorptivity thus, the reflection heat loss Q,¢f (W) for an external receiver is
calculated by Equation (52):
Qref = (1= o) X Qe (52)

The surface temperature and heat loss model was built in Simulink a shown in Figure 11a,b.
The model calculates the receiver temperature for a range of receiver geometries. Then, the results
of this model are used to calculate total thermal heat losses and then to define the thermal efficiency
for each proposed geometry. Under each heat loss type, the mathematical equations are transferred
into the Simulink environment. Since the total heat loss is calculated, the thermal efficiency for the
proposed receiver geometry can be calculated.
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Figure 11. (a): Surface temperature model. (b): Receiver heat transfer model.

3.9. Pumping Power Costs

The second parameter to define the optimum geometry of an external receiver is the cost of the
required pumping power, which is the cost of the electrical energy needed to pump an HTF through a
receiver. The required energy can be defined by Equation (53):

Wpump =

V X APy
Mpump

(53)

where W is the required pump power (in W), V is the volume flow rate of molten salt HTF (in m%/s)
and is equal to Migta1/Prms, APtotal is the total pressure drop in Pa, and Npump 18 the pump efficiency
and is assumed to be a constant 75%. Pressure drop occurs in a receiver due to two main factors: first,



Energies 2019, 12, 3079 18 of 27

pumping molten salt fluid to the top of a solar tower, where the receiver is located, and this can be
expressed by Equation (54):
APiower = Pms X & X Hiower (54)

where Hiower is the solar tower height, which is assumed to be 140 m.
Second, pressure drop occurs due to pumping HTF through the receiver tubes, and it can be
computed as in Equation (55):
& % X‘rube2
Dip 2
where f is the fiction factor for a smooth tube in turbulent flow; see Equation (32). The total pressure
drop is the sum of the tower pressure drop and the total pressure as described by Equation (56).
Annual cost of electricity for operating of the receiver pump is given in Equation (57):

APtube = Pms X fx (55)

n .
APiotal = APy X —SLEE L AP (56)
Nflow path
Operating cost = Wpump x operating hours x Price of electricty (57)

To simplify the operating cost analysis, it is assumed that the pump operates 9 h a day. Furthermore,
the system has 20 days of shutdown maintenance per year, so the approximate annual operating hours
for the receiver pump can be calculated as 3121 h. Since the proposed location for the current project is
Saudi Arabia, the consumption tariff of electricity for the industrial sector is used to define the price
of electricity in £/kWh. According to the Saudi Electricity Company, the price of electricity for the
industrial sector is 0.04 £/kWh. Then, the cost of pumping power for different receiver geometries can
be computed. Figure 12 illustrates the Simulink model of calculating the cost of pumping power for
each receiver geometry.

. . ' Mo, of Headers
v u X

HTFvelocty  Mah Gsin

> Function

X

Friction factor no. of flow path

(€D} Hx
Receiver height C)—x

pressure drop in theraceiver Total mass flow rate
(=) Hx

HTF dersity, kg/m3

Din

Din, tube _— 3
Fressure drop per tube ’—.

Pumpff
Total Pressus drop

g : |

Cast of energy
Tower height Operating hours/year
Gravily acoeleration, g mis2 Tariff rate (EXWh)

Tower pressure drop Costof energy req

Figure 12. Cost of pumping power model.
3.10. Modelled System Parameters

The recommended design optimisation approach for external receivers were modelled by MATLAB
and Simulink software. This section outlines the main input parameters of the model and how the
model is implemented are discussed. Initially, the model uses two types of parameters: fixed and
variable. The fixed parameters are the design point parameters of the solar system, which are listed in
Table 3.
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Table 3. Fixed input parameters for the Simulink model.

Properties Value Unit
System rated capacity 20 MWe
Thermal storage capacity 15 Hours
Heliostat field efficiency 1 70 %
Initial value for receiver efficiency nye 85 %
Power block efficiency Nyr 42 %
Direct normal radiation (DNI) 950 W/m?
Wind velocity 8 m/s
Ambient temperature 25 °C
Molten salt inlet temperature 290 °C
Molten salt outlet temperature 565 °C
Molten salt density pp,g 1818 Kg/m?
Molten salt specific heat Cpms 1517 J/(kg K)
Molten salt dynamic viscosity g 0002125 Pa.s
Molten salt thermal conductivity kms 0.45 W/(m K)
Allowable heat flux 578.23 KW/m?
Fluid tube velocity 3.3 m/s
Stefan-Boltzmann constant o 5.67 x 1078 W/(m?2 K*)
Pump efficiency 75 Y%
Tower height 140 m
Annual operating receiver pump hours 3121 Hour
Elec.tricity t.ariff rates in Saudi Arabia for 0.04 £/kWh
the industrial sector
Number of flow paths 2
Coating surface emissivity 85 Y%
Coating surface absorptivity 93 %

The value of the receiver efficiency is initially assumed with a view to defining the equivalent
rated capacity of the solar system. Then, for each proposed receiver geometry, the receiver thermal
efficiency is calculated and readjusted according to the total thermal energy losses.

As the aim of this research is to find the best geometric design for an external receiver, the Simulink
model was used to measure the effect of different proposed receiver geometries on the thermal efficiency
of the receiver and the cost of pumping energy. In addition, the model analyses the effect of material
tube thermal conductivity on total thermal efficiency. The acceptable ranges for each variable are
collected from different studies, see Table 4.

Table 4. Variable input parameters for the Simulink model.

Properties Range Unit Reference
Aspect ratio 1-2 [20]
Tube diameter 20-60 mm [27]
Tube thickness 1-3 mm [71
Tube thermal conductivity
Stainless steel 316 12-45 W/(m K) www.engineeringtoolbox.com
Inconel alloy 625 21-100 W/(m K)
Incoloy 800 H 0-100 W/(m K)

4. Results and Discussion

4.1. Effects of Tube Diameter on Receiver’s Performance

The effect of tube diameter on external receiver performance is shown in Figure 13. The figure
shows that the receiver thermal efficiency is improved when the receiver tube diameter is decreased.
The improvement of receiver efficiency is due to the reduced receiver surface temperature. When
receiver surface temperature is decreased, the amount of heat loss is decreased (see Figure 14).


www.engineeringtoolbox.com
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The receiver efficiency for a tube diameter of 20 mm is approximately 86%, whereas, it is around 60%
at a 60 mm tube diameter; therefore, the receiver efficiency would improve about 26% if the smaller
diameter is selected. In terms of the annual pumping energy cost, no noticeable effect was observed
of the tube diameter on the annual pumping energy cost. Using the smallest tube size increased the
annual cost by only £36. This is probably due to change of tube diameter from 60 to 20 mm has no
obvious effect on the total pressure drop on the receiver.
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Figure 13. Tube diameter effects on receiver efficiency and pump energy cost.
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Figure 14. Tube diameter effects on receiver surface temperature.

Therefore, it can be concluded that a smaller receiver tube diameter can give higher receiver
thermal efficiency and is preferable in designing an external receiver.

4.2. Effect of Tube Thickness on Receiver’s Performance

The impact of tube thickness on receiver efficiency and annual energy cost are shown in Figure 15.
Two different regions for tube thickness are depicted. The first region corresponds to a tube thickness
between 1 mm and 2.5 mm. In this region, the receiver efficiency decreases exponentially with
increasing tube thickness. This could be explained by Figure 16, where receiver temperature increases
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with the same pattern. In the second region, which is for tube thickness above 2.5 mm, the receiver
efficiency starts to increase slightly. This is possibly due to the assumption of a fixed fluid speed. The
fluid speed should increase when the inner tube diameter is decreased. Therefore, the effect of this
assumption starts to be noticed when the tube thickness is greater than 2.5 mm. It can be concluded
that the receiver efficiency at a small tube thickness is higher than at a large thickness.
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Figure 15. Tube thickness effects on receiver efficiency and annual energy cost.
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Figure 16. Relationship between tube thickness and receiver surface temperature.

For the energy cost analysis, the cost of pumping HTF to the receiver decreases linearly with tube
thickness (Figure 16). The proposed tube thickness’ range has a moderate effect on the annual cost of
energy. The difference in cost between the minimum and maximum tube thickness is around £3500
per year. However, at 1 mm tube thickness, the receiver efficiency is greater than the largest tube
thickness by approximately 0.4%, which equals about 600 kWth thermal energy. Then, the smallest
tube thickness for a molten salt external receiver has a low heat loss and provides more thermal energy,
which minimises the cost of pumping power.
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4.3. Aspect Ratio Impacts on Receiver Performance

The aspect ratio (AR) is the relation between the receiver height and diameter. This ratio was
investigated to determine its impact on the receiver thermal performance and the annual cost of
pumping energy. Figure 16 illustrates the relationship curve between receiver efficiency and the aspect
ratio. The figure shows that a taller height receiver is more desirable for minimising total thermal heat
losses. However, if the aspect ratio were to equal 2, the receiver diameter would decrease to around
6.5 m, which might not be enough to accommodate the interior components of the receiver. Then, an
AR of 1.5 was selected to increase the receiver efficiency and, at the same time, the receiver diameter
was increased to 7.5 m (Figure 17).
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Figure 17. Effects of aspect ratio on receiver efficiency and annual energy cost.

Figure 18 depicts that the aspect ratio has no effect on total pumping power. A possible reason
may be that the receiver surface area is constant. In that case, the total pressure drop was not affected
by changing the aspect ratio.

Receiver height, (m)
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Figure 18. Aspect ratio vs. receiver height and diameter.

4.4. Tube Thermal Conductivity Effects on Receiver Performance

As elicited from the literature review, the three main materials that are used in manufacturing
receiver tubes are stainless steel 316, Inconel alloy 625 and Incoloy 800 H. The thermal conductivity
and the cost associated with each material are summarised in Table 5.
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Table 5. Thermal conductivity and material cost for common receiver tubes [3].

Material Thermal Conductivity W/m-K Cost $/kg
Stainless steel 316 12-45 2.5-5
Inconel alloy 625 21-100 20-25
Incoloy 800H 0-100 40-80

Figure 19 shows the evolution of receiver efficiency as a function of a tube’s thermal conductivity.
The receiver efficiency decreases sharply for a tube material that has a thermal conductivity below
6 W/m-K. However, after 28 W/m'K, the thermal conductivity of a material has no effective influence
on receiver efficiency. Therefore, materials such as stainless steel 316 could be used in designing
solar receivers. Although Inconel alloy 625 and Incoloy 800 H have higher thermal conductivity than
stainless steel, their thermal conductivity has no effect on the thermal performance of the solar receiver.
Since thermal stress analysis is out of the research scope, stainless steel 316 tube material is selected for

this project due to its acceptable thermal conductivity and its low cost.
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Figure 19. Influence of tube thermal conductivity on receiver thermal efficiency.

4.5. Tube Size and Thickness Fitting Analysis

In previous sections, the optimum tube diameter and thickness were investigated according to
receiver thermal efficiency and pumping cost energy. Table 6 shows the first-attempt results of the

Simulink model.

Table 6. The output results of the first iteration.

Input Parameters Output Results
Tube diameter (mm) 20 Tubes/header 100
Tube thickness(mm) 1 Headers/receiver 12
Aspect ratio 15 Total No. of tubes 1200
_ Receiver diameter (m) 7.5
Receiver height (m) 11.3

However, before, we finalise these results, it is crucial to check the fitting of the selected tube size
and tube thickness with the calculated outer receiver geometry. To complete this step, the maximum
number of tubes for a receiver needs to be calculated according to Equation (58):

x D
Max No. of tubes per receiver = % (58)
out
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Maximum number of tubes per receiver is related to the tube diameter and the receiver diameter.
Thus, the maximum number (Dre = 7.5 m and doyut = 20 mm) is approximately 1178 tubes. However, the
model result for the total number of tubes is 1200 tubes, which is more than the maximum. Therefore,
the next higher size of tube diameter, 25 mm, was used to decrease the total number of tubes; see
Table 7. The maximum number of tubes for a 25 mm receiver tube is 942 tubes. Simulink model
shows that the total number of tubes should be is 868 tubes per receiver, which is below the maximum
tube number (942 tubes). Furthermore, it was observed that a small tube thickness can lead to higher
receiver efficiency. Thus, a tube thickness of 1 mm was used in this simulation model.

Table 7. The output results of the second iteration.

Input Parameters Output Results
Tube diameter (mm) 25 Tubes/header 62
Tube thickness (mm) 1 Headers/receiver 14
Aspect ratio 1.5 Total No. of tubes 868
_ Receiver diameter (m) 7.5
Receiver height (m) 11.3

After adjusting tube diameter and thickness, the receiver efficiency and the annual cost of pumping
power were recomputed as 85% and 90,721 £/year, respectively.

4.6. Receiver Design Validation

Having discussed and created the mathematical model for the external solar receiver, the results
of this design methodology were compared and validated using real data from a well-established
reference SPT plant. The Gemasolar Thermal Plant is considered one of an only a few SPT plants that
have achieved the continuous 24 h per day production of electricity. It is in the city of Fuentes de
Andalucia in Seville province in Spain. This commercial solar plant was selected as a reference plant
for the following reasons:

e The Gemasolar power plant uses SPT technology, which is the same technology that is proposed
for this project.

e Both the solar plant and the existing model use molten salt as an HTF and as an energy
storage medium.

e  The rated capacity of the Gemasolar plant is nearly as same as the projected solar system. The
rated capacity of Gemasolar Thermal Plant is 19.9 MWe, and the proposed project’s capacity is
20 MWe.

e  The reference solar plant has a thermal energy storage unit with 15 h capacity. The same thermal
energy capacity is used in our model.

e  Most significantly, the Gemasolar solar plant uses an external solar receiver, which is the aim of
this research.

Therefore, the actual data of the Gemasolar external receiver was gathered from different studies
and listed in Table 8 to be compared with the results of the Simulink model. In the table, the
actual receiver area is larger than the designed receiver area. This is probably due to the different
peak-to-average ratios. The current model assumed 1.47 peak-to-average ratio, which resulted in a
higher heat flux on the receiver surface of around 578.23 kW/m?, whereas the Gemasolar power plant
used a 1.9 peak-to-average ratio. This value decreases the average solar flux on the receiver surface
to approximately 445 kW/m?. Therefore, a lower peak-to-average ratio can increase the solar flux
concentrated on a receiver surface and reduce the amount of receiver surface area used.

Moreover, the table shows some differences in receiver diameter and height between the receivers.
There are two possible explanations. The first is related to the difference in receiver surface area, as it
is obvious that the receiver height and diameter are directly related to the receiver area. The second
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factor is due to the aspect ratio that is used. The proposed model used a 1.5 aspect ratio, and the
Gemasolar receiver used 1.25.

In terms of tube diameter, the model shows that a 25 mm tube diameter is the optimum size for a
tube. This value matches the reference data. A clear understanding of the fluid flow in the receiver and
the accurate estimation for the fluid velocity inside the tube led to these identical results. However, the
current model proves that a small tube thickness can improve the thermal efficiency of the receiver.
Therefore, a 1 mm tube thickness was selected. In addition, the number of tubes per header and per
receiver is influenced by the tube diameter and thickness. The current model uses fewer tubes, which
reduces the material cost by approximately $17,225. The material cost per tube is given as follows:

. T . $
Material cost per tube = (Ptube X (dout2 - dinz) X Hye X m)*matenal COSt(k_g) (59)

where pyype = the tube material density (in g/cm3), dout & dj,, = the outer and inner tube diameters (in
mm), and Hye = the receiver height (in m). The material cost for the 316 stainless steel was assumed
(3.75%/kg).

Table 8. Comparison of receiver parameters between the Gemasolar receiver and the Simulink
model receiver.

Gemasolar

Receiver Parameters Unit Thermal Plant Reference Simulink Model
Outer Geometry
Total receiver area (Are) m? 270 261.2
Receiver Diameter (Dye) m 10.6 Reference [3] 11.3
Receiver Height (He) m 8.1 7.5
Inner Geometry
Tube diameter (doyt) mm 25 Reference [3] 25
Tube thickness (t) mm 1.65 1
No. of tubes/headers 64 62
No. of headers/receivers 16 Reference [19] 14
Total No. of tubes 1024 868
Calculated Results
Receiver thermal efficiency % 84 Simulink model 85
The annual cost of pumping energy £/year 89,242 90,721
Total cost of tube material $ 39,424 22,199

Nevertheless, the results of the table present an improvement in the thermal efficiency of the
designed model of 1%. The current model absorbs thermal energy at a greater rate than Gemasolar
receiver by approximately 2.69 MWth of thermal energy per hour. This will increase the output
power of the solar tower system 1.13 MWe per hour, with the assumption of 42% net efficiency for the
power block.

Finally, due to the small difference in the cost of pumping energy, the higher cost associated with
the new design can be neglected. The difference was only about 1479 £/year.

5. Conclusions

In Saudi Arabia, where solar energy is in abundance, using SPT technology will boost the national
energy mix plan for 2032. The optimal geometry for an external receiver used for a SPT plant was
investigated in detail. A mathematical thermal model for the receiver was developed using MatLab
and Simulink software. The thermal model was created based on energy balance analysis. Furthermore,
the performance of the developed SPT was examined under NEOM’s city metrological conditions and
the annual cost associated with pumping molten salt fluid was analysed. The result of the model was
compared with a well-established solar tower system. Tube diameter and tube thickness showed an
inverse effect on receiver efficiency, where the aspect ratio displayed a direct effect on receiver efficiency.
Both tube diameter and tube thickness have a counter-relationship with the annual cost of pumping
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energy. However, for a fixed receiver surface area, the aspect ratio has no effect on the annual cost
because the total pressure drop on the receiver remains constant for each aspect ratio. The incremental
increase in the pumping cost, which resulted from using a small tube size, can be neglected when
it is compared with the amount of thermal energy absorbed. A thermal conductivity of 28 W/m-K
for a receiver tube was found to be the threshold point for receiver efficiency. Any further increase
above this thermal conductivity would not have any noticeable effect on the receiver efficiency. Then, a
cheaper tube material, such as 316 stainless steel, could be an adequate choice for the external receiver.
Although the new receiver design has fewer tubes per receiver, it can produce 1% more thermal energy
than the receiver at the Gemasolar plant can. In addition, the total cost of the tube material for the new
design was reduced by approximately 43%. The validation process for the thermal model confirmed
the reliability of the model for designing an external receiver type. Therefore, the proposed design of
the cylindrical receiver offers more efficient and cost-effective architecture to adopt for solar power
plants in hot countries, especially, KSA.
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