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a b s t r a c t

As one of the most important parts of the solar power tower plant, the receiver plays an important role in
the high-efficiency operation of the solar power tower system. Obtaining the maximum available energy
in the receiver is highly desired in real-world operations. In this paper heat transfer and exergy transfer
methods are used to model the energy transfer process in a collector tube. Different from common
analysis methods, in order to ensure the molten salt to obtain the maximum available energy, an
objective function is proposed to convert the task into a constrained optimization problem. The gravi-
tational search (GS) algorithm is employed to search for the optimal solution of the proposed objective
function. Numerical results indicate that the proposed optimization method can find the optimal
operation parameters under different conditions. The heat transfer and exergy transfer characteristics
along the collector tube under the optimal working condition are revealed, which quantifies the available
energy along the collector tube, as well as reveals the location of energy degradation in the tube. The
research findings will provide a beneficial reference for the effective use of the solar energy.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The solar power tower technology is considered to be a prom-
ising option for reducing the pollutant emission and alleviating the
energy crisis [1e8]. The solar power tower plant using molten salt
as a heat transfer fluid has several appealing advantages, e.g., high
working temperature, high efficiency, greater power, etc. As one of
the most important parts of the solar power tower system, the
receiver consists of several collector tubes, and converts solar ra-
diation into heat energy. As a result, the energy use efficiency of the
receiver plays a crucial role in the high-efficiency operation of the
solar power tower plant.

Two approaches, e.g., the heat analysis method and the exergy
analysis method, have been developed for assessing the energy use
efficiency of the collector tubes. According to the heat analysis
method, Boudaoud et al. [9] investigated the solar power plant
capacity on the thermal efficiency, and the results indicated that
the hybrid molten salt solar power tower technology is promising.
From the viewpoint of the heat transfer, in order to improve the

heat transfer performances, Montes et al. [10] estimated the
optimal width of each module of the active surface, as well as the
tubes diameter and thickness of each of them. In order to investi-
gate the effect of rotation on natural convection losses that can
influences the efficiency of the solar power receiver, an electrically
heated rotating cavity was designed and built up by Wu et al. [11].
According to the first law of thermodynamics, Boerema et al. [12]
investigated the effect of several engineering concepts on the
resultant surface temperatures of tubular billboard receivers. Lu
et al. [13] optimized the exergy efficiency of the receiver in a solar
thermal power system by considering the heat loss outside the
receiver and fluid viscous dissipation inside the receiver. Xu et al.
[14] carried out the energy and exergy analysis of the receiver
system in a solar power tower plant. They evaluated the energy and
exergy losses in each component and in the overall system to
identify the causes and locations of the thermodynamic imperfec-
tion. Experimental investigations on the energy and exergy per-
formances of a coiled tube solar receiver were carried out by Zhu
et al. [15]. The study results indicate that the highest exergy effi-
ciency is approximately 28% and the highest energy efficiency is
around 82%. However, in previous studies the research objective
was often considered as a black-box model, without the consider-
ation of the detailed information along the receiver. Furthermore,
the exergy efficiency in the solar receiver is optimized to reaches to
the maximum value under several predetermined conditions,
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which do not well match the real-world conditions.
With the framework of the heat transfer method and the first

law of thermodynamics, the heat analysis method is employed to
calculate the efficiency of the energy use in practical applications.
The energy efficiency describes the quantity of the energy transfer
and conversion, which is considered to be an important criterion
for assessing the energy use efficiency. Compared with the energy
analysis method, the exergy analysis method overcomes the limi-
tations of heat analysis method. Furthermore, the exergy analysis
method can reveal the locations of energy degradation and
contribute to understanding the energy losses by providing more
meaningful information than the energy analysis method. Different
from the energy efficiency, therefore, the exergy efficiency is used
to quantify the energy transfer and conversion processes.

According to the above discussions, a nature problem arises, i.e.,
is it possible to obtain the local details of quantity and quality of the
energy transfer along a collector tube? Is it possible to acquire the
maximum available solar energy? If the answers are yes, another
critical problem will appear, i.e., how to achieve the goals? In this
study, in order to obtain the maximum available energy in a col-
lector tube, an objective function is proposed to convert the task
into a constrained optimization problem. The GS algorithm is
employed to solve the proposed objective function, and the optimal
working condition is obtained. The results reveal the quantity and
quality of energy transfer along the collector tube as well as the
location of energy degradation in the tube, which are useful to
understand and identify the irreversibility of the energy transfer
process in the collector tube. The main contributions can be sum-
marized as follows.

(1) The heat transfer and exergy transfer models are proposed to
model the energy transfer process of the collector tube in the
solar power tower plant, which provides a beneficial guide
for the efficient use of solar energy.

(2) Different from common analysis methods, in order to make
the molten salt to obtain the maximum available energy in a
collector tube, an objective function is proposed to convert
the task into a constrained optimization problem. The GS
algorithm is employed to solve the proposed objective
function.

(3) Numerical simulations under the optimal working condition
are carried out to research the heat transfer and exergy
transfer performances along the collector tube. The energy
use efficiencies of the collector tube under different working
conditions are revealed.

The remainder of this paper is organized as follows. Section 2,
we introduce the mathematical models to describe the heat
transfer and exergy transfer processes in a collector tube. In Section
3, an objective function is proposed to convert the exergy transfer
method based efficient energy use task into an optimization
problem, and the GS algorithm is used to seek for the optimal so-
lution of the proposed objective function. In Section 4, the thermal
performances of the collector tube are numerically investigated,
and the results under several operating conditions are presented.
Finally, the main conclusions are summarized in Section 5.

2. Model

The heat transfer analysis and exergy transfer analysis methods
have found wide applications in the field of thermal engineering. In
this section, we describe the heat transfer and exergy transfer
processes in a collector tube.

In this study, one representative tube of the tubular solar
receiver is chosen as the research object in this paper. The outside

diameter of the collector tube is 0.021 m, the wall thickness is
0.0012 m and the tube length is 6 m. Molten salt (consisting of 60%
NaNO3 and 40% KNO3) [16,17] is used as a heat transfer fluid, and
the physical parameters are functions of temperature. The fluid
flows upward to capture the solar radiation energy from the tube
surface [16].

Heat and exergy can be transferred across the boundary of the
collector tube, in which the heat transfer accompanies with the
exergy transfer. The thermal performances of the collector tube had
been intensively studied in the last decades [13e15]. Unfortunately,
the exergy transfer of the tube was analyzed according to the black-
box model. Different from previous investigations, this paper in-
troduces the heat transfer and exergy transfer processes for
describing the detailed behaviors of the available energy along the
collector tube. Moreover, the energy use efficiency of the collector
tube is employed as the optimization objective to obtain the
maximum available energy. Before introducing the exergy transfer
analysis method, the heat transfer analysis method is first pre-
sented, and more details can be traced back to [9e15].

2.1. Heat transfer

In the heat transfer model, the molten salt absorbs the solar
energy accompanying with the heat loss by convection, radiation
and reflection. Fig. 1 is the energy flow chart, which can be
formulated as [18]:

Q ¼ Qconv loss þ Qrad loss þ Qref loss þ Qms (1)

where Q represents the solar radiation energy absorbed by the tube
wall; Qconv_loss defines the convection loss; Qrad_loss stands for the
radiation loss; Qref_loss is the reflection loss; Qms represents the heat
obtained by the molten salt.

The solar energy can be transferred to the molten salt by means
of heat conduction, convection and radiation [18].

The outer wall converts the absorbed heat to the inner wall by
conduction, thus the heat conduction in the wall is described as
follows [19]:

Qcond ¼ 2pllðTwo � TwiÞ
lnðdo=diÞ

(2)

where Qcond defines the value of heat transfer by conduction; l

represents the conduction coefficient of the tube wall; l is the
length of the study section; Two and Twi stand for the temperatures

Q

Qref_loss

Qrad_loss

Qconv_loss
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Fig. 1. Energy flow diagram of the collector tube.
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