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Molten salts are commonly used in solar thermal power plants to store heat when
sunlight is unavailable. However, solidifying the salts can lead to operational
interruptions and prevent an optimal energy output. A self-adaptive heat
extraction method has been proposed to regulate salt pipeline temperatures,
enabling continuous operations that mitigate unplanned shut-downs. Such a
method focuses on maintaining operational temperatures and preventing
interferences caused by the freezing of the salts. The proposed Self-Adaptive
Heat Extraction Controller (SAHEC) relies on fuzzy logic integrated into MATLAB
Simulink to ensure optimal heat extraction control utilizing four distinct
temperature variables. Modeling this approach through a created MATLAB-
based simulation reveals that SAHEC offers an undeniable improvement over
standard conventional methods for manipulating temperatures.
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1 Introduction

The field of renewable Energy is expanding with significant momentum, particularly in
Concentrated Solar Power (CSP) technology. This innovative approach uses many heliostat
mirrors within a solar field to generate power, relying heavily on the flow rate and
temperature control of fluids within pipes. With the introduction of Thermal Energy
Storage (TES) systems, CSP towers can continue generating electricity even after sunset.
Distributed Control Systems (DCS) facilitate effective management of such operations
(Menéndez et al., 2014; González-Roubaud et al., 2017; Prieto et al., 2019).

Solar tower technology uses pipes that transport fluid containing molten salt from the
top of the tower down to the turbine, generating power. Molten salt is an inexpensive
material to use in large quantities, and it can store a significant amount of heat that can be
preserved in thermal tanks for reuse during the night (Debnath et al., 2018; Qaisrani et al.,
2022; Saldivia and Taylor, 2023). The invention of these salt-based thermal tanks was a
response to the problem of power plants shutting down when the Sun was not shining.
However, a new issue arose with the potential for the salt to freeze within the pipes when the
climate conditions change, and the molten salt tanks are insufficient to ensure continued
power generation. When the temperature of the revolving molten salt drops, it can freeze in
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the pipes, and restarting the plant becomes a significant challenge.
To prevent this coma state, scientists are working to find a viable
solution (Roper et al., 2022).

In a study presented by the authors of (Pascual et al., 2022),
various salts were examined for their use in energy storage. Molten
salt typically refers to solid salt at standard temperature and pressure
(STP) but becomes liquid when heated. At room temperature, some
salts remain liquid and are referred to as ionic liquids or molten salts,
although they technically belong to the class of ionic liquids. Liquid
salt blends can be both hazardous and inert. Among the different
options, molten salt is today’s most versatile, efficient, cost-effective
large-scale energy storage system. This storage method ensures a
consistent and transportable product without backup fossil fuels
such as natural gas, which is required for other concentrated solar
power (CSP) technologies. The specific type of salt used in solar
Energy is a mixture of sodium nitrate (NaNO3) and potassium
nitrate (KNO3), known as solar salts (Guccione and Guedez, 2023).

The molten salt storage system is a known method for storing
the Energy absorbed by molten salt through the direct receiver. This
system transfers the stored thermal Energy to a storage tank, which
can be held at a high temperature of 565°C. When the Sun is
unavailable, this stored thermal Energy can generate steam that
powers the turbine (Linares et al., 2023).

A commonly used energy storage system for solar power plants
involves two molten salt tanks acting as a heat transfer fluid (HTF)
storage medium. This thermal storage technology was developed to
overcome the issue of power generation during periods of low
sunlight. Heat is captured and stored in the salt mixture within
the tanks, designed with advanced insulation to prevent heat loss.
This stored heat is then utilized at night for continued plant
operation. Using a heat exchanger, the heat from the molten salt
is transferred to water, creating steam to power the turbine for
electricity generation (Pascual et al., 2022; Guccione and Guedez,
2023; Linares et al., 2023).

Since molten salt is in a single state, no phase change is involved;
hence, latent Energy is not considered in the calculations. The model
shows the analysis of sensible heat, which is the heat extracted due to
the temperature change. This equation is used in the heat calculation
blocks to plot the temperature outputs and the state of the molten
salt tanks. Q represents the sensible heat, m is the mass of the molten
salt, which is 11.825 kg for each instance, and the total salt used is
8,500 tons, as used in a solar tower power plant. C represents the
specific heat of the molten salt mixture (sodium nitrate and
potassium nitrate), which is 1.495 kJ/kg°C, and ΔT represents the
temperature change. The difference in temperature of the molten
salt tanks acts as a multiplier for the equation. The value of heat
capacity changes with the change in temperature, and a more
significant change in temperature results in a more excellent deal
of Q (Song and Wu, 2017; Arias et al., 2022; Hua et al., 2022; Zhang
et al., 2022).

In addition, the conventional controller, known as the PID
controller, has been widely used in various industries for many
years. It is considered to be the most appropriate controller for
process industries. In solar thermal power plants, it is used to
regulate the inlet temperature of the molten salt tank. The
molten salt tank is a modern invention used to store heat for
later use in running the power plant at night or when the
weather is cloudy. However, the PID controller must be more

intelligent to predict and maintain the temperature values. If a
variable temperature source is provided to achieve temperature
stability for the molten salt tank, it requires extensive
mechanisms and sensory systems (Moghadam et al., 2017;
Palenzu et al., 2022; Perez-Alvarez et al., 2022; Wang et al., 2023).

The acronym PID stands for proportional-integral-derivative,
the individual terms that make up the standard three-term
controller. PID controllers are widely used in various industries
and are considered one of the most commonly used mechanical
controllers. Even complex modern control systems may include a
control network whose primary control building block is a PID
control module.

PID controllers are widely used in process control and
automation systems. They continuously measure the error
between the set point and the actual process variable and adjust
the control signal to minimize the error. The three terms of the PID
controller contribute to the controller’s response to the error: the
proportional term responds directly to the current error, the integral
time accumulates past errors, and the derivative time predicts future
errors. The PID controller needs a plant model to show the output
curves, which contain the transfer function of the machinery or
plant model. The three-term PID controller is the most widely used
mechanical controller and has been adapted to work with digital
control systems. It was the first controller to be mass-produced for
the high-volume process industry market (Liu et al., 2022; Nour
et al., 2023).

The TES system loop is a crucial component of a solar thermal
power plant, where molten salt is a medium for storing thermal
Energy. The loop commences with the heating source, which could
either be the Sun or an artificial heating source, where themolten salt
is heated to a high temperature. The PID controller is employed to
achieve a smoother and desired output, which helps maintain the
temperature of the molten salt at a predetermined set point.

The hot molten salt tank receives input from the PID
controller and stores the high-temperature molten salt. The
molten salt then flows through a heat exchanger, where it
loses its heat due to thermal contact with a cold fluid, leading
to a drop in its temperature. Subsequently, the complex molten
salt is transferred to the cold molten salt tank for storage until it is
needed again.

This cycle repeats as necessary, with the stored thermal Energy
employed to generate steam, which can power a turbine to produce
electricity. The TES system is a critical aspect of the solar thermal
power plant, as it ensures a steady and consistent source of
electricity, even when no sunlight is available.

In (Vignarooban et al., 2015), the author studied the efficiency
and overall performance of solar thermal tower technology using
molten salts. As per the study’s findings, using molten salts
eliminates the need for oils and other chemicals commonly used
in heat exchangers. The properties of solar salts, including their high
temperature and specific heat, make them a promising alternative to
lithium battery-based grid solutions.

In (Turchi et al., 2018), the author conducted a MATLAB-based
simulation using a Fuzzy controller to evaluate the efficiency of a
heat exchanger. The main objective of this research was to compare
the performance of PID and Fuzzy controllers for the outlet
temperature of the heat exchanger. The study compared two
characteristics, overshoot and settling time, of both controllers.
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The findings revealed that the Fuzzy controller outperformed the
PID controller in predicting the temperature based on the desired set
point.

The study in the paper (Zarza, 2017) focused on the economic
analysis of different solar thermal technologies. The report provides
valuable insight into the current technology used in this field and
briefly compares the economic benefits of electricity production
from solar thermal technology. The study highlights the urgent need
to shift towards renewable energy sources like solar thermal, which
have the added advantage of thermal energy storage, making them a
more reliable and linear output source of renewable energy, unlike
wind and solar PV.

In (Soomar et al., 2023), various types of molten salts have been
compared to identify the most suitable thermal stable salt for use in
solar thermal technology. The study highlights the advantages of
molten salts, such as their ability to operate at high temperatures of
up to 800°C, making them a promising solution for commercial
power plants. However, the paper also addresses the issue of
corrosion that arises from the nature of the salts, which require
consistent temperature control to remain within the operational
temperature range.

The study in (Soomar et al., 2022) focuses on the thermal
properties and composition of solar molten salts. The paper
specifies a mixture of 60–40 (60% NaNO3 and 40% KNO3) and
presents a detailed table of the high temperature of molten solar salt
and other related properties. However, the issue of salt freezing
arises when the molten salts lose temperature due to low sunlight or
cloudy weather.

A heating system prevents salt from freezing and causing a coma
in pipelines, similar to how the food industry uses heat to melt
materials inside pipes and clear lines. Electrical cables are wrapped
around specific areas to generate heat in this case. However, this
system could be more effective at warning of salt freezing at a
particular point, a unique problem encountered in concentrated
solar power plants (Li et al., 2014; Yılmaz andMwesigye, 2018; Nkele
et al., 2023).

To address this issue, an electrical heating system has been
developed to prevent salt from freezing. A research article in the
Journal of Energies by Cristina Prieto proposes a freezing protection
heat system. In another research article published by Salvatore
Guccione, Rafael Guedez provides a review study of electrical heating.

This paper is primarily concerned with resolving the remaining
issue of unstable temperature to achieve optimal heat extraction. The
focus is on simulating aMATLAB-basedmodel called the Self-Adaptive
Heat Extraction Controller, which incorporates a fuzzy controller block
to regulate temperature. If the temperature exceeds a certain threshold,
the system triggers a mechanism to raise the temperature of the fluid
flowing through the pipes. The SAHEC can extract the maximum
efficiency from the available heat in themolten salts through predefined
input functions and desired outputs.

2 Materials and methods

In this section, the details about the proposed SAHEC design are
presented. As SAHEC was designed on MATLAB SIMULINK
before this, it is essential to understand the working mechanism
of the solar thermal power plant and the place of the proposed

controller. The changes proposed in the paper are related to the
electrical part of the solar power tower. The introduction has
discussed how molten salt’s thermal properties affect the
performance of the system. Also, using PID controllers in solar
technology has been discussed above in various papers.

Figure 1 illustrates the diagram of the solar thermal tower plant.
Two tanks can be seen. Cold molten salt and hot molten salt are
stored separately to preserve for usage. At night, hot salt is fetched to
run the steam generation process. Also, the array of heliostats can be
seen, reflecting the sunlight on the tower. At the same time, the heat
exchanger is used to generate steam via thermal contact of water and
hot molten salt. It provides an overview of the TES system. The loop
of the system starts working from the heating source, and then the
PID controller is used to provide smoother and desired output. The
hot molten salt tank gets input from the PID controller, and after
that, molten salt passes through the heat exchanger. Molten salt loses
heat due to thermal contact with cold fluid in the heat exchanger;
hence, temperature drops. Later, complex molten salt is deposited
into a cold molten salt tank. Again, the loop starts with the Sun or
artificial heating source.

2.1 SAHEC

Self-adaptive heat extraction controller (SAHEC) is the model
approach of this paper, which is simulated on MATLAB SIMULINK.
This technique is based on the functions of MATLAB. It has been

FIGURE 1
Diagram of SOLAR Power tower, including molten salt thermal
energy storage system, Heat exchanger, and heliostats field
(Menéndez et al., 2014; González-Roubaud et al., 2017).

TABLE 1 Variables of fuzzy logic controller.

Input1 Input2 Output

ToS1 ToMT1 VLow

ToS2 ToMT2 Low

ToS3 ToMT3 High

ToS4 ToMT4 VH
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designed by adding theMATLAB coding function for the temperature of
the Sun, fuzzy logic block, PID block, and TES block with transfer
function. SAHEC is the block combination that outputs heat extraction
using the given transfer function. Tomake it an intelligent system, a fuzzy
logic block has been used to predict the temperature of molten salt
revolving inside the pipes of a solar thermal tower. Further, the heat
exchanger is simulated through the technique of MATLAB function.

Figure 2 depicts the model designed to simulate the working of a
solar thermal tower. It can be seen that the fuzzy logic block receives
input signals from two sources: Sun and Plant. After this, the output

of the fuzzy controller is synchronized with the PID controller,
which further tunes the output set point values for molten salt
temperature (Table 1). The output stream from fuzzy-PID to the
Plant is fed if the temperature from the Sun is in the operational
range; otherwise, the fuzzy controller directly provides the desired
temperature values to the external heating source (Table 2). Thus,
the DCS-controlled closed loop system continuously feds
temperature data to faint for the prediction of stable temperature.

This model was designed to simulate the temperature changes
due to controller rules. The fuzzy controller block works on well-
defined rules in the background. It gives the output temperature,
which depends upon two inputs. The input assigned to the controller
is already defined as a range of variables consisting of three different
membership functions.

The inputs of this controller are the temperature of the Sun, 1st

variable in the fuzzy logic controller, and the second input
temperature of tanks, which is continuous feedback in a loop to
the controller on a run-time basis. Input two, the temperature of
tanks, defines the controller the state of tanks (Table 3).

(Table 4) whereas the state of the tank is the status of the
material form assigned as freezing, stable, and decomposition.
Through fetched inputs, this controller maintains the stable
region temperature for tanks. The stable region temperature is
already set in the variable of the membership functions inside the
information two of the controller.

Figure 3 illustrates the block diagram representing the
Proposed SAHEC for the solar thermal tower power plant. In
this block diagram, fuzzy logic can be seen as a controller
connected with an additional heating source. An electric
heater excites when it gets a faint signal from actuators and
sensors. The electric heater heats the molten salt, fetching power

TABLE 2 Rules of fuzzy logic controller.

S. no Operator Input1 Logic Statements Operator Output

1 if (Input is ToS1) AND (input2 is ToMT1) THEN (output is VH)

2 if (Input is ToS2) AND (input2 is ToMT1) THEN (output is High)

3 if (Input is ToS3) AND (input2 is ToMT1) THEN (output is Low)

4 if (Input is ToS4) AND (input2 is ToMT1) THEN (output is VLow)

5 if (Input is ToS1) AND (input2 is ToMT2) THEN (output is VH)

6 if (Input is ToS2) AND (input2 is ToMT2) THEN (output is High)

7 if (Input is ToS3) AND (input2 is ToMT2) THEN (output is Low)

8 if (Input is ToS4) AND (input2 is ToMT2) THEN (output is VLow)

9 if (Input is ToS1) AND (input2 is ToMT3) THEN (output is VH)

10 if (Input is ToS2) AND (input2 is ToMT3) THEN (output is High)

11 if (Input is ToS3) AND (input2 is ToMT3) THEN (output is Low)

12 if (Input is ToS4) AND (input2 is ToMT3) THEN (output is VLow)

13 if (Input is ToS1) AND (input2 is ToMT4) THEN (output is VH)

14 if (Input is ToS2) AND (input2 is ToMT4) THEN (output is High)

15 if (Input is ToS3) AND (input2 is ToMT4) THEN (output is Low)

16 if (Input is ToS4) AND (input2 is ToMT4) THEN (output is VLow)

TABLE 3 Tuning Parameters of PID controller.

Variable Value

Kp 0.148021823601629

Ki 0.00521029766640733

Kd 0.977670801078519

N 0.990036370823558

TABLE 4 Performance and robustness.

Parameters PID Proposed SAHEC

Rise time 56.8 s 5.35 s

Settling time 246 s 44.1 s

Overshoot 9.23% 10.8%

Peak 1.09 1.11
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from the turbine in a closed-loop system; it keeps the molten salt
in a molten state. This bypass system rotates molten salt in pipes
by disconnecting the supply from the thermal energy storage
system. Hence, it keeps the plant in an active state.

Now, it is essential to understand the flow of this project. It starts
from the input of the Sun. If the Sun is shining, the plant usually
operates—with an electric heater, the SAHEC turns on the external
heating source to maintain the molten salt temperature.

2.2 Fuzzy logic design

This controller was designed using MATLAB fuzzy Designer.
The toolbar provides a more accessible platform to implement and
simulate fuzzy logic. Logic for temperature control was implemented
using this toolbar. As depicted.

Figure 4 illustrates the block diagram of the fuzzy logic toolbar. It
can be seen that the proposed controller has two inputs and one
output. Using this toolbar, two inputs were taken. These inputs
contain membership functions as variables.

The input1 contains Membership functions named
temperature, which shows the temperature range received on
the tower through the reflection of heliostats. The building gets
an immense amount of heat reflected through heliostats, which
raise the temperature at the top of the tower, from where the
pipeline of molten salt is passed. This pipeline carries fluid that
absorbs heat and revolves around a closed loop. The range set
here for the temperature of the tower is [0 570], which may
exceed in real time scenario at the plant. Whereas the curved
displays the parameter set according to nominal temperature
values for the solar tower, the operational temperature of the
building where heat is absorbed is shown here. The operating
temperature shows the initial state of 29 °C. From this point, salt
starts to absorb heat and up to 565 °C.

This input contains four different membership functions and
a range of overlapping temperature parameters. These states were
named ToM1, ToM2, ToM3 and ToM4. At the same time, the
content for this input is similar for all the membership functions
but with different parameters, respectively. These membership
functions show the overlapping behavior of molten salt
temperature.

These parameters show the mid value, the peak value where the
state of salt changes. Initially, 270–290 °C is the temperature where
salt changes from solid to a molten state, and later, when the
temperature reaches 565 °C, molten salt is near the state where
the chemical bond breaks. After 565 °C, salt goes under
decomposition.

The output window comprises four membership functions,
which are states of molten salt. These states were named VL,
Low, High, and VH. These states result from temperature
changes affecting molten salt rotating in the solar tower.

A fuzzy logic controller works based on a set of defined rules.
Here, the following rules were determined, as shown in the table.

2.2.1 Rules defined in the fuzzy logic controller
Rules described in the fuzzy logic controller are based upon

two inputs and one output function, which are further distributed
into four each. As input1 has four variables ToS1, ToS2, ToS3,
AND ToS4. Similarly, Input2 has ToMT1, ToMT2, ToMT3, and

FIGURE 2
Proposed model of the SAHEC containing MATLAB Simulink blocks Fuzzy and PID controller, relay, switch, and function of temp, scope, and plant
model.

FIGURE 3
Block diagram of proposed feedback model of the SAHEC.
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ToMT4. Lastly, the Output variables are VLow, Low, High,
and VH.

2.3 Implementation over MATLAB simulink

The sophisticated built-in block of MATLAB Simulink is this
work’s ultimate building block. Finding the relevant union and using
it by changing properties accordingly is straightforward. It would
not be wrong to sayMATLAB has provided a great platform to add a
feather to the cap of research areas.

2.3.1 SIMULINK model
Heat extraction at solar thermal power requires broad

knowledge to implement the block. For example, the heat
exchanger block, an essential block in heat extraction, cannot be
implemented quickly, but the built-in block provides the features of
HX easy and ready to be used. But in my scenario, that built-in
partnership required a physical system to be developed in a
SIMULINK environment. Later on, the heat exchanger model
was implemented through a transfer function taken from
reference papers.

The heat extraction block was not alone enough to simulate the
working principle of a solar thermal power plant. To accomplish the
whole task, the next target was to design the model of a solar thermal
power plant using MATLAB SIMULINK. Solar thermal power plant
has many blocks such as Thermal energy storage, Heliostats field,
power block, and tower. For simulation, the thermal energy storage
system was most prominent.

Hence, using the transfer function technique, the two hot and
cold molten salt tanks were modeled on SIMULINK. Both the
molten salt tanks play a vital role in preserving the salt in molten

form for nighttime. Salt stored in both tanks is pumped into a heat
exchanger at night to generate power.

Figure 5 illustrates the MATLAB model of a solar thermal tower
with TES and heat extraction block. This model contains the two
molten salt storage tanks, the Heat exchanger, and the Heat
extraction block, a user-defined function discussed below. The
lines between blocks show the pipe lines’ path through which
molten salt passes through pumping.

2.3.2. Heat extraction
Further, the next target was to design the heat extraction block or

system to calculate the heat extracted during simulation time and store
that data in a variable in MATLAB to evaluate. The heat extraction
block is the sensor system that reads the constant temperature of inlets
at the Heat exchanger. The inlet temperature at the heat exchanger
input and output provides the temperature difference through which
the system can calculate the total heat extraction done by the Heat
exchanger. This requires logic, which was implemented through
MATLAB coding. A heat extraction function was designed to
calculate the heat in run time and save it in the variable in
MATLAB. Block-required data were provided in coding and
implemented into SIMULINK through a user-defined function.

The transfer functions of the heat exchanger are shown in Figure
A1 in the supplementary data. It was used in paper (Perez-Alvarez
et al., 2022). This transfer helps the MATLAB model to simulate the
behavior of the shell tube heat exchanger. The heat exchanger is an
essential element of the heat extraction process. This transfer
function is used to determine the temperature of a cold salt tank.
After passing through the heat exchanger and condenser, the salt
temperature must be above 290° C.. The temperature of the cold
molten salt tank must be kept constant to keep salt in molten state
and cape rusting effect.

FIGURE 4
Block Diagram of MATLAB Fuzzy Logic Designer, containing the inputs (A), (B) and output (C).
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Figure 6 illustrates the heat extraction function used to calculate
the total heat extraction. This block is based on a SIMULINK user-
defined role with MATLAB coding. Block required initial data of
mass and specific heat of molten salt, provided in function. The ABS
function is also used to mitigate the negative values passed by the
adder block. Later, these values are stored in Heat, Temp, and
Temperature difference, variables of MATLAB.

Furthermore, the following implementation phase was to
develop the mechanism of the Heliostats field. The Heliostats
field is the principal block of a solar thermal power plant.
Through large mirrors called heliostats Sun, light is
concentrated on the top of the tower. The receiver is installed
at the top of the building to provide the thermal environment for
pipes inside the chamber. Heat transfer between the tube and
chamber occurs due to the receiver. This number of heliostats is
required to reach the necessary temperature in simulation.
Another MATLAB function was programmed to simulate the
heliostat field. Named the temperature function, it provides the

necessary temperature for the receiver to depict real-time
scenarios on the plant site.

2.3.3 Heliostat block
To develop the mechanism of the heliostats field, the Heliostats

field is the principal block of a solar thermal power plant. Through
large mirrors called heliostats, sunlight is concentrated on the top of
the tower. The receiver is installed at the top of the building to
provide the thermal environment for pipes inside the chamber. Heat
transfer between the tube and chamber occurs due to the receiver.
This number of heliostats is required to reach the necessary
temperature in simulation. Another MATLAB function was
programmed to simulate the heliostat field. Named the
temperature function, it provides the temperature the receiver
needs to depict real-time scenarios on the plant site.

Figure 7 depicts the temperature function, a user-defined
function block, having MATLAB coding to simulate the
heliostats field’s working mechanism. It provides the

FIGURE 5
SIMULINK model of solar thermal power plant showing two tanks, heat exchanger, and heat extraction block.

FIGURE 6
User-defined function block to calculate heat extraction, containing variables and absolute block.
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temperature achieved by the existing heliostat field, 546°C. It
gives the temperature of storage tanks for nighttime, which
remains zero. Heliostats are large mirrors that concentrate the
light over a single point on the top of the tower. A heliostats field
was hard to design with just a real-time temperature (tried)
because a temperature sensor provides the temperature of a
single Sun. In contrast, heliostats concentrate thousands of
suns through a mirror image.

The MATLAB function is connected to the clock, which is the
internal clock of the computer simulating to match the seconds with
the temperature function to give output for day and night. Figures 8
and 9 depicts the picture of the temperature function. This block is a
defined block of MATLAB SIMULINK. It was used to provide
heliostat field temperature to the model.

3 Working principle of SAHEC

Whenever an undesired value is fed into the controller as input,
it decides accordingly and gives an output from the defined range of
stable membership function. The deal comes out as output,
described in the t membership function as Very low, Low, High,
and Very High. The temperature range goes to the tanks; later, that
temperature is maintained according to the Sun’s temperature. In a

real-time scenario, this output will be fed into a system with a sensor
system and external heat source, such as an electrical heating system
or robotics arm, to heat the particular point where the temperature
drops. Similarly, this controller gives an output of temperature
range, which is fed in the block of function already defined
through MATLAB code and linked in partnership to calculate
the heat output through a formula which is given below:

Q � mCΔT (1)
Where:

Q = heat energy (Joules, J).
m = mass of a substance (kg)
c = specific heat (units J/kg·K).
Δ is a symbol meaning “the change in.”
ΔT = change in temperature (Kelvins, K).
The above-given screenshot above shows the process used in

MATLAB to calculate the heat output of the model. Input for this
module function is temperature T and difference of temperature
Delta T. Molten salt does not store heat below
220 degrees C and above 565degrees ov 565 °C. So if the
condition is used to simulate the heat output.

H T( ) � {0, 0≤T≤ 220 T, 220≤T≤ 5650, 566≤T≤∞{ (2)
Where:
H (T) = function of heat, dependent on temperature.

FIGURE 7
Temperature function to work as heliostats field for the designed solar thermal power plant model.

FIGURE 8
Heat function used to calculate the heat extraction.

FIGURE 9
Inlet temperature of hot molten salt tank.
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T = temperature of molten salt.

4 Results and discussion

The proposed Self-adaptiveHeat extraction controller, SAHEC, will
be fully functional when the heat in molten salt storage ends. The
proposed model provides the inlet temperature to maintain a smoother
plant operation. Here, it can be seen that the temperature stability
achieved with the PID fuzzy approach is efficient during the transition
period. The transition period is when the system shifts from the molten
storage system to SAHEC. Here, it is also important to note that heat
extraction, which becomes zero when molten salt storage ends, is
fetched into the system by the proposed SAHEC efficiently. This
depicts a smoother plant operation even in harsh weather.

The proposed controller provides a solution to enhance
temperature stability, as depicted in the above graph. Along
with inlet temperature stability, the submitted controller gives
an efficient solution to the required temperature predictive
system for extended periods. This controller provides a
temperature range of operation under the molten salt hot
temperature bounds limit.

The transition shows that using actuators and sensors can
further improve temperature stability. The difference between rise
and fall can be mitigated by setting a system of sensors to give
directions to an electric heater. As the electrical heating system is
mentioned in the literature review, that idea synchronizes with this
proposed controller. At the same time, it suggested that SAHEC will
further enhance the heating system. Such a model of electric heating
with resistance can be aligned with sensors to give a uniform output
for molten salt tanks and pipelines.

Figure 10 shows the output of SAHEC. Here, heat extraction is
maximum for the period of 45 h–1.7 2−days. When molten salt
storage has ended and the Sun is not around. The primary aim of this
controller was to keep the molten salt in a state so that plant
operation ran smoothly. Due to the high freezing temperature,
which is 220 °C, the molten salt must be above this temperature
to escape salt freezing in pipelines. The proposed SAHEC provides
better stability, improving the power plant’s performance.

The molten salt tank’s inlet temperature is vital to keep molten
salt active and working. A Thermal energy storage system maintains
the temperature at night for the secondary source. It can be seen here
that the proposed SAHEC Model maintains the temperature of
molten salt through SAHEC. When the molten salt storage system
ends, and the receiver temperature is zero, the conventional
controller will shut down the plant. The proposed controller
tracks and maintains the temperature value using an external
heating source. Heat extraction is maximum when molten salt
storage has ended, and the Sun is not around due to the high
freezing temperature, which is superscriptis 220CO, the molten salt
must be above this temperature to escape salt freezing in pipelines.
The proposed SAHEC provides better stability, improving the power
plant’s performance.

Here, it can be seen that after molten salt storage ends and the
Sun is unavailable, the inlet temperature of the hot molten salt tank
drops. Molten salt storages need constant temperature for smoother
plant operation. In this scenario, the plant would be shut down to
prevent salt from moving into pipes, and the heating system would
be started to avoid salt freezing into the lines. Subsequently, Here,
the response of the proposed controller is standard, which needs a
heating source to maintain the inlet temperature of the molten salt
storage tank.

4.1 Comparison

The previous work on Solar thermal towers concludes that
temperature stability is a prevailing issue. When molten salt is
below 220 °C , t is in frozen state or in the form of crystal.
When the temperature exceeds 565°C then no heat is stored in
the salt. When temperature is high (above 565 °C ) the chemical
bonds of salt break down; hence, it cannot hold heat. For this
problem earlier, much work is not done. Researchers are working to
find a material with lower melting points that can keep heat for a
higher temperature range. The proposed SAHEC shows temperature
stability for thermal power plants.

Figure 11 compares heat extraction in kilo-joules over the
centigrade temperature. Here, the X-axis shows the temperature,
and the Y-axis shows the heat. Both graphs show the apparent
difference in heat extraction. The first graph shows the conventional
method to extract heat in kJ. Whereas the second graph depicts the
SAHEC extracts heat in kJ but more than later. The overall efficiency
improved here will depend more on the hours when weather is not
typical than the conventional SAHEC method.

Supplementary Figure (a) depicts the heat extraction of the
conventional controller. The molten salt storage tank ends when the
plant faces zero state, where it can freeze the salt in the pipelines. PID
controller may try to maintain the input temperature at the inlet of the
heat exchanger. Still, if the principle and secondary source become zero,
PID cannot keep the inlet temperature. To maintain, an intelligent
controller is required, which can fire the value needed to maintain inlet
temperature along with the PID controller.

Moreover, the proposed SAHEC maintains the temperature
between the ranges of stable regions for heat extraction, as
defined in the rules. Hence, the heat extraction, as shown in the
simulation, remains higher for minimum temperature difference, as
shown in the graphs. The Simulink provided a user-defined function

FIGURE 10
Heat extraction output of the system.
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to simulate the receiver’s temperature as input for simulation
purposes. For each value, FLC fires a deal, which is fed into the
system.

Heat extraction of SAHEC is continuous with fewer fluctuations,
as shown in supplementary data figure A3. At the same time, the heat
extraction of the PID controller changes due to the delayed settling
time. The ripples of temperature crossing the temperature bound
makes heat extraction zero here. As written in the literature review,
molten salt stores heat below 565 °C and above 220 °C. The above
figure compares heat extraction in kilo-joules over the temperature in
centigrade. Here, the X-axis shows the temperature, and the Y-axis
shows the heat. It can be seen here that in graph. The temperature
fired by FLC is to maintain the plant temperature using a heating
source. Both graphs show a clear difference in heat extraction. The
first graph shows the conventional method to extract heat in kJ,
whereas the second graph depicts the SAHEC removing heat in kJ but
more than later. The overall efficiency improved here will depend on
the number of hours when weather is not typical, more than the
conventional SAHEC method.

The graph in supplementary data Figure A4 compares the
proposed SAHEC with the PID controller. Here, it can be seen
that SAHEC offers better stability than the PID controller. The
proposed SAHEC tries to maintain the inlet temperature of a hot
molten salt tank. Therefore, the comparatively presented SAHEC
lets the solar thermal power plant operation run smoother and more
efficiently than the conventional plant model.

In Figure 12, the comparison of temperature between SAHEC
and PID shows the difference in operation and working capacity.
SAHEC works when the Sun is not around due to the external
heating system attached. At the same time, the fuzzy systemmakes it
more robust in decision-making to fire a temperature value in a
stable region.

4.1.1 Comparative analysis of tuning parameter of
PID and SAHEC

In a paper (Perez-Alvarez et al., 2022), the best settling time is
66.82 s with a 9.5% overshoot. At the same time, the proposed
SAHEC showed 44.1 s with 10.8%. The settling time of SAHEC is

FIGURE 11
Comparison of Heat extraction through conventional method (A) and SAHEC (B).

FIGURE 12
The graph shows the Heat extraction of SAHEC over 45 h (A). Figure (B) also gives a close view to provide the view on the second level.
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22.72 s slower than the Fuzzy-PID controller of the paper mentioned
above. This paper compares the PID controller with two types of
Fuzzy-PID controllers based on different membership functions.
Both of the Fuzzy-PID schemes performed lower than the proposed
SAHEC. The difference is due to the rules defined in fuzzy logic
design. Hence, the proposed SAHEC performed much better than
the details given in this section with the comparison of MATLAB-
designed models.

5 Conclusion

The designed SAHEC has demonstrated temperature stability
across various input temperatures, assuming 8,500 tons of molten
salt for sizeable thermal energy storage. Maximum heat extraction
occurs when the additional heat source is activated after the storage
system ends within the 290°C–565°C range for the solar thermal
tower operating region. The SAHEC tracks temperature inputs
based on predefined areas within the membership function to
enable the fuzzy logic controller to trigger Vlow, Low, High, and
VHigh temperature values, maintaining a stable tank temperature
for optimal heat storage. This helps avoid the “coma state” by
controlling tank and pipeline temperature through a temperature
control mechanism in the solar thermal plant.

Adopting sustainable and renewable Energy is crucial, with solar
thermal Energy being one of the best resources to bridge the gap in
clean energy generation. Solar thermal technology, especially the
solar thermal tower, has gained momentum, and this research
contributes to improving temperature stability and heat
extraction in this domain. The proposed SAHEC has
demonstrated greater heat extraction after thermal energy storage
ends, with maximum heat extraction observed at a higher
temperature range. A comparative analysis showed that SAHEC
outperforms the conventional PID controller, with 65% better
performance due to less rising and settling time with a slightly
higher overshoot. Using the fuzzy logic controller with PID results in
better output performance and robustness, and using SAHEC can
extract much higher heat than the prevailing technique.
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