
International Journal of Photoenergy

Recent Research 
Progress in Solar Thermal 
Conversion Theory and 
Applications
Guest Editors: Gang Pei, Yuehong Su, Sauro Filippeschi,  
and Hongfei Zheng 



Recent Research Progress in Solar Thermal
Conversion Theory and Applications



International Journal of Photoenergy

Recent Research Progress in Solar Thermal
Conversion Theory and Applications

Guest Editors: Gang Pei, Yuehong Su, Sauro Filippeschi,
and Hongfei Zheng



Copyright © 2015 Hindawi Publishing Corporation. All rights reserved.

This is a special issue published in “International Journal of Photoenergy.” All articles are open access articles distributed under the
Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.



Editorial Board

M.S.A. Abdel-Mottaleb, Egypt
Xavier Allonas, France
Nicolas Alonso-Vante, France
Wayne A. Anderson, USA
Yanhui Ao, China
Raja S. Ashraf, UK
Vincenzo Augugliaro, Italy
Detlef W. Bahnemann, Germany
Ignazio Renato Bellobono, Italy
Raghu N. Bhattacharya, USA
Thomas M. Brown, Italy
Stephan Buecheler, Switzerland
Gion Calzaferri, Switzerland
Chuncheng Chen, China
Sung Oh Cho, Republic of Korea
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Thermal use is one of themost important ways in solar energy
utilization. The global solar thermal industry is growing fast.
More than 100 million square meters of solar collectors were
produced worldwide in 2014. Typical applications of solar
thermal technologies are water heating, space heating and
cooling, refrigeration, industrial process heat, desalination,
power generation, lighting, and so forth. Research and
development in the scientific and technical fields of solar
energy conversion are very active nowadays, and the room
for improvement and innovation remains large.

Works published in this special issue are contributions to
solar thermal conversion.

To improve heat collection efficiency of traditional all-
glass evacuated tube collectors (ETC), J. Yang et al. have
proposed novel ETC with an inserted tube in “A Study on
Thermal Performance of a Novel All-Glass Evacuated Tube
Solar Collector Manifold Header with an Inserted Tube.”
Water inside the collector experiences forced convection
rather than natural convection. Heat transfer between water
and the inner glass tube is therefore increased. The novel
collector offers an efficiency increment of 5% compared with
that without an inserted tube.

Comprehensive utilization of solar collector is an impor-
tant topic. J. Ma et al. have investigated the dual-functional
solar collector (DFSC) in “Performance Investigation and
Structure Optimization of a Flat Dual-Function Solar Collec-
tor.” The DFSC can supply hot water or hot air depending
on the consumer’s seasonal demands. A dynamic numerical
model has been established to optimize the structure param-
eters. According to the model, the back insulation of DFSC

needs to be as thick as 6 cm to prevent heat loss via backboard;
the equal depth of 3-4 cm of the upper and lower channels is
optimal for both air heating and water heating modes.

Solar collector can serve as not only heater but also
radiative cooler. M. Hu et al. have proposed spectrally selec-
tive surface for both solar heating and radiative cooling in
“Theoretical and Experimental Study of Spectrally Selectivity
Surface for Both Solar Heating and Radiative Cooling.” The
collector surface has a high spectral absorptivity in the solar
radiation band and atmospheric window band (i.e., 0.2∼3 𝜇m
and 8∼13 𝜇m) and low absorptivity or emissivity in other
bands (i.e., 3∼8𝜇m or above 13 𝜇m). The collector works in
solar heating mode during daytime and radiative cooling
mode during nighttime. It has been shown that polyethylene
terephthalate is an alternative selective surface coating for the
proposed solar collector design, which can achieve relative
heat collection efficiency of 76.8% in comparison to a con-
ventional solar collector surface and a relative temperature
difference of 75.0% compared with a conventional radiative
cooling surface.

The overall efficiency of a solar collector gets higher when
combined with PV cell. H. Chen et al. have studied a heat
pipe photovoltaic/thermal solar collector in “Numerical and
Experimental Study on Energy Performance of Photovoltaic-
Heat Pipe Solar Collector in Northern China.”The collectors
of this kind are applicable in cold regionswithout the problem
of freezing. A simplified one-dimensional steady state model
has been developed to study the electrical and thermal
performance of the collector. A testing rig has been built to
verify the model.
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Medium temperature solar collector is also attracting
great interest. H. Zheng et al. have investigated a shell-encap-
sulated solar collector which can be used in north area of
China for wall-mounted installation in “Design and Testing
of a Shell-Encapsulated Solar Collector with the Compound
Surface Concentrators.” The collector is based on the combi-
nation of a novel compound curved surface concentrator and
an aluminum concentric solar receiver, which is contained
in a glass evacuated tube. It has daily average efficiency
about 45∼50% under the conditions of hot water temperature
above 80∘C and ambient temperature below 0∘C. A new
trough solar concentrator which is composed of multiple
reflective surfaces has also been developed in “Study on a
Midtemperature Trough Solar Collector with Multisurface
Concentration.” A main CPC concentrator and a secondary
parabolic reflector with two straight edges and a bottom
are used as the reflectors. The collector offers convenience
for installation and thermal insulation of the receiver and
reduces the demand for solar tracking precision. Instan-
taneous efficiency more than 45% can be achieved at the
operation temperature higher than 145∘C.

Solar thermal power generation has great potential to
reduce the consumption of fossil fuel. R. Zhai et al. have
studied solar assisted coal-fired power generation system
(SACFPGS) in “Improved Optimization Study of Integra-
tion Strategies in Solar Aided Coal-Fired Power Generation
System.” The SACFPGS has advantages over solar thermal
power generation system regarding the elimination of steam
turbine and generator. It also has less coal consumption than
traditional coal-fired system. The genetic algorithm is used
to optimize the solar collector field area and thermal storage
capacity. It shows that the improvement of the thermal stor-
age system effectively leads to more cost-effective SACFPGS.

Solar lighting is also capable of reducing energy con-
sumption and environmental pollution. X. Qin et al. have
estimated the energy saving and environmental impact of
solar lighting technologies in “Solar Lighting Technologies
for Highway Green Rest Areas in China: Energy Saving,
Economic, and Environmental Evaluation.” A case study on
solar lighting for a highway rest area of 904m2 is presented.
It is shown that natural light guiding system can bring
about energy saving of 29696.4 kWh during day time. While
using solar photovoltaic LED lamp, the energy saving is
219000 kWh. The total annual energy saving by the solar
lighting technology including solar photovoltaic LED lighting
and natural light guiding systems can reduce 99.5 tons of
equivalent standard coal.
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The performance of a dual-function solar collector (DFSC) that can work as either water heater or air heater depending on seasonal
requirement is investigated via both experimental and numerical approaches in this paper.The numerical results are well consistent
with the experimental results. Daily efficiency of the thermosiphon system with DFSC is more than 55% in water heating mode
and the instantaneous air heating efficiency of the collector reaches 60%. The effects of inner parameters on the thermal efficiency
of the collector are analyzed by numerical simulations of the operation of DFSC in two working modes. It is found that the depths
of the two air channels in DFSC have an optimal range suitable for both working modes. The thickness of back insulation should
be no less than 0.06m to prevent heat loss via backboard, and the diameter and number of copper tubes show notable effect on the
efficiency of DFSC in water heating mode but slight effect in air heating mode.

1. Introduction

China is by far the largest market for solar water heaters.
Due to its advantage in adapting building envelope, flat-plate
solar water heater is utilized widely in southern China to
make domestic hot water. Influence of building integration
on the performance of different solar collectors has been
widely investigated [1, 2]. But in central and northern China,
because of cold climate, antifreeze fluid has to be used as heat
transfer agent to overcome water-freezing problems in flat-
plate water heaters [3], which however increases both the cost
of product and the effort of maintenance. As, in cold days
in these regions, energy consumption is prominent for space
heating in buildings, an alternative solar collector named
as dual-function solar collector (DFSC) has been proposed,
which operates not only as air heater for space heating in
cold winter but also as water heater in other warm seasons
[4–6]. By the seasonal alternation between the two heating
modes, the collector has no water-freezing problems and a
higher annually utilization ratio.

TheDFSC ismodified from conventional flat-plate collec-
tor by broadening the air gap between the absorber plate and

the backboard, which together with the air gap between the
absorber plate and the cover glazing functions as a channel
for air flow in air heating mode [7]. Effect of the structure
of air channel on efficiency of solar air heaters has been
intensely investigated. Different types of fins have been used
to enhance the heat transfer in air channel [8–10]. Baffles have
been applied to further increase the thermal efficiency of solar
air heaters [11]. The depth of air channel has been found to
have notable influence on performance of solar air heaters
[7]. The gap between absorber plate and glazing should be of
an appropriate value to curb heat losses via the top of solar
water heater [12, 13]. These structural adjustments for solar
air heater and water heater, however, are different and even
contradictory and hence impossible to be directly applied
to DFSC. Aiming to optimize the structure parameters of
DFSC, a dynamic numerical model to simulate the operation
of DFSC is developed in this paper. Performance of DFSC is
investigated by both experimental and numerical approaches.
Compared with the experimental data, the numerical model
is validated. Effect of different inner parameters on the
efficiency of DFSC in two heating modes is analyzed based
on numerical results.
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Figure 1: Schematic diagram of the dual-function solar collector.

2. Experiment Setup for Testing DFSC

2.1. Description of the DFSC. Structure of the dual-function
collector is shown in Figure 1. Copper tubes are welded on the
back of an aluminum plate, the front of which is coated with
selectivematerial to absorb incident solar radiation.The plate
is fixed at the intermediate depth of the gap between glazing
and backboard, so as to form two air channels. The absorber
plate and the interior plate of backboard have the same area,
and copper tubes have the same lengthwith the absorber plate
and the backboard. In water heating mode, solar energy is
absorbed by the plate and transferred to the flowing water in
the tubes, and air inlet and outlet are closed by filling with
insulation material to prevent heat losses in water heating
mode to prevent heat losses. In air heatingmode, solar energy
is transferred to the flowing air in the channels. The cover
glass is of 0.0032m thickness with the aperture of 1.65m in
length and 0.91m in width. The depths of upper and lower
air channels are both of 0.04m.The cross-sectional area of air
inlet and outlet is 0.6 ∗ 0.04m2. The backboard is composed
of two iron plates with the both thickness of 0.004m, middle
layer of which is glass fiber with the thickness of 0.015m for
thermal insulation. Glass fiber is also mounted as thermal
insulation material at the sides of the collector.

2.2. Experimental Setup. The experiments of the collector in
water heating and air heating modes were set up separately as
shown in Figures 2 and 3, respectively.

In water heating mode, the collector was connected to
a storage water tank of 120 L with pipes and associated

valves. In the experiment, water was filled into the system
in early morning, andmeasurement lasted from morning
till late afternoon. The temperatures of water at inlet and
outlet, absorber plate surface, glass cover surface, air in the
upper and lower channels, interior and exterior surfaces of
backboard, and five equidistant points in the water tank were
measured.

The experiment of collector in air heating mode was
set up according to the ASHRAE standard [14]. Open-loop
testingmethodwas adopted. A vortex type air pumpwas used
to drive airflow and a valve was used to control flow rate.
The air flow rate was measured by a gas mass flow meter.
Temperatures of air at both inlet and outlet of the collector
were measured.

The experiments were carried out in good weather
conditions in Hefei from March to June. Temperatures of
the DFSC test system and the ambient air were measured
by copper-constantan thermocouples with the accuracy of
±0.5∘C. Incident solar radiation was measured by Pyranome-
ter (TBQ-2, Jinzhou Sunshine, China) with an error of ±2%.
A deflecting vane anemometer (Jinzhou Sunshine, China)
was used to measure ambient wind speed. The air mass
flow rate was measured by a gas mass flow meter with a
maximum permissible error of ±1%. All the measured values
were recorded by Agilent 34970A data acquisition unit at an
interval of 30 seconds.

2.3. Evaluation of the Thermal Performance of DFSC. In air
heating, the instantaneous thermal efficiency of the collec-
tor is defined as the thermal energy increase of air flow
through the collector divided by the received solar irradiance,
expressed as

𝜂

𝑎
=

𝑚𝐶

𝑎
(𝑇out − 𝑇in)

𝑆𝐴

𝑐

. (1)

In water heating, the daily thermal efficiency of the
collector is defined as the thermal energy increase of water in
the tank divided by the daily solar irradiation on the plane of
the collector during the experiment time from early morning
till late afternoon, expressed as

𝜂

𝑤
=

𝑀𝐶

𝑤
(𝑇final − 𝑇inital)

𝐺𝐴

𝑐

, (2)

where 𝑀 is the total mass of water in the system.
A semiempirical system efficiency correlated with the

daily efficiency data is adopted to evaluate the thermal per-
formance of DFSC thermosiphon system [15]:

𝜂

𝑤
= 𝛼



− 𝑈

𝑇inital − 𝑇

𝑎

𝐺

,

(3)

where 𝛼

 and 𝑈 are the parameters depending on the proper-
ties of the solar thermosiphon system. 𝛼

 can be interpreted
as the system efficiency, and it means the system efficiency
under the condition in which the initial temperature equals
the mean ambient temperature. 𝑈 is the energy loss coeffi-
cient of the collector. 𝛼

 and 𝑈 can be determined from linear
regression analysis of the daily efficiency of DFSC system
from experimental results.
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Figure 2: Configuration of the experimental setup of water heating test system.
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Figure 3: Configuration of the experimental setup of air heating test system.

3. Numerical Modelling

3.1. Modelling of the Collector in Air Heating Mode. The
numerical model of air heating has been established in our
previous work [4]. The essential components of the collector
are the glass cover, the backboard, and the absorber plate.
Under the assumption that the temperatures of the glass
cover, absorber, and the back plate vary only in the direction
of air flow, the energy balance equations of steady-state condi-
tions were established.The temperature of the air streams can
be obtained by solving the energy equations. Then the useful
heat gain and efficiency of the collector can be obtained.

3.2. Modelling of the Collector in Water Heating Mode

3.2.1. Governing Equations. Thescheme of heat transfer of the
components of the collector in water heating mode is shown
in Figure 4. Since water in the tubes flows along the length of
the collector, the temperature difference on the components
occurs mainly in the length direction, except that on the
absorber plate, where solar heat is also conducted in thewidth

Insulator Back plate

Glass cover

Absorber platey

x

hrpc

hrpb

d1

d2

UB

UT

Tg

Tp

Tb

hc1

hc2

Figure 4: Heat transfer of components of the collector.

direction to water tubes. In the following, energy balance
equations are given for the components of DFSC including
the glass cover, absorber plate, copper tubes, backboard, and
the water flow in tubes.
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The energy equation of the glass cover is one dimensional
in the length direction (𝑥-direction):

𝜌

𝑔
𝐶

𝑔
𝑑

𝑔

𝜕𝑇

𝑔

𝜕𝑡

= 𝑘

𝑔
𝑑

𝑔

𝜕

2
𝑇

𝑔

𝜕𝑥

2

+ (ℎ𝑐

𝑝−𝑔
+ ℎ𝑟

𝑝−𝑔
) (𝑇

𝑝
− 𝑇

𝑔
)

+ ℎ𝑤 (𝑇

𝑎
− 𝑇

𝑔
) + ℎ𝑟

𝑠
(𝑇

𝑠
− 𝑇

𝑔
) + 𝛼

𝑔
𝑆.

(4)

The energy equation of absorber plate is two dimensional
in both length and width direction as

𝜌

𝑝
𝐶

𝑝
𝑑

𝑝

𝜕𝑇

𝑝

𝜕𝑡

= 𝑘

𝑝
𝑑

𝑝

𝜕

2

𝑇

𝑝

𝜕𝑥

2

+ 𝑘

𝑝
𝑑

𝑝

𝜕

2

𝑇

𝑝

𝜕𝑦

2

− (ℎ𝑐

𝑝−𝑔
+ ℎ𝑟

𝑝−𝑔
) (𝑇

𝑝
− 𝑇

𝑔
)

− ℎ𝑐

𝑝−𝑏
(𝑇

𝑝
− 𝑇

𝑏
) − 𝑄

𝑐,𝑝𝑡
− 𝑄

𝑝

+ 𝛼

𝑝
𝜏

𝑔
𝑆,

(5)

where𝑄

𝑝
is the irradiative heat from absorber plate to copper

tube and interior plate of backboard and 𝑄

𝑐,𝑝𝑡
is the heat

conducted from absorber plate to water tube:

𝑄

𝑐,𝑝𝑡
= 0, (6)

where the absorber plate is not connected with the tube, and

𝑄

𝑐,𝑝𝑡
=

(𝑇

𝑝
− 𝑇

𝑡
)

(𝑅

𝑝−𝑡
⋅ 𝐴

𝑝𝑖
)

, (7)

where the absorber plate is connected with the tube, and 𝐴

𝑝𝑖

is the area of the control volume of the absorber plate, 𝐴

𝑝𝑖
=

𝑑𝑥 ⋅ 𝑑𝑦.
The one-dimensional heat balance equation of the copper

tube is given as

𝜋 (𝐷

𝑡
− 𝑑

𝑡
) 𝑑

𝑡
𝜌

𝑡
𝐶

𝑡

𝜕𝑇

𝑡

𝜕𝑡

= 𝜋 (𝐷

𝑡
− 𝑑

𝑡
) 𝑑

𝑡
𝑘

𝑡

𝜕

2

𝑇

𝑡

𝜕𝑥

2

+ 𝑃

𝑡
ℎ𝑐

𝑤−𝑡
(𝑇

𝑤
− 𝑇

𝑡
)

+ 𝜋𝐷

𝑡
ℎ𝑐

𝑡−𝑏
(𝑇

𝑏
− 𝑇

𝑡
) +

1

𝑅

𝑝−𝑡

(𝑇

𝑝
− 𝑇

𝑡
) − 𝜋𝐷

𝑡
𝑄

𝑡
,

(8)

where 𝑄

𝑡
is the irradiative heat from copper tube to absorber

plate and the interior plate of backboard.
The energy equation of the interior plate of backboard is

given as

𝜌

𝑏
𝐶

𝑏
𝑑

𝑏

𝜕𝑇

𝑏

𝜕𝑡

= 𝑘

𝑏
𝑑

𝑏

𝜕

2

𝑇

𝑏

𝜕𝑥

2

+ ℎ𝑐

𝑝−𝑏
(𝑇

𝑝
− 𝑇

𝑏
)

+

𝑁𝜋𝐷

𝑡

𝑤

𝑏

ℎ𝑐

𝑡−𝑏
(𝑇

𝑡
− 𝑇

𝑏
) + 𝑈



𝑏

(𝑇

𝑎
− 𝑇

𝑏
)

− 𝑄

𝑏
,

(9)

where 𝑈



𝑏

= 1/(𝑑

𝑅
/𝑘

𝑅
+ 1/ℎ𝑤) and 𝑄

𝑏
is the irradiative heat

from interior plate of backboard to copper tube and absorber
plate. The calculation method of 𝑄

𝑝
, 𝑄

𝑡
, and 𝑄

𝑏
is described

in Section 3.2.3.
Equation of the water flow in copper tubes is given as

𝐴

𝑡
𝜌

𝑤
𝐶

𝑤

𝜕𝑇

𝑤

𝜕𝑡

= − 𝐴

𝑡
𝜌

𝑤
𝑢

𝑤
𝐶

𝑤

𝜕𝑇

𝑤

𝜕𝑥

+ 𝐴

𝑡
𝑘

𝑤

𝜕

2

𝑇

𝑤

𝜕𝑥

2

+ 𝑃

𝑡
ℎ𝑐

𝑤−𝑡
(𝑇

𝑡
− 𝑇

𝑤
) ,

(10)

where 𝐴

𝑡
is the area of the internal cross section of the tube.

Thewater flow rate in the tubes is determined by the inter-
action between the buoyant head 𝐻

𝑇
due to thermosiphon

effect and the friction loss 𝐻

𝑓
in the water flow loop of

the thermosiphon system [16]. The buoyant head 𝐻

𝑇
can be

expressed as a function of the specific gravity of water which
is the function of temperature, and the friction loss 𝐻

𝑓
can

be expressed as a function of water flow rate. So the flow rate
can be determined by equating 𝐻

𝑇
and 𝐻

𝑓
and solving the

energy balance and flow equations iteratively.

3.2.2. Heat Transfer Coefficients. The convective heat transfer
coefficient on exterior surface of the collector is calculated by

ℎ𝑤 = 2.8 + 3.0𝑉 (11)

(see [17]).
The irradiative heat transfer coefficient on exterior sur-

face of the glass cover is estimated by

ℎ𝑟

𝑠
= 𝜀

𝑔
𝜎 (𝑇

2

𝑔

+ 𝑇

2

𝑠

) (𝑇

𝑔
+ 𝑇

𝑠
) , (12)

where 𝑇

𝑠
= 0.0552𝑇

1.5

𝑎

[18].
The irradiative heat transfer coefficient between the glass

cover and the absorber plate is estimated by

ℎ𝑟

𝑝−𝑔
=

𝜎 (𝑇

2

𝑝

+ 𝑇

2

𝑔

) (𝑇

𝑝
+ 𝑇

𝑔
)

(1/𝜀

𝑝
+ 1/𝜀

𝑔
− 1)

. (13)

The natural convective heat transfer coefficients in the
two void channels are obtained by introducing Nusselt num-
ber as

ℎc =

Nu𝑘

𝑑

. (14)

TheNusselt numbers for the upper and lower channels are
calculated by

Nuup

= 1

+ 1.44 [1−

1708
Ra
𝐿
cos 𝜃

]

∗

[1−

1708 (sin 1.8𝜃)

1.6

Ra
𝐿
cos 𝜃

]

+ [(

Ra
𝐿
cos 𝜃

5830
)

1/3
− 1]

∗

;

(15)

Nulow = 1+ [0.364
𝐿

𝑝

𝑑low
Ra1/4
𝐿

− 1] sin 𝜃 (16)
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(see [19, 20], resp.), where 𝜃 is the tilt angle of the collector
from the horizontal plane. The test rigs are mounted in Hefei
(32 ∘N, 117 ∘E) and the tilted angle of the collectors is fixed at
35∘.

3.2.3. Numerical Approaches. Finite difference method is
applied to discretize the above energy equations by time and
space. For the one-dimensional energy equations of the glass
cover, copper tube, bottom plate, and water in the copper
tube, space discretization is in the length direction. For the
two-dimensional energy equation of the absorber plate, since
thermal field of the absorber plate is periodic in the width
direction and symmetric about the water tube, the energy
equation of absorber plate is solved for only half width of
the absorber plate between the water tubes, with symmetric
boundary conditions on two sides in 𝑦-direction. The space
discretization of the absorber plate is shown in Figure 5.
Boundary conditions in 𝑥-direction of the glass cover, copper
tube, bottom plate, and absorber plate are decided to be
adiabatic boundary conditions. The boundary conditions of
absorber plate in 𝑦-direction are

−𝑘
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(𝑅
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⋅ 𝐴

𝑝𝑖
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.

(17)

The irradiative heat transfer relationship between the grid
nodes of absorber plate, interior surface of the backboard, and
tube is shown in Figure 6. 𝑄

𝑝,𝑖𝑗
, 𝑄

𝑡,𝑖
, and 𝑄

𝑏,𝑖
corresponding

to the irradiative heat transfer items in the discrete differential
forms of (5), (8), and (9), respectively, are obtained by solving
irradiation equation set of the irradiation energy transfer net
of Figure 6.

The view factors can be obtained by [19]

𝐹

𝑏−𝑡
= 1 − [1 −

𝐷

2
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2

]

1/2

+
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2
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2
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1/2

}

}

}

,

𝐹
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𝐷

𝑡

2 (𝐿

𝑗,1
− 𝐿

𝑗,2
)

[tan−1
2𝐿

𝑗,1

𝐷

𝑡

− tan−1
2𝐿

𝑗,2

𝐷

𝑡

] ,

(18)

where 𝐷

𝑡
stands for diameter of copper tubes, 𝑊 stands for

distance between every two adjacent copper tubes, and 𝐿

𝑗,1

and 𝐿

𝑗,2
stand for distances from the tube center to the two

grid edges of 𝑗 node in the 𝑦-direction, respectively, as shown
in Figure 5.

X

Y

Copper tube
Absorber
plate

Solar radiation

Absorber
plate

Copper tubeNode (i, j)
Lj,2

Lj,1

(1, m) (m, n)

(1, 2) (2, n)

(1, 1) (1, n)

Figure 5: Differential grid partition of the absorber plate.

Table 1: Thermal properties of the materials in the collector.

Parameters Values Parameters Values
𝛼

𝑝

0.95 𝑘

𝑤

0.628W/(m⋅K)
𝜀

𝑝

0.05 𝑘

𝑅

0.046W/(m⋅K)
𝜀

𝑝2 0.9 𝑘

𝑔

1.05W/(m⋅K)
𝜏

𝑔

0.912 𝑘

𝑏

80W/(m⋅K)
𝜀

𝑔

0.9 𝑘

𝑡

393W/(m⋅K)
𝛼

𝑔

0.038 𝑘

𝑝

237W/(m⋅K)
𝜀

𝑡

0.9 𝜌

𝑔

2500 kg/m3

𝜀

𝑏

0.9 𝜌

𝑝

2720 kg/m3

𝐶

𝑔

750 J/(kg⋅K) 𝜌

𝑡

8933 kg/m3

𝐶

𝑝

933 J/(kg⋅K) 𝜌

𝑏

7800 kg/m3

𝐶

𝑡

397 J/(kg⋅K) 𝐶

𝑏

460 J/(kg⋅K)

As a result of finite difference method, the energy equa-
tions (5)–(10) are transformed into algebraic equations,
which are solved by iteration method. In the solution proce-
dure, the initial condition and the instantaneous boundary
conditions, such as solar radiation and ambient temperature,
are set based on the experimental data.

3.3. Model Validation. The results of the numerical simula-
tion of DFSC in water and air heating modes are compared
with the experimental results in the following. Thermal
properties of materials in the collector are listed in Table 1.
As shown in Figure 7, the simulation results of temperatures
of absorber plate, copper tubes, and glass cover are in good
agreement with the experimental results in water heating
mode. Temperatures in water tank from numerical results are
compared with the experimental data as shown in Figure 8.
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Figure 6: Irradiative heat transfer network diagram of the grid nodes.
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Figure 7: Variation of the temperatures in the collector with time
(E: experimental results; S: numerical results).

The average temperature of water in the tank from numerical
results is within a deviation of 1.3∘C from the experimental
data. The daily thermal efficiency based on (2) is 60.8% and
58.8% from experimental and numerical results, respectively.
The relative deviation of the efficiency is 3.2%. Instantaneous
efficiency of the collector in air heatingmode from numerical
results and experimental results are compared in Table 2. It is
shown that the numerical model can give good prediction.
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Figure 8: Variation of the water temperatures in the tank with time
(E: experimental results; S: numerical results).

Table 2: Air heating efficiency of the collector under different
operating conditions (E: experimental; S: numerical).

Date 𝑚

(kg/s)
𝑇

𝑎

(∘C)
𝑇out
(∘C)

𝑆

(W/m2)
𝜂

𝑎,𝐸

(%)
𝜂

𝑎,𝑆

(%)
𝛿

𝜂𝑎

(%)
06/21 0.027 33.0 56.5 751.8 55.6 55.9 7.27
06/20 0.04 31.9 50.3 818.7 60.2 61.7 8.49
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Table 3: Water heating efficiency of the collector in different days.

Date 𝑇

𝑎

(∘C) T inital (
∘C) Tfinal (

∘C) Δ𝑇 (∘C) 𝐺 (MJ/m2 day) 𝜂

𝑤

(%) 𝛿

𝜂𝑤
(%)

03/31 18.5 13.0 55.2 42.2 24.3 58.2 4.37
04/01 26.5 28.5 58.1 29.7 18.0 55.2 5.37
04/07 22.2 17.2 51.9 34.7 19.2 60.8 4.88
04/26 24.2 17.1 57.7 40.6 22.8 59.7 4.46
05/09 26.4 22.6 43.0 20.4 11.3 60.6 6.90
05/10 27.4 23.0 58.8 35.8 20.9 57.5 4.79
05/11 28.4 28.4 58.6 30.2 17.7 57.3 5.31
05/16 30.3 32.6 60.3 27.7 16.6 56.0 5.61
05/21 21.8 17.8 54.7 36.9 21.2 58.3 4.71
06/02 27.4 28.0 52.3 24.4 14.5 56.4 6.10
06/08 32.6 25.7 57.3 31.7 17.3 61.4 5.15
06/12 31.9 26.4 55.5 29.1 16.3 60.0 5.44
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Figure 9: Graphical plot of test results of the water heating thermal
efficiency.

4. Results and Discussion

4.1.Thermal Performance of DFSC in the Experiment. The test
results of air heating experiment with different mass flow rate
are listed in Table 2. The efficiency varied with the flow rate
and reached 60.2% under the mass flow rate of 0.04 kg/s.

Thermal efficiency of the DFSC water heating system is
shown in Table 3. With different inlet water temperature and
environment condition, the daily efficiency of the system
ranges from 55.2% to 61.4%. The efficiency can be obtained
by linear regression analysis of the daily efficiency from
experiment results, as shown in Figure 9. Values of 𝛼

 and
𝑈 equal 0.568 and 0.101, respectively, and with a correlation
coefficient of −0.93, the semiempirical expression (3) is
in good agreement with the experimental data. So 𝜂

𝑤
is

expressed as

𝜂

𝑤
= 0.568 − 0.101

𝑇inital − 𝑇

𝑎

𝐺

.

(19)
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Figure 10: Effect of insulation thickness on efficiency of the collector
in two working modes.

4.2. Effect of Different Inner Parameters. Thenumerical simu-
lations are performed to investigate the effect of inner param-
eters including thickness of insulation, depths of upper and
lower air channels, and diameter and number of copper tubes
on efficiency of the collector in the twoworkingmodes. In the
simulation of air heating, incident solar radiation, ambient
air temperature, and air flow rate are set as 800W/m2, 20∘C,
and 0.03 kg/s, respectively. In the simulation of water heating,
environment data of 04/07 is used, and the thermosiphon
system of DFSC is evaluated during the period from 8:00 a.m.
till 16:00 p.m.

Figure 10 shows the variation of efficiency of the collector
with insulating thickness. Thicker insulation layer results in
higher efficiency in both air heating andwater heatingmodes.
However, as the thickness increases to 0.06m, the efficiency
increasing tendency becomes nearly flat.

Figures 11 and 12 show the influence of depths of air
channels on daily efficiency of the water heating system with
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Figure 11: Effect of depths of air channels on efficiency of the
collector in water heating mode (0.015m thick insulation).
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Figure 12: Effect of depths of air channels on efficiency of the
collector in water heating mode (0.06m thick insulation).

the insulation thickness of 0.015m and 0.06m, respectively.
Although the variation tendency of the efficiency is almost
the same for different insulation thicknesses, it is about 3%
higher with the thicker insulation of 0.06m. The efficiency
is not sensitive to the depth of lower channel, especially
while the back insulation is as thick as 0.06m. While the
back insulation is as thin as 0.015m, the increase of the
lower channel till 0.02m results in higher efficiency. However
the depth of upper channel shows strong influence on the
efficiency. At least 0.01m is required to avoid conduction
heat loss. The depth of 0.01m is a critical value above which
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Figure 13: Effect of depths of air channels on the efficiency of the
collector in air heatingmodewith the insulation thickness of 0.06m.

the natural convection begins to occur in the channel, which
leads to the increase of heat loss via glazing and decrease of
the efficiency. Hence the efficiency at 0.01m is unstable. The
efficiency begins to increase again with the increase of the
depth that is greater than 0.02m. The simulation results are
consistent with the experimental results of solar water heater
from [21], where the distance of 0.06m between the absorber
plate and the glass cover has been suggested. Compared
with the traditional flat-plate solar water heater, there is a
lower air channel except for the upper channel in DFSC,
so the consumption of materials must be considered for the
large thickness of DFSC. Moreover, when the depth of upper
channel is larger than 0.04m, the efficiency increases more
andmore slowly, so the size of 0.04m is suggested as the depth
of upper channel.

In air heating mode, efficiency of the collector is sensitive
to the depths of both channels, as shown in Figure 13. At a
fixed depth of lower channel, the efficiency increases with
the depth of upper channel to a maximum and then begins
to decrease. The maximum efficiency occurs near the point
where the depths of the two channels are equal. While the
depth of the lower channel is greater than 0.03m, the decrease
of efficiency after the maximum value with the increase of
the depth of upper channel becomes slower. The highest
efficiency is obtained when the upper and lower air channels
are both around 0.03m depth. The depth of both channels
of 0.03–0.04m is also suited to pursue efficiency in water
heating mode.

Influence of the diameter and number of the copper
tubes on efficiency of the two working modes is investigated
on condition that the thickness of back insulation is set as
0.06m and the depths of two air channels are set as 0.04m.
Influence of the diameter is shown in Figure 14; the number
of tubes was set to be 8 in the calculation. Variation of
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Figure 14: Effect of the diameter of copper tubes on efficiency of the
collector in two working modes.
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Figure 15: Effect of the number of copper tubes on efficiency of the
collector in two working modes.

efficiency with the rise of the inner diameter of the tubes is
different in the two working modes. In air heating mode, the
efficiency increasesmodestly with the diameter rise, although
the tubes have extended the heat transfer area between the
absorber plate and flowing air like fins. In water heating
mode, the efficiency change is steeper and has a maximum
value when the diameter of copper tubes is 0.008m. With
the fixed diameter, influence of quantity of copper tubes was
investigated, as shown in Figure 15.The increasing number of
tubes improves the efficiency slightly in air heatingmode, but
noticeably in water heating mode until the number is greater
than 8. Hence for DFSC, only the effect on water heating
mode needs to be considered while choosing the diameter
and number of tubes.

5. Conclusions

In order to investigate the thermal performance of flat DFSC
and the effect of inner parameters of the collector, experiment
apparatus was set up, and a dynamic numerical model to
simulate the solar heating system has been established. The
experimental results show that the daily efficiency of the
thermosiphon system of DFSC in water heating is more than
55%, and the instantaneous efficiency of DFSC in air heating
can reach 60.2%.The numerical results showwell consistency
with the experimental results.

The influence of the insulation thickness, the depths of
the upper and lower air channels, and the diameter and the
number of water tubes on the thermal efficiency of DFSC
in water/air heating modes has been analyzed by numerical
simulation. It is shown that the back insulation needs to be
as thick as 0.06m to prevent heat loss via backboard, and the
equal depth of upper and lower channel of 0.03–0.04m is not
only optimal for DFSC in air heating but also suited in water
heating mode. The diameter and the number of water tubes
show slight effect on the efficiency of DFSC in air heating but
show prominent effect in water heating mode. Hence only
water heating mode needs to be taken into account while
considering the arrangement of water tubes in DFSC.

Nomenclature

𝐴: Area, m2

𝐴

𝑐
: Collector aperture area, m2

𝐶: Specific heat capacity, J/(kg⋅K)
𝑑: Thickness or depth, m
𝐷

𝑡
: Outer diameter of the tube, m

𝐹: View factor
𝐺: Daily solar irradiation on the plane of the

collector, MJ/(m2 day)
ℎ𝑐: Convective heat transfer coefficient,

W/(m2K)

ℎ𝑤: Convective heat transfer coefficient with
the ambient, W/(m2K)

ℎ𝑟: Radiative heat transfer, W/(m2K)

𝑘: Thermal conductivity, W/(m⋅K)
𝐿: Length, m
𝑚: Number of nodes in 𝑥-direction
𝑚: Mass flow rate of air in air heating, kg/s
𝑀: Mass of water in water heating system, kg
𝑛: Number of nodes in 𝑦-direction
𝑁: Number of copper tubes
Nu: Nusselt number
𝑃

𝑡
: Inner perimeter of the tube, m

𝑄: Irradiative heat flux, W/m2

𝑄

𝑐
: Conductive heat flux, W/m2

𝑅: Total thermal resistance, K/W
Ra
𝐿
: Rayleigh number

𝑆: Solar irradiance on the plane of the
collector, W/m2

𝑡: Time, s
𝑇: Temperature, K
𝑇

𝑎
: Daily average ambient air temperature, K
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𝑇inital: Initial water temperature in storage tank,
K

𝑇final: Final water temperature in storage tank, K
𝑈: Coefficient of overall system heat-loss rate,

MJ/(m2K day)
𝑈



: Heat-loss rate, W/(m2K)

𝑉: Velocity of ambient wind, m/s
𝑤: Width, m
𝑊: Distance between two adjacent copper

tubes, m
𝑥: Length direction, m
𝑦: Width direction, m.

Greek Symbols

𝛼: Absorptivity
𝛼

: Overall thermal absorptance of water heating system
𝛿: Relative error
Δ𝑇: Temperature difference, K
𝜀: Emissivity
𝜌: Density, kg/m3

𝜏: Transmittance
𝜃: Angle, ∘
𝜂: Efficiency
𝜎: Stefan-Boltzmann constant, W/m2K4.

Subscripts

𝑎: Air
𝑏: Interior plate of backboard
E: Experimental (results)
𝑔: Front glazing
𝑖: Differential node “𝑖” in 𝑥-direction
In: Inlet
𝑗: Differential node “𝑗” in 𝑦-direction
low: Lower air channel
out: Outlet
𝑝: Absorbing plate
𝑝2: Back face of the absorber plate
𝑅: Insulation
𝑠: Sky
S: Numerical (simulations)
𝑡: Copper tube
up: Upper air channel
𝑤: Water fluid.
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A novel all-glass evacuated tube collector manifold header with an inserted tube is proposed in this paper whichmakes water in all-
glass evacuated solar collector tube be forced circulated to improve the performance of solar collector. And a dynamic numerical
model was presented for the novel all-glass evacuated tube collector manifold header water heater system. Also, a test rig was
built for model validation and comparison with traditional all-glass evacuated tube collector. The experiment results show that the
efficiency of solar water heater with a novel collector manifold header is higher than traditional all-glass evacuated tube collector
by about 5% and the heat transfer model of water heater system is valid. Based on the model, the relationship between the average
temperature of water tank and inserted tube diameter (water mass flow) has been studied. The results show that the optimized
diameter of inserted tube is 32mm for the inner glass with the diameter of 47mm and the water flow mass should be less than
1.6 Kg/s.

1. Introduction

Hughes et al. [1] showed that the penalties for evacuated tube
collectors with UL of about 0.8W/m2⋅∘C were substantially
less than for flat-plate collectors with UL = 4.0W/m2⋅∘C;
the collectors with low UL are not nearly as sensitive to
temperature as those with UL representative of those of flat-
plate air heaters. So, compared to flat-plate collectors, all-
glass evacuated tube collectors have high thermal efficiency.
It has better performance than flat-plate collectors under high
temperature operation because of reduced convection heat
loss due to the vacuum envelope around the absorber surface.
The capacity of energy production of all-glass evacuated
tube in China in 2010 was estimated to be 46 million m2
per year [2] and this was also widely used in many fields
such as industrial hot water, HVAC, drying, agriculture,
aquiculture, and seawater desalination. A lot of experimental
and theoretical researches on traditional all-glass evacuated
tube collectors have been undertaken bymany scholars [3–9].

A traditional all-glass evacuated tube collector typically
consists of 15–40 flooded single-ended tubes in direct con-
nection to a horizontal tank or collectormanifold header.The
cycling process inside the evacuated tubes is always natural
convective whether solar water heating circulation system is
natural convective or forced. Obviously, the performance of
all-glass evacuated tube collector will be better if water in
evacuated tube is forced-circulated because all the water will
be replaced for every cycle.

In this paper, a novel all-glass evacuated tube solar collec-
tor manifold header with a inserted tube is proposed, which
makes water in all-glass evacuated solar collector tube be
forced-circulated. A dynamic numerical model is presented
for novel collector manifold header water heater system and
a test rig is also built for model validation and comparison
with traditional all-glass evacuated tube collector. Based on
the model, the relationship between the average temperature
of water tank and inserted tube diameter (water mass flow)
has been studied. This work provides some information and
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(4)

(3)(2)

(1)

(1) Water tank connecting with evacuated solar collector tubes
(2) Connecting tube 1 (inlet)
(3) Connecting tube 2 (outlet)
(4) Inserted tubes

Figure 1: Schematic diagramof a novel all-glass evacuated tube solar
collector manifold header with inserted tubes.

designs for all-glass evacuated tube collector with a novel
collector manifold header.

2. Manifold Header Configuration and
Operating Mode

2.1. Manifold Header Configurations. The schematic diagram
of the novel all-glass evacuated tube solar collector manifold
header with inserted tubes is shown in Figure 1. A novel
manifold header consists of water tank (1), the first connect-
ing tube (2), the second connecting tube (3), and a series
of inserted tubes (4). Water tank is thermal insulated and
with the cross section of circle or square. The diameter (or
length) of the cross section is about 20–40mm. There are
round orifices in water tank which are connected to all-glass
evacuated tubes. Water tank connects with the first connect-
ing tube and the second connecting tube and the joints are
both sealed. Connection between the first connecting tube
and the inserted tube is threaded or bonded by high-strength
heat resistant cement. The material of connecting tube and
inserted tube is stainless steel or plastic which has good heat
resistance.

2.2. Operating Mode. The application of the novel all-glass
evacuated tube solar collector manifold header with inserted
tubes is shown in Figure 2. The inserted tubes extend into
the all-glass evacuated tube and joint of the first connecting
tube and the second connecting tube of the previousmanifold
header. Cooling water from the previous manifold header
flows into the first connecting tube and is forced into all-
glass evacuated tube through the inserted tubes. Then the
water flow is heated by solar radiation and guided to water
tank through the gap between inserted tubes and all-glass
evacuated tube.

3. Experiment of Solar Water Heating System

A test rig is built according to the schematic structure which
is shown in Figure 3. The test rig has two subsystems of solar
water heating system. Each subsystem is composed of a solar
water collector (one with a novel collector manifold header

(1)

(2) (3)

(4)
(5)

(1) Water tank connecting with evacuated solar collector tubes
(2) Connecting tube 1
(3) Connecting tube 2
(4) Inserted tubes
(5) All-glass evacuated solar collector tube

Cooling water
Hot water

Figure 2:Water flow direction in all-glass evacuated tube collectors
with a novel collector manifold header.

(3)

(2)

(5)(4)

(1)

Y type filter 

Water meter
Check valve
Valve
Temperature sensor

Water pump

(1) Novel evacuated tubes solar collector
(2) Traditional evacuated tubes solar collector
(3) Water tank 1 
(4) Water tank 2
(5) Control system

T1

T2

T3

T4

Figure 3: Overview of test rig of a novel all-glass evacuated tube
solar collector manifold header with an inserted tube.

and the other is ordinary all-glass evacuated tube collector),
water tanks, water pumps, and so forth. The two subsystems
are nearly the same except for solar water collector; collector
with a novel collector manifold header consists of evacuated
tubes and a novel manifold header which interconnects the
tubes and circulates heat transfer fluid. For each subsystem of
solar water heating system, T-type temperature sensors (T-
type temperature’s testing range is −40∘C–200∘C; accuracy
is ±0.2∘C) are set to measure the temperature at bottom
(1 sensor) and inner (3 sensors) of water tank, ambient
temperature (1 sensor), and water temperature at outlet of
solar collector (1 sensor). Solar radiation (pyranometers’
testing range is 0–2000w/m2; accuracy is less than 2%) and
water mass flow (flowmeter’s testing range is 0.6–6m3/h;
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Figure 4: The picture of solar water heater.

Inserted tube

Figure 5: The picture of solar water heater with a novel collector
manifold header.

accuracy is ±0.5%) of this system are also measured. All the
data are recorded everyminute by aKeithley 2700 data logger.
The pump is controlled by a differential thermostat that turns
on the pumpwhen the temperature at the top header is higher
than the temperature of the water in the bottom of the tank
by a sufficient margin.

Solar collector in each subsystem is with the area of
2550mm × 1950mm and consists of 30 all-glass evacuated
tubes, which are 𝜙58 × 1800. The aperture area of each solar
collector is 4.97m2; the diameter of each inserted tube is
18mm and its length is 1950mm; the volume of water tank
is 300 L. Figure 4 shows the picture of solar water heater and
Figure 5 shows the picture of solar water heater with a novel
collector manifold header.

This experimental research is focused on the heat storage
performance of each subsystem of solar water heating system.
A test had been performed in Jiaxing at August 9, 2013.
The test method is according to the test methods for the
thermal performance of solar collectors (GB/T 4271-2007).
The test was started at 8 am and finished at 4 pm with the
water flow velocity of 0.2m/s. Figures 6 and 7 show the
experimental data of ambient air temperature and radiation
variation during the test period. Figure 7 and Table 1 show
the experimental results of temperature variation in the water
tank during the test period. It can be seen from Figure 8 that
temperature of water tank 1 is higher than water tank 2; the
largest difference between them is about 4∘C. FromTable 1 we
can see that the efficiencies of solar water heater with a novel
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Figure 7: Ambient air temperature versus testing time.

Table 1: Comparison of the two solar water heater’s heat perfor-
mance.

Novel solar
water heater

Normal solar
water heater

Heat storage in water tank (kJ) 57396.42 52800.92
Solar irradiance on solar
collector (kJ) 95678.66 95678.66

Efficiency of solar collector (%) 59.99 55.19

collector manifold header and the normal solar water heater
are 59.99% and 55.19%, respectively. It is because that water
in all-glass evacuated solar collector tube is forced-circulated
for novel solar water heater and the normal solar water heater
is under natural convection process.



4 International Journal of Photoenergy

20

30

40

50

60

70

80

90

Time (hh:mm)

Water temperature in water tank 1
Water temperature in water tank 2

W
at

er
 te

m
pe

ra
tu

re
 (∘

C)

8
:1
0

8
:5
0

9
:3
0

10
:1
0

10
:5
0

11
:3
0

12
:1
0

12
:5
0

13
:3
0

14
:1
0

14
:5
0

15
:3
0
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testing time.

4. Numerical Model and Model Validation of
Solar Water Heating System

The schematic of the proposed all-glass evacuated tube
collectors with a novel collector manifold header is shown in
Figure 2. The all-glass evacuated tube collector consisted of
water tank connecting with evacuated solar collector tubes
(1), connecting tube 1 (2), connecting tube 2 (3), inserted
tubes (4), and all-glass evacuated solar collector tube. The
heat transfermechanism of novel collector is seen in Figure 9.
Water between inner glass and inserted tube is heated by
solar radiation, which then rises along the top of the tube
to the collector tube and is replaced by colder water from
connecting tube 1 entering into the bottom of the inserted
tubes.

To analyze its energy input and output, the heat balance
equation of water heating system with novel collector man-
ifold header had been created. To build the heat transfer
model, the following assumptions have been made:

(1) properties are independent of temperature;
(2) ambient temperatures related to heat loss at front and

back sides are the same;
(3) dust and dirt on the collector are negligible;
(4) radiation absorbed by the back of collector is negligi-

ble;
(5) shadows from one pipe to the next are neglected;
(6) pump power of water heater system is negligible;
(7) heat loss between the collector and water tank is

negligible;
(8) the stratification of hot water in tank is negligible;
(9) the heat transfer between inner water and outside

water of inserted tubes is negligible.

4.1. Outer Glass Tube. Consider
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(1)

where𝑇go, 𝜆go, 𝜌go, 𝑐go, and 𝑑go are temperature, thermal con-
ductivity, density, specific heat capacity, and depth of outer
tube glass, respectively. 𝑇

𝑎
, 𝑇gi are temperature of ambient

temperature and inner tube glass, respectively. ℎ
𝑎,go is heat

transfer coefficient between outer tube glass and ambient air.
ℎ

𝑟,𝑝,go is radiative heat transfer coefficient between outer tube
glass and inner tube glass. 𝑆solar is the thermal source of outer
glass which absorbs the solar radiation.

4.2. Inner Glass Tube. Consider
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where 𝑇gi, 𝜆gi, 𝜌gi, 𝑐gi, and 𝑑gi are temperature, thermal
conductivity, density, specific heat capacity, and depth of
inner tube glass, respectively. 𝑇

𝑤
, 𝑇go are temperature of

water and outer tube glass, respectively. ℎ
𝑤,gi is heat transfer

coefficient between inner tube glass and water. ℎ
𝑟,𝑝,go is

radiative heat transfer coefficient between outer tube glass
and inner tube glass. 𝑆solar1 is the thermal source of inner glass
which absorbs the solar radiation.

4.3. Water Flow in Inner Tube Glass. Heat exchange exists
along the water flow direction through the convective heat
flow:
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where 𝑇
𝑓
is the temperature of water flow, 𝜌

𝑓
, 𝑐
𝑓
, and 𝜆

𝑓
are

density, specific heat capacity, and heat conductivity of water,
respectively; 𝐴

𝑓
is cross section area of water in the inner

tube; ℎ
𝑓
is heat convective coefficient between water flow and

inner tube glass; 𝑢
𝑓
is the mean water flow velocity in the

inner tube glass; and𝑇gi is the temperature of inner tube glass;
𝑙tube is the perimeter of cross section of inner tube glass.
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Figure 9: The heat transfer mechanism of novel collector.

4.4. Water Tank. An energy balance on the unstratified tank
is

(𝑚𝐶

𝑝
)

𝑠
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(4)

where 𝑄
𝑢
and 𝐿

𝑠
are rates of addition or removal of energy

from the collector and to the load and 𝑇

𝑎
is the ambient

temperature for the tank; 𝑚 is the water flow mass; 𝐶
𝑝
is

specific heat capacity; 𝑇
𝑠
is the temperature of water in tank;

𝑈 is the heat coefficient between water tank and ambient
temperature; 𝐴 is the area of water tank surface.

4.5. Heat Transfer Coefficient. Heat transfer coefficient
between outer glass tube surface and outdoor environment
can be calculated by (5) [10]; here 𝑢 means wind velocity of
outdoor environment:

ℎwo = 5.6 + 3.8𝑢. (5)

Heat transfer coefficient between inner glass surface and
water flow can be calculated by (6) [11] and (7) [12]. Heat
transfer coefficient is calculated by (6) when Re

𝑓
= 2300 ∼

10

6 and is calculated by (7) when Re
𝑓
≤ 2300. Here Re is the

Reynolds number;𝑑 is the diameter of inner glass tube; 𝑙 is the
length of inner glass tube; pr

𝑓

is the water Prandtl number for
water temperature; pr

𝑤

is the water Prandtl number for inner
glass tube temperature; consider
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Figure 10: Measured water temperature value and simulated water
temperature value versus testing time.

The simulation of mean water tank temperature based on
the numerical model described in Section 4 is also carried
out under the same condition as the experiment and the
simulation results are given alongwith the experimental data.
Figure 10 shows a good agreement between themeasured and
simulated results and the difference between them is less than
1.50∘C. So the heat transfer model of water heater system is
valid.

5. Performance Analysis of All-Glass
Evacuated Tube Collector with a Novel
Manifold Header

After the numerical model had been verified by the exper-
imental data of the test rig, the simulation was executed to
study the thermal characteristic of all-glass evacuated tube
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collector with a novel collectormanifold header and intended
to find the optimized structural parameters and operated
parameters of novel collector manifold header.

5.1. Condition Setting and Optimization Method. All-glass
evacuated tube collector with a novel collector manifold
header will lead the water flow to the bottom of evacuated
tube by forced convection. So the size of inserted tubes and
the mass flow of water have a significant impact on the ther-
mal characteristic of all-glass evacuated tube collector with
a novel collector manifold header. Performance analysis had
been performed in order to acquire and achieve optimized
diameter parameters of inserted tube and optimized mass
flow of water. The following condition settings are made for
the simulation:

(1) the structural parameters of all-glass evacuated solar
collector are the same as the test rig except for the
diameter of inserted tube;

(2) the volume of water tank is 300 L;
(3) meteorological data is the same as Figures 6 and 7 for

simulation;
(4) the system operates between 8 am and 4 pm;
(5) initial water tank temperature is 25∘C.

Optimization analysis method and procedure for the
diameter and water mass flow are as follows:

(1) For a given forced water mass flow, obtain the mean
temperature of water tank for the different diameter
of inserted tube.

(2) For a given diameter of inserted tube, obtain themean
temperature of water tank for the different forced
water mass flow.

(3) According to the results of the above, obtain the
optimized diameter of inserted tube and water mass
flow.

5.2. Results and Discussions

5.2.1. Mean Water Tank Temperature Variation with the
Diameter of Inserted Tube for a Given Water Mass Flow.
When thewatermass flowkeeps constant, Figure 11 shows the
mean water tank temperature variation with the diameter of
inserted tubes. There are three curves which represent water
mass flow of 0.45 Kg/s, 0.6 Kg/s, and 0.8 Kg/s, respectively;
the results indicate the final mean tank temperature increases
with the diameter of inserted tube become larger and then
the final mean temperature of the water tank decreases when
the diameter of inserted tube reaches 32mm. It is because
that heat convective coefficient between water flow and inner
tube glass is correlated with the Reynolds number (Re)
and Re is determined by water flow velocity and equivalent
diameter (𝑑

𝑒
) (equivalent diameter is the channel between

the inserted tube and inner glass), namely, Re = 𝑢𝑑

𝑒
/],

there is a maximum heat convective coefficient at a given
water mass flow. In addition, it can be seen that the final

15 20 25 30 35 40
73.5

Diameter of inserted tube (mm)

74

74.5

75

75.5

76

76.5

77

77.5

Th
e e

nd
 te

m
pe

ra
tu

re
 o

f w
at

er
 in

 ta
nk

 (∘
C)

Mass flow 0.45kg/s
Mass flow 0.6 kg/s
Mass flow 0.8 kg/s

Figure 11: Water tank temperature versus inserted tube outer
diameter under different mass flow rate.

mean water tank temperature increase with the water mass
flow becomes larger. The highest final mean water tank
temperature increases from 76.1∘C to 77.5∘C.

5.2.2.MeanWater Tank Temperature Variation with theWater
Flow Mass for a Given Diameter of Inserted Tube. When
diameter of inserted tubes keeps constant, Figure 12 shows
the mean water tank temperature variation with the water
flow mass. There are three curves which represent diameter
of inserted tube of 20mm, 25mm, and 32mm, respectively.
Results indicate the final mean tank temperature increases
with the water flow mass become larger. And the final mean
temperature of thewater tankwill be the samewhen thewater
flow mass reaches 1.6 Kg/s. First, heat convective coefficient
between water flow and inner tube glass will become larger
with the water flow mass increasing and it makes the water
tank collect more energy. On the other hand, there is heat
loss to ambient air at any condition; the heat loss will become
larger when the water flow temperature becomes higher. So
the final mean water tank temperature will not increase at
certain situation when the water flow mass is increasing. In
addition, the final mean tank temperature increases with the
diameter of inserted tube become larger at a given watermass
flow; it is agreed with the results of 3.2.1.

From the analysis above, it can be concluded that the
optimized diameter of inserted tube is 32mm for that inner
glass with the diameter of 47mm and the water flow mass
should be less than 1.6 Kg/s.

6. Conclusion

To improve the performance of traditional all-glass evacuated
tube collector, a novel collector manifold header with an
inserted tube is proposed in this paper and a dynamic
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Figure 12: Water tank temperature versus mass flow rate under
different inserted tube outer diameter.

numerical model was presented for novel collector manifold
header water heater system. Also, a test rig was built for
model validation and comparison with traditional all-glass
evacuated tube collector. Experiment results show the effi-
ciency of solar water heater with a novel collector manifold
header which is higher than traditional all-glass evacuated
tube collector by about 5% and the heat transfer model of
water heater system is valid. Based on the valid model, the
relationship between the water tank average temperature and
inserted tube diameter (water mass flow) is studied. Results
show the optimized diameter of inserted tube is 32mm for
the diameter of inner glass is 47mm and the water flow mass
should be smaller than 1.6 Kg/s. This work can provide some
information and designs for all-glass evacuated tube collector
with a novel collector manifold header.

There are a lot of simplified assumptions in this study. So
further work need to study in the future that the pressures
drop across a solar collector is very useful parameter to assess
for the performance of a solar thermal collector, so pressure
drop should be considered and assumptions (6) should be
reconsidered to study relationship between the pump power
and the solar collector efficiency.
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In this paper, taking Lushan West Sea highway green rest area in Jiangxi Province of China as the case study, the suitable types,
applicability, advantages, and effective methods of solar lighting technologies for highway rest area were determined based on the
analysis of characteristics of highway green rest area. It was proved that solar lighting technologies including the natural light
guidance system, solar LED lighting, and maximizing natural light penetration were quite suitable for highway rest area in terms of
lighting effects and energy and economic efficiency. The illuminance comparison of light guidance system with electrical lighting
was made based on the on-site experiment. Also, the feasibility of natural light guidance system was well verified in terms of the
lighting demand of the visitor centre in the rest area by the illuminance simulation analysis. The evaluation of the energy saving,
economic benefits, and environmental effects of solar lighting technologies for highway rest area was, respectively, made in detail.
It was proved that the application of solar technology for green lighting of highway rest facilities not only could have considerable
energy saving capacity and achieve high economic benefits, but also make great contributions to the reduction of environment
pollution.

1. Introduction

The most recent data from the US Department of Energy
show that the energy used for lighting has an incidence of
the 7% of the whole energy consumption and reaches 18%,
if we just take into consideration the electric energy [1].
In Canada the energy consumed for the lighting system in
buildings has an incidence of 10% of the whole consumed
energy and reaches 24% of the electric energy [2]. In Sweden
the Swedish Energy Agency furnishes percentages which
correspond to 23% of the whole electric consumptions [3].
In Italy the energy consumption for lighting systems has an
incidence of 16.4% of the whole energy requirements [4].
Globally, according to the International EnergyAgency (IEA)
[5], the lighting is responsible for 7.2% of the worldwide
energy consumption, while the electric energy consumed for
illuminating engineering purposes has an incidence of 19% of
the electric energy consumed [6].

Tackling such consumptions, by optimizing and operat-
ing in the lighting systems, in conditions where all require-
ments are fulfilled, can bring into enormous amounts of
energy savings. Recent studies claim that it can be possible
to have an energy saving of two-figure percentage with a
technological transition from currently used lighting systems
to more highly energy efficient systems or green energy
systems [7–10]. Therefore it is important to pay attention
to those peculiar environments where an advanced lighting
performance is required in order to obtain savings in terms
of economic management of such spaces [11].

Highway rest area, as the basic service infrastructure,
its service quality, and efficiency are of great importance
to vehicles and passengers. The huge consumption and
environmental impact of energy and electricity in highway
rest area in terms of energy and maintenance have evidenced
the necessity of using green energy or energy efficient systems
for lighting. Because of the far location away from urban
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areas, generally highway rest areas have few external energy
sources to use. The remote and independent characteristics
of highway rest area determine its dependence on resources
and environment. As the clean and renewable energy, solar
energy will not cause environmental pollution as traditional
energy like coal, oil, and other fossil fuels during the using
process. Development and utilization of solar energy lighting
are one of the most important energy saving measures. The
application of solar technology for highway rest facilities
lighting could not only reduce energy consumption and envi-
ronmental pollution, but also improve efficiency of resource
and energy and the service quality of rest areas.

During the past 30 years, many developed countries and
some developing countries have attached great importance to
the development of solar technology, and solar technology
has been widely promoted and used for lighting. And the
paces of international research and development of solar
energy lighting are quite fast. Many studies have been able
to demonstrate the importance of solar lighting in buildings.
Gago et al. studied the natural light controls and guides in
buildings and also analyzed the energy saving for electrical
lighting [12]. Stankovic et al. made a comparison analysis of
lighting design criteria in green building certification systems
[13]. Sharan discussed a replacement method of fossil fuel
based lighting systems with solar energy systems in India
[14]. Beaupré et al. proposed a new technology of solar-
energy production and energy-efficient lighting by using
photovoltaic devices and white-light-emitting diodes [15].

Nowadays, solar energy technology has gradually ex-
tended to highway field with the introduction of new traffic
lighting devices like solar traffic lights, solar orientation
lights, solar street lamps, and so forth. Dalla Costa et al. pre-
sented a high efficiency autonomous lighting system based
on solar energy and LED used for street [16]. Jianzhong
introduced the application of solar LED road traffic sign in
Highway 208 in China [17]. Li and Jiang made the researches
on the energy efficient lighting of tunnels including energy
saving methods and energy saving lighting types [18]. Wei et
al. illustrated the application of solar LED lighting in tunnels
and the energy saving effects based on the green lighting
concept [19–21].

In the meanwhile, many researches have focused on the
economic effect assessment of solar technology. It could
be seen that solar technology brings into very considerable
economic benefits aswell as reduces environmental pollution.
De Maria and Marano proposed the economic analysis
methods of solar photovoltaic systems under different cli-
matic conditions and pointed out that the economic analysis
methods related to local policy as well as technical level and
climatic conditions [22]. Schröder and Reddemann made an
analysis on the economic influence of hot water consumption
and energy efficiency on solar collectors in different months
and climatic conditions in terms of the German federal
government’s economic conditions [23]. Sinuany-Stern and
Mehrez proved that the economic effects became better with
the increasing of useful life period, fuel prices, and market
demand based on the establishment of a model for the eco-
nomic practicability of solar hotwater systems [24].Hawlader
et al. made the economic evaluation for solar heating water

system by using different variables and concluded that the
designed collector area is 1000m2 for best payback period
and internal rate of return [25]. Jiangyi made an analysis in
the energy consumption constitution and energy saving way
for residential building [26].

As previously mentioned, a lot of research works have
been made concerning about solar lighting and economic
effects and also acquired great achievement. However, few
works have been made on solar energy lighting technologies
aimed at highway rest areas due to their remote location and
subordinate position in the highway system. In this context,
it is quite necessary and urgent for launching the research
on solar lighting and economic effects of highway rest area
to promote the development of green highway rest area and
guide solar engineering practice in China.

2. Objectives

The primary objectives of this paper can be outlined as fol-
lows:

(1) Determining the suitable types, applicability, and
advantages of solar lighting technologies for highway
rest area.

(2) Analyzing the best installing tilt angle of light pile
of light guidance system for highway rest area based
on the geographical position and the local weather
conditions.

(3) Verifying the feasibility of natural light guidance
system in terms of the lighting demand of the visitor
centre in the rest area by on-site experiment and
illuminance simulation analysis.

(4) Making the comparison in lighting effects and energy
and economic efficiency of solar LED lighting with
high voltage sodium lamps used for highway rest area.

(5) Determining the effective methods of maximizing
natural light penetration used for highway rest area.

(6) Evaluating the energy saving capacities, economic
benefits, and environmental effects of solar lighting
technologies for highway rest area.

3. Methods

3.1. The Basic Situation of Highway Green Rest Area in China.
Highway green rest areas have been proposed recently under
the background of building the green transportation system
in the 12th Five-Year Plan in China, and people have been
increasingly beginning to be concerned about the service
quality and energy saving level of the highway rest area.
Highway green rest areas, generally refer to the rest areas
integrating various measures of every saving throughout the
entire life cycle including planning, design, construction,
operation, and management to maximize saving resources,
reduce pollution, protect environment, and provide drivers
and passengers with a safe, healthy, comfortable, and efficient
service environment based on the principle of the virtuous
circle of the whole system. Some highway rest areas in China
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have begun to employ different energy saving technologies to
try establishing green low-carbon rest areas. Green building
and clean energy technologies have been used in a small
number of highway rest areas and achieved good effects [27].

The case of this paper LushanWest Sea highway is located
in northern Lushan Scenic Area in Jiangxi Province of China,
with the extremely rich natural and landscape resources along
and also the highest environmental protection requirements,
as shown in Figure 1. The area of Lushan West Sea in
Jiangxi Province is naturally endowed with relatively abun-
dant deposit of renewable energy resources, of which solar
energy from the sun, and has the rich solar energy resources
with 4494.35MJ/m2 (horizontal) annual radiation and 1700.7
sunshine hours. Based on the concept of green low carbon
highway rest area, solar lighting technologies and energy
efficient lighting methods including natural light guidance
system, solar LED lighting and maximizing natural light
penetration were employed and analyzed in detail according
to the natural geographical and climatic conditions to achieve
good energy saving effects and effective operational cost
reductions. The energy saving economic and environmental
evaluations were also made to testify the effectiveness of the
solar lighting technologies for Lushan West highway green
rest area to maximize energy savings and protect environ-
ment.

3.2. The Natural Light Guidance Technologies for
Highway Rest Area

3.2.1. The Technical Principles and Structure Composition
of Natural Light Guidance System. Natural light guidance
systems could guarantee the penetration of daylight into the
building, thus reducing the electrical energy consumption for
lighting. In the light guidance system, the outdoor natural
daylight was captured by outdoor lighting apparatus, intro-
duced inside the system, enhanced and transferred through
the light guide installation, and then introduced by diffuse
reflector uniformly wherever the light was required indoor.
The light guidance system was made up of three main
parts including the lighting device on the roof outside, light
guidance pipe, and the diffuse reflector indoor, as seen in
Figure 2.

Lighting devices were composed of lighting shield and
rainproof device. The transparent lighting shield was made
from PCmaterial added to UV resistant additive, with strong
abrasion and impact resistance, light transmission rate of
up to 87 percent; meanwhile more than 90% ultraviolet
rays isolated. It had the temperature adaptation range of
−40∘C∼125∘C and can be safely used even in the areas with
larger temperature difference between day and night. Light
guidance pipe, generally made from aluminium with lighter
weight, could introduce the natural light collected by lighting
device into the room. There were five special membranes in
the interior wall of light guidance pipe to ensure the stability
and efficient transmission of light. And the reflection rate of
thematerials could achieve 98%. Diffuse reflector, made from
PC or PMMA with good light transmission, diffusion, heat
insulation, and sound insulation, couldmade the natural light
uniformly introduced into the room.

Figure 1: The aerial view of Lushan West Sea highway rest area.
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Figure 2: The composition diagram of natural light guidance sys-
tem.

3.2.2. The Advantages of Natural Light Guidance System.
From dawn to dusk, even in a cloudy or rainy day, the lighting
introduced by light guidance system into the room is still
very considerable. It had the following advantages as listed
in Table 1.

3.2.3. The Application of Light Guidance System for Lushan
West Sea Highway Rest Area. 31 sets of light guidance systems
were installed in the visitor center of Lushan West Sea
highway rest area, as seen in Figure 3, which completely
replaced the daytime electric lighting, at least provided
natural lighting more than ten hours per day with no energy
and maintenance.

3.2.4. The Illuminance Comparison of Light Guidance System
with Electrical Lighting. The model of the light guidance
systems used in the visitor centre was Suntube STGC530 with
the diameter of 530mm.The light transition pipe is 1.2m long
and the distance of diffuse reflector to working surface was
set 6.5m. The on-site illuminance experiment was carried
out for 5 consecutive days from March 23rd to 27th. Based



4 International Journal of Photoenergy

Table 1: The advantages of light guidance system.

Number The advantages The specific features

1 Energy saving Only using natural light without electricity, the sealing system with good thermal insulation properties,
classified as “cold light,” bringing no heat load effect to the room

2 Health
Natural light with no flash and no harm to human eyes, screening the majority of ultraviolet light by the
UV surface of lighting device; only the small amount of ultraviolet light into the room could purify the

indoor air, restraining the growth of microorganisms and improving the living environment

3 Good lighting effect Natural light with a wavelength range of 380 nm∼780 nm, color rendering of Ra 100, and the indoor
diffusing light through diffuse reflector with gentle light and even illumination distribution

4 Long service life The service life ≥25 years (the maximum service life of electric lighting is around 10 years)

Figure 3: The natural light guidance systems in the visitor center of Lushan West Sea highway rest area.
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Figure 4: The illuminance effects comparison of light guidance
system with electrical lighting.

on the sunny and cloudy condition in spring, the average
illuminance effects comparison of the light guidance system
with electrical lighting was made in Figure 4.

3.2.5.The Illuminance Simulation of Light Guidance System for
LushanWest Sea Highway Rest Area. According to “Standard
for Lighting Design of Buildings (GB 50034-2013)” of China,
the standard luminance for service hall should be 200 lx,
and the corresponding illumination power density is 9W/m2.
Therefore, if the luminance of visitor centre reached 200 lx,
the per unit power consumption would achieve 9W/m2.
Therefore, based on the total area of 904m2 for light guidance
lighting, 31 sets of light guidance systems need to be installed
in the visitor centre.
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Figure 5: The isolux distribution of natural light guidance systems
in the visitor centre.

WeusedDIALux software tomake a simulation to analyze
the feasibility of the light guidance system for the visitor
centre hall. 31 sets of Suntube STGC530 were installed in
even distribution in the visitor centre hall ceiling. According
to “Standard for Lighting Design of Buildings” (GB 50034-
2013), the area of Jiangxi Province belongs to the IV zone
of light climate division with the annual average illuminance
value of 30Klux∼35Klux. In the simulation analysis the
outdoor annual average illumination value of 35000 lux was
employed, which reflected the local cloudy conditions in
spring, summer, and autumn seasons. The height of the
visitor centre hall was 7.5m, and the installing height was
6.0m.The isolux distributionmapwith the ratio of 1 : 289 and
the illuminance value of natural light guidance systems in the
visitor centre was shown in Figure 5 and Table 2.
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Table 2: The illuminance value of natural light guidance systems in the visitor centre.

Surface 𝜌 (%) Average
illuminance (xl)

Minimum
illuminance (xl)

Maximum
illuminance (xl)

Minimum illuminance/
average illuminance

Working surface (0.85m) / 201 70 268 0.348
Floor 20 194 77 252 0.395
Ceiling 70 39 26 46 0.680
Wall 50 81 27 207 /
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Figure 6: The 3D simulation illuminance of natural light guidance systems in the visitor centre.

The 3D simulation illuminance of natural light guidance
systems in the visitor centre was shown in Figure 6. In the
illumination simulation analysis, we took the closed space as
the simulation environment without considering the lateral
window lighting. According to “Standard for LightingDesign
of Buildings” (GB 50034-2013), the average illumination of
architectural service hall was in the range of 200–300 lux. It
could be seen from the simulation that, even not considering
the contribution of windows lighting, the lighting design of
natural light guidance system for the visitor centre in the
rest area still well met the lighting demand and verified its
feasibility for the visitor centre.

3.3. The Solar Photovoltaic LED Lighting Technologies for
Highway Rest Area

3.3.1. The Technical Principles and Structure Composition
of Solar Photovoltaic LED Lighting. Solar Photovoltaic LED
lighting technology was based on the solar photoelectric
effect, through the use of solar cells to convert solar energy
directly into electricity, as shown in Figure 7. Solar Photo-
voltaic LED lighting systems consisted of five major com-
ponents of solar panels, automatic switching device, solar
controller, solar storage batteries, and LED lighting. Solar
panel was the core part of the system and its role was
to convert solar radiation to electrical energy stored in

Solar batteries 
arrays

Utility electricity 
supply

LED driving 
circuit

Automatic 
switching 

device

Solar
controller

Solar storage
batteries

LED 
lighting

Figure 7: The diagrammatic sketch of solar Photovoltaic LED
lighting technology.

batteries or generated. The role of the switching device was
to automatically switch the power supply from solar batteries
arrays to utility electricity when the energy of the solar
battery got relatively low, and the power supply for LED lights
switched automatically back to solar battery arrays once the
solar storage got exceed some certain value. Solar controller
was to control the working status of the entire system and
made an overcharge or overdischarge protection for battery
[28]. Solar controller also had the function of temperature
compensation in the place with large temperature differences.
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Table 3: The advantages of solar Photovoltaic LED lighting.

Number The advantages The specific content

1 Economic efficiency Energy and electricity saving due to a high luminous efficiency with the extremely
low power of 0.06∼1W and the long service life of 50∼100 thousands hours

2 Green and health Unlike fluorescent lights, having no mercury and lead and no harm to human
health and also reducing the environmental pollution without glass wastes

3 Safety and reliability With low operating voltage of 1.5∼3.0V and low current of 75mA∼150mA

Figure 8: The comparison of lighting effects of high voltage sodium lamp and solar Photovoltaic LED lamps in parking lot.

Figure 9: The LED lights used for landscape lighting before the
visitor centre in Lushan West Sea highway rest area.

3.3.2. The Advantages of Solar Photovoltaic LED Lighting Sys-
tem. Compared with other conventional lights, LED lighting
had many advantages as listed in Table 3.

3.3.3. The Application of Solar Photovoltaic LED Lighting
System for Lushan West Sea Highway Rest Area. The solar
Photovoltaic LED lights were replaced with the high voltage
sodium lamp in the original design in the parking lot of
LushanWest Sea highway green rest area. And the LED lights
were also used for landscape lighting, as shown in Figures 8
and 9.

3.4. The Maximizing Natural Light Penetration Technologies
for Highway Rest Area. Natural light significantly influences
both the balance of energy use in buildings and actual human
activity [29–31], offering the occupants comfort and health
benefits. The maximizing natural light penetration is one
of the most important energy saving measures on the basis
of independent on conventional energy. The main measures

Figure 10: Maximizing the glass area facing the south.

Figure 11: Glass roofs at the entrance of the visitor centre.

of the fully use of natural light were taken in Lushan West
Sea highway rest area as follows, as shown in Figure 10 to
Figure 12, which could dramatically reduce lighting energy
use during the day: (1) To take full advantage of natural
light, the major buildings were arranged along Zhelin Lake
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Figure 12: Glass roofs of the washing rooms.

to the south of Lushan West Sea highway rest area to avoid
the light blocking among the single building; (2) the rooms
with higher demand for lighting were all assigned to the
south of building group, maximizing the glass area of the
building facing the south in order to fully get natural light
and basically with no need for auxiliary lighting during the
day throughout the year; (3) glass roofs were installed at the
entrance in the atrium of the visitor centre, with the overall
permeability and zero energy consumption; (4) under the
presupposition of privacy guarantee, the washing roomswere
built as permeable as possible in order to reduce daytime
lighting energy using.

4. Results

4.1. Energy Saving and Economic Effects Analysis of
Natural Light Guidance System in Lushan West Sea
Highway Green Rest Area

4.1.1. Energy Saving Capacity of Natural Light Guidance
System. The light guidance system was used for an average
of 10 hours during day time every day, and the total area
of the visitor centre for light guidance lighting in Lushan
West Sea highway rest area was 904m2. Based on that the
luminance of visitor centre reached 200 lx and the per unit
power consumption achieved 9W/m2 according to “Standard
for Lighting Design of Buildings (GB 50034-2013),” so the
energy saving of natural light guidance system during day
time for the visitor centre per year was calculated as follows:

904 ×

9

1000

× 10 × 365 = 29696.4 kW ⋅ h. (1)

4.1.2. Economic Benefits of Natural Light Guidance System. In
terms of the current electricity price of 0.60 RMB/kW⋅h in
Jiangxi Province, the electricity bills saving of natural light
guidance system lighting during the day for the visitor centre
in Lushan West Sea highway green rest area per year was
calculated as follows, which also meant that the reduction of
the cost by electricity savings of natural light guidance system
in Lushan West Sea highway green rest area per year was 17.8
thousand RMB:

29696.4 × 0.60 = 17.8 thousand RMB. (2)

4.1.3. Payback Period of Investment for Natural Light Guidance
System. In view of the investment of natural light guidance
system, the payback period of every saving for the light
guidance system was calculated according to the following
formula:

𝑇 =

𝑦

𝑛

0

, (3)

where 𝑇 is the payback period of investment for the system,
𝑦 is investment of the system, and 𝑛

0
is cost saving of the

system.
Taking the instalment andmaintenance cost of light guid-

ance system into account, the overall installation charge and
maintenance cost were, respectively, 7.00 and 1.00 thousand
RMB, and the cost of light guidance system was around
3.5 thousand RMB per set, so the total investment of light
guidance system was

3.5 × 31 + 7 + 1 = 116.5 thousand RMB. (4)

Therefore, the payback period of the investment of solar
photovoltaic systemwas about 7 years. As we know the useful
life period of natural light guidance system was at least 25
years, so the economic profits of natural light guidance system
were quite high. After the payback period of 7 years, the
net economic profit of light guidance system in Lushan West
Sea highway green rest area would still reach 320.4 thousand
RMB, which equated 51.7 thousand dollars.

4.2. Energy Saving and Economic Effects Analysis of Solar
Photovoltaic LED Lighting in LushanWest Sea Highway Green
Rest Area. Considering that the ground luminance of 100W
LED with amendment is 37.6 lx while that of high voltage
sodium lamp is 28.2∼37.6 lx, a 100W LED can be replaced
for a 200W high voltage sodium lamp with much better
lighting effect. Therefore, the solar Photovoltaic LED lights
were replaced with the high voltage sodium lamps of the
original design in the parking lot of LushanWest Sea highway
green rest area. The comparison of economic effects of high
voltage sodium lamp and solar LED lamp was made as
follows.

Taking the service time of lighting per day as 10 hours, and
the life cycle period as 25 years, the total power consumption
within the life cycle of 25 years was calculated according to
the following formula:

𝑊

𝑇
= 25 × 365 × 10 ×𝑊 ×𝑁, (5)

where𝑊
𝑇
is total power consumption for the life cycle of 25

years,𝑊 is lighting power for one lamp, and𝑁 is the number
of lamps.

The original invest cost within the life cycle of 25 years
was calculated in terms of the following formula:

𝐶

𝑜
= 𝐶

𝐿
+ 𝐶

𝑇
+ 𝐶

𝐼
, (6)

where 𝐶
𝑜
is the original invest cost within the life cycle of

25 years, 𝐶
𝐿
is the cost of the total lamps, 𝐶

𝑇
is the cost of

the total voltage transformers or ballasts, and 𝐶
𝐼
is the cost

of installing and wiring.
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Generally, the cost of voltage transformers or barretters
and the cost of installing and wiring for one lamp were both
about 100 RMB, and LED lamp needs no ballasts.

Themaintenance cost within the life cycle of 25 years was
calculated in terms of the following formula:

𝑀 = 𝑡 × 𝑠 × 25, (7)

where𝑀 is the maintenance cost within the life cycle of 25
years, 𝑡 is the times of the lamps needing maintenance every
year, and 𝑠 are the material cost and labor cost every time.

Generally, for the high voltage sodium lamp, it needed
maintenance two times every year, and thematerial and labor
cost every time were around 110 RMB per set while for the
solar LED lamp, it needed maintenance only one time every
year, and the material and labor cost every time were about
140 RMB.

Therefore, the total cost within the life cycle of 25 years
of the lighting was calculated according to the following
formula:

𝐶

𝑞
= 𝐶

𝑜
+𝑀 + 𝑃, (8)

where 𝐶
𝑞
: the total cost within the life cycle of 25 years, 𝐶

𝑜
:

the original invest cost,𝑀: the maintenance cost within the
life cycle of 25 years, and 𝑃: the electricity cost within the life
cycle of 25 years that was 𝑃 = 0.6 ×𝑊

𝑇
.

Considering that the attenuation with time of the lighting
efficiency of LED lamps differed greatly with the factors
like material and environmental temperatures and so on,
according to the LED lamps design parameters, the service
life of LED lamps in this study was around 90∼100 thousands
hours which took 20% attenuation into account.

It can be seen form Table 4, compared with high voltage
sodium lamp, the energy saving capacity of solar LED lamp
was 219 × 103 kW⋅h within the life cycle of 25 years and
the reduction of the cost by electricity savings of solar LED
lamp was 131.4 thousand RMB, which equated 21.2 thousand
US dollars. Considering the total cost including original
investment, maintenance, and electricity cost, the total cost
saving of solar LED lamps reached 44.7 thousand US dollars
in the parking lot of LushanWest Sea highway green rest area
within the service period of 25 years. Taking themaintenance
cost of LED lamps into account, the payback period of
the investment of LED lamps was about 17 years. After the
payback period of 17 years, the net economic profit of LED
lamps in Lushan West Sea highway green rest area was still
about 42 thousandRMB, which equated 6.8 thousand dollars.
Because the payback period of LED lampswas relatively long,
the government subsidies would be considered to apply for
encouraging the green and clean energy usage.

4.3. Environmental Benefits Analysis of Solar Energy Technol-
ogy in Lushan West Sea Highway Green Rest Area. By acting
on energy efficiency in the highway rest area, it is possible
to reduce energy consumption and therefore CO

2
emissions

into the atmosphere [32, 33]. The statistics from the National
Development and Reform Commission of China reveals that
every saving 1 kW⋅h electricity equated the consumption of

Table 4: The comparison of high voltage sodium lamp and solar
LED lamp within the life cycle of 25 years.

Comparison items High voltage
sodium lamp

Solar LED
lamp

Cost for one lamp (RMB) 1000 3500
Number of lamps𝑁 24 24
Service life (thousand hours) 12 90∼100
Lighting power for one lamp (W) 200 100
Total power consumption WT (103 kW⋅h) 438 219
Total electricity bills 𝑃 (thousand RMB) 262.8 131.4
Replacing times 8 0
Original invest cost 𝐶

𝑜

(thousand RMB) 230.4 86.4
Maintenance cost𝑀 (thousand RMB) 5.5 3.5
Total cost 𝐶

𝑞

(thousand RMB) 498.7 221.3
Total cost saving (thousand RMB) 277.4
Total cost saving (thousand dollars) 44.7

0.4 kg standard coal and also equated an emission prevention
of 0.997 kg carbon dioxide (CO

2
), 0.03 kg sulphur dioxide

(SO
2
), 0.015 kg nitrogen oxides (NOx), 0.272 kg smoke, and

other pollutants.
The energy saving of the solar lighting technology includ-

ing natural light guidance system and solar photovoltaic LED
lighting in Lushan West Sea highway green rest area per year
reached 248.7 × 103 kW⋅h, which equated the reduction of
99.5 tons standard coal and also 248-ton CO

2
, 7.5-ton SO

2
,

3.7-ton NOx, and 67.6-ton smoke. It could be seen that the
solar lighting technology of Lushan West Sea highway green
rest area would make great contributions to the reduction of
environment pollution.

5. Conclusion

(1) The remote and independent characteristics of high-
way rest area determine its dependence on resources
and environment. The huge consumption and envi-
ronmental impact of energy and electricity in high-
way rest area in terms of energy and maintenance
have evidenced the necessity of using green energy or
energy efficient systems for lighting. The application
of solar technology for highway rest facilities light-
ing could not only reduce energy consumption and
environmental pollution, but also improve efficiency
of resource and energy and the service quality of rest
areas.

(2) It was proved that the natural light guidance system
was quite suitable for highway rest area which was
generally located in remote suburb based on its
advantages of energy saving, health, good lighting
effect, and long service life period. The design of
natural light guidance systemwas proved to well meet
the lighting demand of the visitor centre in the rest
area and verified the feasibility by on-site experiment
and illuminance simulation analysis.
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(3) Compared with other conventional lights, solar LED
lighting was proved quite suitable for highway rest
area based on the advantages characteristics including
low energy consumption, green and health, and safety
and reliability. 24 solar LEDs of 100W lamps were
replaced for 24 high voltage sodium lamps of 200W in
the original design in the parking lot of Lushan West
Sea highway green rest area.

(4) A couple of effective methods of maximize natural
light penetration were used in Lushan West Sea
highway rest area, which was proved quite effectively
energy saving and dramatically reduced the lighting
energy use during the day through the full use of
natural light.

(5) The total energy saving of natural light guidance sys-
temduring day time for LushanWest Sea highway rest
area per year was 29696.4 kW⋅h with the reduction
of the cost by electricity savings of 2.9 thousand US
dollars per year.

Taking the investment of the solar photovoltaic sys-
tem into account, the payback period of the invest-
ment of solar photovoltaic system was about 7 years,
which proved that the economic profits of natural
light guidance system were relatively quite high.
Taking 25 years as the effective service period, after
the payback period of 7 years, the net economic profit
of light guidance system in LushanWest Sea highway
green rest area would reach 51.7 thousand dollars.

(6) Comparedwith high voltage sodium lamp, the energy
saving capacity of solar LED lamp was 219 × 103 kW⋅h
with the reduction of the cost by electricity savings of
21.2 thousand US dollars in LushanWest Sea highway
green rest area within the life cycle period of 25 years.

Taking the maintenance cost of LED lamps into
account, the payback period of the investment of LED
lamps was about 17 years. After the payback period
of 17 years, the net economic profit of LED lamps
in Lushan West Sea highway green rest area was still
about 6.8 thousand dollars within the life cycle period
of 25 years.

(7) The energy saving of the solar lighting technology
including natural light guidance system and solar
Photovoltaic LED lighting in Lushan West Sea high-
way green rest area reached 248.7 × 103 kW⋅h, equat-
ing the reduction of 99.5-ton standard coal and also
248-ton CO

2
, 7.5-ton SO

2
, 3.7-tons NOx, and 67.6-

ton smoke, which proved that the solar lighting tech-
nologies make great contributions to the reduction of
environment pollution.
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Solar aided coal-fired power generation system (SACFPGS) combines solar energy and traditional coal-fired units in a particular
way. This study mainly improves the solar thermal storage system. Genetic algorithm is used to optimize the SACFPGS. The best
integration approach of the system, the collector area, and the corresponding thermal storage capacity to replace each high-pressure
extraction are obtainedwhen the amount of coal saving in unit solar investment per hour is at its largest. System performance before
and after the improvement is compared. Results show that the improvement of the thermal storage system effectively increases the
economic benefit of the integrated system.

1. Introduction

The increasing severity of environment problems has resulted
in the growing importance of energy conservation and emis-
sion reduction in the power industry. As a clean renewable
energy, solar energy plays a crucial role in addressing this
need. Solar power is divided into photovoltaic and solar
thermal power generation. Solar thermal power can achieve
scale utilization and match well with traditional coal-fired
units and grids [1–3]. To solve the problemof high investment
and operational instability in solar thermal power, some
scholars proposed the concept of SACFPGS [4], a system
that integrates solar energy and traditional coal-fired power
generation units. From the solar thermal power system side,
the steam turbine and generator of solar thermal power
system can be eliminated in the SACFPGS compared to the
stand-alone solar thermal power system. The cost of solar
thermal power generation can be reduced to some extent.
And the solar-electricity conversion efficiency in integrated
system is much higher than that in solar thermal power
system [5]. From the coal-fired power plant side, the coal
consumption in the fuel-saving mode can be decreased when
using solar energy to provide the heat demand of high-
pressure heater [6].

Research on SACFPGS mainly includes system integra-
tion approach [7–9], system performance analysis [10–12],

optimizing design and operation [13, 14], and thermal storage
system study [15–18]. Firstly, in respect of system integration
approach, four different integration schemes for coal-fired
power plant integrated with a parabolic trough solar field,
namely, vaporization of high-pressure stream, preheating
of high-pressure stream, heating of intermediate-pressure
turbine inlet stream, and heating of low-pressure turbine inlet
stream, were compared, and vaporization of high-pressure
stream seems the most promising integration scheme [7].
Secondly, for the system performance analysis, the exergy
destruction in the integrated system includes losses in com-
bustor, collector, heat exchangers, and pump and turbines
which accounts for 29.62, 8.69, 9.11, and 8% of the total exergy
input to the system, respectively [10]. The energy production
cost for power boost mode is 75.25 C/MWh while the same
value for fuel saving is 76.01 C/MWh [11]. Thirdly, in respect
of optimizing design and operation, the solar contribution of
SACFPS with five load conditions has been optimized [13].
The performance analysis of a SACFPS was done at designed
point under various load conditions [14]. In addition, in the
field of thermal storage system study, thermal energy storage
systemdesignmethodologies and the factors to be considered
at different hierarchical levels for concentrating solar power
(CSP) plants are summarized [15]. The transient heat loss
of molten salt thermal energy storage tanks is calculated
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Figure 1: Diagram of the SACFPGS system.

[16]. The economics of thermal energy storage for CSP are
analyzed [17].The operation strategies for CSP with two-tank
thermal storage are discussed [18].

The present paper is based on a SACFPGS solar col-
lector field optimization designing study that has partially
completed by us what is referred to as original system
optimization [19]. In the original system genetic algorithm
optimization process, the amount of coal saving in unit solar
investment per hour (𝐶ACSIH) is considered as the objective
function, and collector field area and thermal storage capacity
are the variables. Reasonable optimization results have been
obtained through the process. Original system optimization
is a meaningful exploration in the optimization design of
SACFPGS. However, thermal storage capacity is determined
by the maximum value, that is, the thermal storage capacity
capable of using all of the heat collected by the solar system.
This design approach is not the most economical because the
investment will grow with the increase in thermal storage
capacity. Thus, the current study proposes an improved
thermal storage designing approach by using the best value
to determine the capacity of the thermal storage system.
The approach cannot ensure that all the heat is used in the
thermal storage system; some will still be wasted, but it can
significantly improve the economics of the system.

The main originalities of this paper are as follows.

(i) The genetic algorithm is used to optimize the solar
collector field area and thermal storage capacity.

(ii) The DNI data in a whole year is used to calculate the
fitness of individuals; it is more reasonable than only
using a designed DNI to calculate.

(iii) The optimization objective function, the amount
of coal saving in unit solar investment per hour
(𝐶ACSIH), is first proposed by the authors of this paper.

(iv) The storage capacity cannot ensure that the remaining
heat of solar field after being utilized by coal-fired
power plant is stored in the thermal storage system,
but it can improve the 𝐶ACSIH.

2. System Description

The diagram of SACFPGS is shown in Figure 1. The system
includes two subsystems: parabolic trough solar collector
subsystem and 600MW coal-fired subsystem. Heat collected
by the solar collector field is used to replace high-pressure
extractions of the turbine.The replaced high-pressure extrac-
tions can return to the turbine and do some work. Two
kinds of operation modes are widely utilized, namely, power
boosting (fuel required by the boiler is the same as that
required by the original coal-fired power plant) and fuel
saving (output is the same as that of the original coal-
fired power plant). Fuel-saving operation mode is chosen in
this study. The output of the integrated system is therefore
600MW.

In this study, each of the three high-pressure extractions
corresponds to a parabolic trough solar collector system.
Figure 1 only shows the diagram of the third extraction which
is substituted by the solar collector field. The first and second
extractions are omitted; otherwise, the integrated system
diagram will be large. Feedwater is pumped into the boiler
after being heated in the oil-water heat exchanger.

The solar collector system mainly contains three parts:
collector subsystem, thermal storage subsystem, and heat
exchanger subsystem. Collector subsystem comprises a series
of parabolic trough solar collectors installed from north to
south and tracking from east to west.Thermal storage subsys-
tem includes a hot molten salt tank, a cold molten salt tank,
and an oil-salt heat exchanger, which is the key equipment
in the heat exchanger subsystem. The oil, molten salt, and
feedwater exchange heat in the corresponding circulation
subsystem to achieve the goal of using solar energy to replace
high-pressure extractions. There are four kinds of operation
methods.

(1) When energy from the solar collector field and the
heat storage tank cannot provide sufficient heat to
raise feedwater temperature to the designed value of
the original coal-fired power system, the system will
operate originally without replacing, and absorbed
solar heat will be stored in the hot molten salt tank.
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(2) When energy from the solar collector field and the
heat storage tank can provide sufficient heat to raise
feedwater temperature to the designed value, the
high-pressure extractions of turbine will be replaced
by this energy. In this condition, feedwater will be
pumped initially into the oil-water heat exchanger
and then into the boiler.

(3) When energy from the solar collector field can
provide more heat than what is required to raise
feedwater temperature to the designed value, high-
pressure extractions of the turbine will be replaced by
this energy, and additional heat will be stored in the
hot molten salt tank.

(4) When the solar collector field does not absorb enough
heat, such as at night or in poorweather condition, but
energy from the heat storage tank can provide enough
heat to raise feedwater temperature to the designed
value, then stored heat will be used to replace high-
pressure extractions of the turbine.

3. Methodology

3.1. Model Construction. The thermodynamic calculation
program was written by using the MATLAB Software in
this paper. Some basic thermodynamic formulas of each
subsystem are shown as follows.

(i) Boiler. Boiler is one of the most important parts of coal-
fired power plants, and it is used to convert water into steam.
According to the first law of thermodynamics, the boiler
thermal balance equation can be obtained:

𝑄

𝑏
= 𝑚

𝑏
(ℎ

𝑏,out − ℎ𝑏,in) 𝜂𝑏, (1)

where 𝑄
𝑏
: the heat absorbed by boiler, kW; 𝜂

𝑏
: the thermal

efficiency of boiler; 𝑚
𝑏
: the feedwater flow, kg/s; ℎ

𝑏,in: the
specific enthalpy of feedwater into the boiler, kJ/kg; ℎ

𝑏,out: the
specific enthalpy of feedwater out of the boiler, kJ/kg.

(ii) Turbine. According to the position of extractions, the
steam turbine is divided into nine modules.The work in each
steam turbine module is shown in the following:

𝑊 = 𝑚

𝑡
(ℎ

𝑡,in − ℎ𝑡,out) 𝜂𝑡, (2)

where 𝑚
𝑡
: the steam flow, kg/s; ℎ

𝑡,in: the specific enthalpy
of steam into the turbine module, kJ/kg; ℎ

𝑡,out: the specific
enthalpy of steam out of the turbine module, kJ/kg; 𝜂

𝑡
: the

relative internal efficiency of turbine modules.

(iii) Condenser. The condenser is a heat exchanger which
is used to condense the turbine exhaust into water. The
thermodynamic equilibrium of the condenser is shown as

𝑄cond = 𝑚𝑐 (ℎ𝑐,in − ℎ𝑐,out) 𝜂enc, (3)

where 𝑚
𝑐
: the condensate flow, kg/s; ℎ

𝑐,in: the specific
enthalpy of steam into the condenser, kJ/kg; ℎ

𝑐,out: the specific
enthalpy of steam out of the condenser, kJ/kg; 𝜂enc: the
efficiency of condenser.

(iv) Heater.The heater can be divided into surface-type heater
and mixed-type heater. High-pressure heaters and low-
pressure heaters are all surface-type heaters, while deaerator
belongs to mixed-type heater. For the surface-type heaters,
the heat balance equation is shown as

[𝑚

𝑒
(ℎ

𝑒
− ℎdeout) +𝑚de (ℎdein − ℎdeout)] 𝜂hfen

= 𝑚fw (ℎfwout − ℎfwin) ,
(4)

where𝑚
𝑒
: the extraction flow, kg/s; ℎ

𝑒
: the specific enthalpy of

extraction, kJ/kg;𝑚de: the higher-pressure heater drain, kg/s;
ℎdein: the specific enthalpy of higher-pressure heater drain,
kJ/kg; ℎdeout: the specific enthalpy of this stage drain, kJ/kg;
𝑚fw: the feedwater flow, kg/s; ℎfwin: the specific enthalpy of
feedwater into the heater, kJ/kg; ℎfwout: the specific enthalpy
of feedwater out of the heater, kJ/kg; 𝜂hfen: the heat transfer
sufficiency.

(v) Deaerator. The deaerator is used to remove the dissolved
oxygen and other gases in feedwater. It can prevent and
reduce the corrosion of feed water pipelines, economizer,
and other ancillary equipment. The heat balance equation is
shown as

𝐻water =
𝐻steam ⋅ 𝑚steam + 𝐻feedwater ⋅ 𝑚feedwater + 𝐻drain ⋅ 𝑚drain + 𝐻other ⋅ 𝑚other

𝑚steam + 𝑚feedwater + 𝑚drain + 𝑚other
, (5)

where 𝐻water: the specific enthalpy of feedwater out of the
deaerator, kJ/kg; 𝐻steam: the specific enthalpy of extraction
into deaerator, kJ/kg; 𝑚steam: the steam flow of turbine, kg/s;
𝐻feedwater: the specific enthalpy of feedwater into deaerator,
kJ/kg; 𝑚feedwater: the feedwater flow into deaerator, kg/s;
𝐻drain: the specific enthalpy of drain into deaerator, kJ/kg;
𝑚drain: the drain flow to the deaerator, kg/s;𝐻other: the specific

enthalpy of other steam or water into deaerator, kJ/kg;𝑚other:
other steam or water flow to the deaerator, kg/s.

(vi) Solar Collector Flied. Solar collector field consists of a
series of parabolic trough reflective mirrors and the heat-
absorbing tube. Sun light is reflected by the mirrors into
the heat-absorbing tube which is located in the focus of the
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mirrors.The heat transfer oil inside the tube is used to absorb
the focused heat. The heat absorbed by the solar field can be
calculated as

𝑄absorbed = 𝐴 ⋅DNI ⋅ cos (𝜃) ⋅ IAM ⋅RowShadow

⋅EndLoss ⋅ 𝜂field ⋅ 𝜂HCE ⋅ SFAvail,
(6)

where 𝑄absorbed: the heat absorbed by the solar field, W; 𝐴:
the solar field area, m2; DNI: the direct normal irradiation,
W/m2; 𝜃: the incidence angle, ∘; IAM: the correction factor of
incidence angle; RowShadow: the correction factor of collec-
tor shelter; EndLoss: the correction factor of end-loss; 𝜂field:
the optics correction factor of solar field efficiency; 𝜂HCE: the
optics correction factor of solar collector equipment; SFAvail:
the ratio of solar collector and solar field.

The calculation formula of solar field investment is shown
as

𝐼solar = 𝐴𝐶solar, (7)

where 𝐼solar: the investment of solar field, dollar; 𝐶solar: the
unit cost of solar field, dollar/m2.

(vii) Thermal Storage System. In thermal storage systems,
molten salts are stored at two temperature levels defining a
certain temperature difference that is used in order to charge
or discharge sensible heat. The lower temperature level is
defined by the molten salt freezing temperature plus a certain
operation and safety offset.The so-called solar salt, a mixture
of 60% NaNO

3
and 40% KNO

3
, can be used between 260

and 600∘C.The salt-oil heat exchanger is used to transfer heat
between molten salt and oil. The capacity and cost of thermal
storage system can be obtained as (8) and (9). Consider the
following:

𝐸salt = 1000𝑚HTFΔℎHTF𝜂, (8)

where 𝐸salt: the capacity of thermal storage system, MWth;
𝑚HTF: the oil flow, kg/s; ΔℎHTF: the enthalpy change of oil,
kJ/kg; 𝜂: the efficiency of salt-oil heat exchanger. Consider the
following:

𝐼storage = 𝐹salt𝐸salt𝐶salt + 𝐼0, (9)

where 𝐼storage: the investment of thermal storage system,
dollar; 𝐹salt: the factor considering there must be some salt in
the tank; 𝐶salt: the unit cost of molten salt, dollar/MWth; 𝐼0:
the cost of the tanks, dollar.

3.2. Optimization Strategies. The SACFPGS system saves fuel
consumption but increases the cost of power generation.
Therefore, evaluating changes in economic benefits after
the introduction of solar energy into coal-fired units is an
issue worthy of study. Based on the unchanged output of
SACFPGS system, this paper presents an indicator to evaluate
its economic benefits, that is, 𝐶ACSIH:

𝐶ACSIH =
𝑀coalsaving

(𝐼solar + 𝐼storage) ⋅ 𝑁
, (10)

Table 1: The integration approach of the SACFPGS system.

Number The first
extraction

The second
extraction

The third
extraction

1 Y Y Y
2 Y Y N
3 Y N Y
4 N Y Y
5 Y N N
6 N Y N
7 N N Y
8 N N N

where 𝐶ACSIH: the amount of coal saving in unit solar
investment per hour, g/(h⋅dollar);𝑀coalsaving: the amount of
saved coal in a year, g;𝑁: operation time, h.

The cost of solar side mainly focuses on the collector
field and the heat storage system. Reasonably choosing the
collector field area and the storage system capacity for the
SACFPGS system is thus important.

In the original system, the capacity of the heat storage
system is determined by the maximum value [19]. In the
current study, after the system is improved, the capacity of
the heat storage system cannot guarantee that the energy
absorbed by the solar collector field will all be used. The
unused energy will be wasted.The improved system will have
high 𝐶ACSIH due to the increase in cost of the heat storage
system as its capacity increases.

In this paper, genetic algorithm is used to optimize the
integrated system. Genetic algorithm is a stochastic global
search optimization method based on Darwin’s theory of
evolution and Mendel’s genetics. This method has inherent
parallelism and global optimization ability and considers
the probability of optimization methods in the search pro-
cess. Using probability optimization on the method, genetic
algorithm can automatically acquire and guide search space
optimization to achieve an optimal solution [20].

For the SACFPGS system, there are eight kinds of
integration approach, as shown in Table 1. In the table, “Y”
means replacing the high-pressure extraction, and “N”means
not replacing. The aim of this study is to find the best
integration approach of the system, the collector area, and
the corresponding thermal storage capacity when 𝐶ACSIH is
the largest. Heat storage capacity of three heat storage tanks
is denoted as ST1, ST2, and ST3. S1, S2, and S3 stand for the
collector area. The schematic of the optimization process is
shown in Figure 2. An initial population of individuals in
the range of optimization variables is chosen randomly at
first. The heat absorption of solar field and storage capacity
of each individual was calculated according to the DNI in
the first hour of a year. The system integration method was
determined by the calculation result. Then the fitness (i.e.,
𝐶ACSIH) of each individual was iteratively calculated by inte-
grated system thermodynamic calculation program.Through
calculating the fitness of individuals in every hour of a year,
the average valve can be obtained. The next population can
be generated by selection, crossover, and mutation according
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Determine real question parameters S1, S2,
S3, ST1, ST2, and ST3

Encode the parameters

Initialize colony P(t) Solar direct irradiation (DNI) in per hour

Calculate colony fitness

Finish and output optimized results

If it is satisfied stop rule

If it is the same as selected integration
mode

Yes

Yes

No

No

Using the integrated system thermal
performance calculation program

to iterative calculate
(1) Selection
(2) Crossover
(3) Mutation

Obtain next 
generation colony 

S1, S2, S3, ST1,
ST2, and ST3

According to QS1 + QST1, QS2 + QST2, and
QS3 + QST3 choose one kind of eight working

condition modes

Figure 2: Diagram of genetic algorithm optimization.

to the average fitness of individuals. Iterative calculating until
it reaches the maximum genetic algebra and output the best
individual.

4. Optimization Results

System optimization is based on the same original coal-
fired units that have N600-24.2/566/566 turbines for the
study. Unsaturated feedwater from the condenser enters the
boiler after going through a condensate pump, four low-
pressure reheaters (#5, #6, #7, and #8), a deaerator, a feedwater

pump, and three high-pressure reheaters (#1, #2, and #3).
The feedwater then absorbs heat in the boiler and becomes
superheated steam. Outlet superheated steam from the boiler
is transported to the high-pressure cylinder in the turbine
to produce power. Steam from the high-pressure cylinder
goes into the boiler being reheated to improve work capacity.
Reheated steam is transported to intermediate-pressure and
lower-pressure cylinders to produce power. Final exhaust is
condensed in the condenser. In the solar side, the mature
trough collector technology is used. The investment in the
collector system is $325/m2. The investment in the heat
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Table 2: Optimization results of the improved system.

Total area 𝐶ACSIH Storage capacity S1 S2 S3 ST1 ST2 ST3
km2 g/(h⋅dollar) MWth km2 km2 km2 MWth MWth MWth

0.1 0.0939 61.48 0 0.1 0 0 61.48 0
0.2 0.0950 29.18 0.0757 0.1219 0.0024 13.47 14.81 0.90
0.3 0.0804 9.42 0.0880 0.1369 0.0751 2.24 3.59 3.59
0.4 0.0624 43.98 0.1439 0.1761 0.0800 9.42 33.21 1.35
0.5 0.0524 26.03 0.0899 0.1956 0.2145 0 26.03 0
0.6 0.0447 23.34 0.2470 0.2653 0.0877 0 1.35 21.99
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Figure 3: (a) Allocation relationship of S1, S2, and S3 in the original and improved systems (with total areas of 0.1, 0.2, and 0.3 km2). (b)
Allocation relationship of S1, S2, and S3 in the original and improved systems (with total areas of 0.4, 0.5, and 0.6 km2).

storage system increases linearly with the increase in heat
storage capacity [21].

4.1. Improved System Optimization Analysis. The SACFPGS
system optimization program is developed on the basis of
the MATLAB platform. 𝐶ACSIH and other corresponding
parameters are obtained when the area of the solar collector
fields increases from0.1 km2 to 0.6 km2.The results are shown
in Table 2.

Table 2 shows the optimization results of the improved
system. When the solar collector field area increases from
0.1 km2 to 0.2 km2, 𝐶ACSIH is slightly increased to the highest
level of 0.0950 g/(h⋅dollar). When the solar collector area is
over 0.2 km2, 𝐶ACSIH decreases from 0.0950 g/(h⋅dollar) to
0.0447 g/(h⋅dollar) with the increase in solar collector area.
Therefore, increasing the collector area cannot lead to an
increase in 𝐶ACSIH. When the solar collector field area is
0.2 km2, 𝐶ACSIH reaches its maximum.

In this study, when the solar collector fields have a total
area of 0.1 km2, the best way to optimize the integration is
by using the entire area to replace the second-stage high-
pressure extraction. Thus, both S1 and S3 are 0. When the
solar collector field is 0.2 km2, the best way to integrate the
system is when S1 is 0.0757 km2, S2 is 0.1219 km2, and S3
is 0.0024 km2. S1, S2, and S3 all have the appropriate areas.
Table 2 indicates that the three collector fields all have their
own optimal collector area when the solar collector field area
increases from 0.2 km2 to 0.6 km2. S2 is always larger than S1
and S3. Table 2 also shows that the capacity of the heat storage
system is kept in a reasonable range and does not increase
with the increase in collector area.

4.2. Comparison of the Original and Improved Systems. Fig-
ures 3 and 4 show the differences of S1, S2, and S3 and ST1,
ST2, and ST3 between the original system and the improved
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Figure 4: (a) Comparative relationship of ST1, ST2, and ST3 in the original and improved systems (with total areas of 0.1, 0.2, and 0.3 km2).
(b) Comparation relationship of ST1, ST2, and ST3 in the original and improved systems (with total areas of 0.4, 0.5, and 0.6 km2).

systemwhen the total area of the solar collector field increases
from 0.1 km2 to 0.6 km2, respectively.

Figure 3 shows that when the total solar collector area is
0.1 km2, the best way to optimize integration for the original
and improved systems is by using the entire area to replace the
second-stage high-pressure extraction.When the total area of
the solar collector field increases from 0.2 km2 to 0.6 km2, S1,
S2, and S3 all have the appropriate area, but S2 is larger than
S1 and S3.

Figure 4 shows the contrast of ST1, ST2, and ST3 between
the original and improved systems. Heat storage capacity of
the improved system is smaller than that of the original sys-
tem.When the total area of the solar collector fields increases
from 0.3 km2 to 0.6 km2, the decrease of storage capacity in
improved system significantly reduces the investment of the
heat storage system and enhances the economic benefits of
the SACFPGS system. To further illustrate that the improved
system has an economic advantage, the differences of 𝐶ACSIH
between the original and improved systems are shown in
Figure 5.

Figure 5 shows that 𝐶ACSIH of the improved system is
higher than that of the original system when the solar collec-
tor field area increases from 0.1 km2 to 0.6 km2. This result is
due to the higher heat storage capacity of the original system
compared with that of the improved system. Consequently,
the investment of the original system is significantly higher
than the improved system. For the original system, the𝐶ACSIH
reaches the maximum (0.089 g/(h⋅dollar)) when the collector
field has a total area of 0.1 km2. The integration approach
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Figure 5: Comparative relationship of 𝐶ACSIH in the original and
improved systems.

is using the entire area to replace the second-stage high-
pressure extraction. For the improved system, the 𝐶ACSIH
reaches the maximum (0.095 g/(h⋅dollar)) when the collector
field area is 0.2 km2. The integration approach is all three
high-pressure extractions being replaced. The maximum
𝐶ACSIH of improved system is 0.006 g/(h⋅dollar) bigger than
that of the original system.
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5. Conclusion

In this study, an improved thermal storage designing
approach by using the best value to determine the capacity
of the thermal storage system is proposed. It cannot ensure
that the remaining heat of solar field after being utilized
by coal-fired power plant is stored in the thermal storage
system, but it can improve the 𝐶ACSIH. The maximum 𝐶ACSIH
of improved system is 0.006 g/(h⋅dollar) bigger than that of
original system.

Genetic algorithm is used to optimize the improved
SACFPGS system. The best integration method of the
improved system is that all three high-pressure extractions
are replaced. The total area of the solar collector field is
0.2 km2. Every solar collector field has areas of 0.0757 km2,
0.1219 km2, and 0.0024 km2 and thermal storage capacities of
13.47MWth, 14.81MWth, and 0.90MWth.While the best inte-
gration method of the original system is that only the second
high-pressure extraction is replaced, the total area of the solar
collector field is 0.1 km2, and the thermal storage capacity is
76.03MWth.

The second collector area is always larger than the first
and third collector areas in both original and improved
systems when the total area of the solar collector field
increases from 0.1 km2 to 0.6 km2.
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This paper presents design and testing of a shell-encapsulated solar collector which can be used in north area of China for wall-
amounting installation.The designed solar collector is based on the combination of a novel compound curved surface concentrator
and an aluminum concentric solar receiver, which is contained in a glass evacuated-tube. As there is no perforative joint between
the double-skin glass evacuated-tube and the aluminum concentric solar receiver, the difficulty of vacuum keeping for a glass-metal
joint is avoided. The cavity shell provides an additional thermal insulation to reduce heat loss of the designed solar collector. The
working principle of the compound curved surface concentrator is described. The ray-tracing results are given to show the effect
of deviation angle of the concentrator on its optical efficiency, hence determining its maximum acceptance angle. A prototype of
the designed solar collector has been constructed and tested under the sunny winter weather condition. The experimental results
indicate that the hot water temperature higher than 80∘C with a daily average efficiency of about 45∼50% has been achieved at the
average ambient temperature below 0∘C, so the designed solar collector can produce hot water at a useful temperature in winter.

1. Introduction

Generically, there are two types of solar collectors being
used widely, that is, conventional flat plate collectors and
recently-developed glass evacuated tube collectors.They have
their individual advantage and disadvantage. The flat plate
solar collectors have the advantages of bearing mechanical
stress, no immediate leaking once partly damaged, and easier
architectural integration, while their disadvantages are low
operating temperature in winter and being subject to the
problem of freezing damage. Reversely, the glass evacuated
tube collectors can maintain a sufficiently high operating
temperature at the ambient temperature below the freezing
point in winter; for example, at the outdoor temperature
higher than –10∘C, the collection temperature can exceed
45∘C. However, they have the disadvantage of easily being
damaged under mechanical stress especially for the large
scale system.The evacuated tube solar collectors have signifi-
cantly higher efficiency than the flat plate collectors at higher
collection temperature or lower ambient temperature owing
to vacuum thermal insulation. Zambolin and Del Col [1] had

experimentally compared these two types of solar collectors
and found that the evacuated tube collector could maintain
an efficiency of above 50% at the average hot water tem-
perature of about 60∘C, ambient temperature of 20∘C, and
solar irradiance of 700W/m2. Solar concentrators could be
used to enhance the thermal performance of the evacuated
tube collectors for higher operating temperature application
or the situation of low solar irradiation. The concentration-
type solar collector designed by Snail et al. [2] has an optical
efficiency of 65% and a thermal efficiency of better than
50% at fluid temperatures of 200∘C without tracking the
sun. In comparison, Rabl et al. [3] had studied combination
of nonevacuated solar collectors with compound parabolic
concentrators (CPC). Li and Wang [4] have investigated a
combined trough parabolic concentrator and evacuated tube
solar collector system and measured an efficiency of about
70% at the outlet water temperature of 105∘C. Although the
production of CPC optical surfaces can be done only by
expensive single-point machining techniques, it is possible to
approximate the complex surfaces of the CPC by means of a
limited number of simpler shapes without severe efficiency
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losses [5]. Adsten et al. [6] have proposed a so-calledMaReCo
design of solar concentrators for stationary installation.
Norton et al. [7] gave many researches to symmetric and
asymmetric linear compound parabolic concentrators which
is very useful for us to design some novel concentrators.

On the other hand, in some situation the collector needs
be mounted on the wall. For example, in very high building
the users hope to fix their solar collector on the south wall if
it is available. Ji et al. [8] described a wall-mounted hybrid
photovoltaic/water-heating collector. The evacuated tube
solar collectors are particularly suitable for wall-mounting
installation in the area of high latitude [9]. However, the
vacuum tube collector is cram with water which adds its heat
mass so that it gives very low temperature hot water in winter.
In order to get higher temperature thermal energy, Adsten
et al. (2005) evaluated various asymmetric CPC designs for
stand-alone, roof or wall-mounted installations. Mills et al.
[10] also researched the characteristics of asymmetric CPC
solar collectors with tubular receiver and indicated that they
can be used in some special occasion.

In addition, the receiver used in the compound parabolic
concentrator is very important. Mills et al. [10] discussed
the problems about evacuated tube solar receivers mounted
in special concentrator. Tripanagnostopoulos et al. [11] also
discussed the problem about CPC solar collectors coupling
with flat bifacial absorbers. All of the previous work is to
pursuit the higher working temperature of the collector or let
the collectors be able to operate in winter.

This study will present design and testing of a new-type
solar collector based on incorporation of a novel compound
curved surface concentrator with an aluminum concentric
solar receiver enclosed in a glass evacuated tube.Thedesigned
solar collector would be suitable for wall-mounting installa-
tion in the area of high latitude.

2. Design of the System

Theuse of a novel compound curved surface solar concentra-
tor is a key element in the design of a new-type solar collector
hot water system for wall-mounting installation. Combined
with the glass evacuated tube solar receiver, the solar collector
system would be able to provide hot water at the temperature
of above 70∘C in the winter. The detailed innovative design is
described as follows.

2.1. Design of the Compound Curved Surface Concentrator.
The key component of the proposed new-type solar collector
system is a novel trough-type compound curved surface
concentrator; the cross-section of which is shown in Figure 1.
The compound concentrator consists of two upper parabolic
mirrors formed from a paraboloid “1,” two plane mirrors “2,”
and a parabolic mirror “3” at the base. The heights of the
two upper parabolic mirrors are not equal to give a tilted
aperture, the angle of which is associated with geographic
latitude. The central line of a tubular receiver “4” overlaps
with the focus line of the paraboloid “1” while it may slightly
be above the focus line of the paraboloid “3.” The incoming
rays within a certain angle to the symmetrical axis of the
concentrator are mainly reflected by the upper parabolic
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Figure 1: A cross-sectional view of the compound curved surface
concentrator.

mirrors to the receiver “4” and the rest are reflected by the
plane mirrors and the base parabolic mirror, which may re-
reflect the reflected rays from the mirrors “1” to the receiver
“4.”

2.1.1. Design Considerations. On the cross-section of the
concentrator as shown in Figure 1, 𝐴𝐷 and 𝐵𝐶 are the left
and right sections of the parabolic curve “1” with its focus on
the point 𝐹

1
, which is described by

2𝑝

1
(𝑦 − 𝑙) = 𝑥

2

, (for upward opening, 𝑝
1
> 0) , (1)

where 𝑝
1
is the focal parameter and 𝑙 is the vertical distance

from the vertex of the parabolic curve “1” to the 𝑥-axis.
The parabolic curve is truncated with straight line 𝐴𝐵,

which, therefore, forms the aperture of the parabolic curve.
The tilt angle 𝛼 of the line 𝐴𝐵 may be the same as local
geographic latitude. The straight line segments 𝐷𝐸 and 𝐶𝐺
are vertical to the 𝑥-axis and symmetrical about the 𝑦-
axis. The distance between 𝐷𝐸 and 𝐶𝐺 and their reasonable
lengths are chosen in accordance with the diameter of the
tubular receiver and also in order tomaximize the acceptance
angle. 𝐸𝑂𝐺 is a section of the parabolic curve “3” with its
focus at the point 𝐹

2
and its vertex on the 𝑥-axis. The 𝐸𝑂𝐺

is described by

2𝑝

2
𝑦 = 𝑥

2

, (for upward opening, 𝑝
2
> 0) , (2)

where 𝑝
2
is the focal parameter. Therefore, the cross-section

of the compound curved surface comprises of the parabolic
curved segments 𝐴𝐷 and 𝐵𝐶, straight line segments𝐷𝐸 and
𝐶𝐺, and parabolic curved segment 𝐸𝑂𝐺.

2.1.2. Geometric Concentration Ratio and Maximum Accep-
tance Angle. As shown in Figure 1, the two angles 2 ⋅ 𝛿

𝐴
and

2 ⋅ 𝛿

𝐵
are formed between the tangent lines from the points
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As 𝑥2
𝐴

> 𝑥

2

𝐵

, there is 𝛿
𝐴
< 𝛿

𝐵
. It is obvious that angle 𝛿

𝐴
or

angle 𝛿
𝐵
represents the maximum allowable deviation angle

of the concentrator’s symmetrical axis from the incoming rays
in order to reflect the rays from point 𝐴 or point 𝐵 to the
tubular receiver “4.” Relative to the normal incidence rays the
inclined incoming rays from the left may hardly strike on the
mirror 𝐴𝐷, so 𝛿

𝐴
may be considered as the lower acceptance

angle of the concentrator. All the inclined incoming rays from
the right at the deviation angle which is no larger than 𝛿

𝐴
can

be directly reflected to the receiver by the parabolic mirror
𝐴𝐷. Similarly, 𝛿

𝐵
may be considered as the upper acceptance

angle of the concentrator. In fact, each point on the parabolic
mirrors 𝐴𝐷 and 𝐵𝐶 has its individual maximum allowable
deviation angle. According to (3), the individual maximum
allowable deviation angle obviously increases when the point
is moving down.Therefore, when the deviation angle is larger
than 𝛿

𝐴
or 𝛿
𝐵
, part of the incoming rays can still be reflected

directly to the receiver by the lower part of the parabolic
mirrors 𝐴𝐷 and 𝐵𝐶 and some other may reach the receiver
through the second reflection by the plane mirror “2” and
base parabolic mirror “3.” For this reason, the maximum
acceptance angle 𝛿max could be much larger than 𝛿

𝐴
and

𝛿

𝐵
. A little more detail about 𝛿max will be discussed in the

following section. If the tilt angle of the compound curved
surface concentrator is adjusted to follow the sun, the angle
𝛿

𝐴
(< 𝛿
𝐵
) could be used to determine the time interval for

adjusting the tilt angle. In other words, this angle can also
represent the maximum allowable tracking deviation.

The geometrical concentration ratio of the compound
curved surface concentrator may be defined as

𝐶 =

𝐴𝐵

𝜋𝑑

,
(4)

where 𝐴𝐵 is the width of the aperture 𝐴𝐵 and 𝑑 is the
diameter of the tubular receiver. If using the width of the
aperture𝐴𝐵 and the diameter of the tubular receiver to define
the geometrical concentration ratio, then 𝐶 is 𝐶 = 𝐴𝐵/𝑑.

Equations (1)–(4) may be used to determine the accep-
tance angle and geometrical concentration ratio of the con-
centrator for a given geometry. For example, assuming that
the concentrator had the following geometrical parameters,
𝑑 = 50mm, 𝑙 = 12mm, 𝑝

1
= 44, 𝑝

2
= 50, 𝑥

𝐵
= 108mm, and

𝛼 = 26.5

∘, there is that 𝛿
𝐴
= 6

∘.Themaximum receiving angle
𝛿max is 18

∘, and the geometric concentrating ratio 𝐶 = 1.84
(for the perimeter of the tubular receiver) or 𝐶 = 5.8 (for the
diameter of the tubular receiver).
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Figure 2: Illustrated diagram of tracking error.
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2.1.3. Tracking Accuracy Requirement. Ideally, if the trough
concentrator could track the sun accurately, all incoming
sunlight would be reflected by the trough surface to the focus,
reaching the receiver. However, there is a tracking error, that
is, the symmetrical axis of the trough being deviated from
the sunlight as shown in Figure 2. For any receiver being
used, there is a maximum allowable deviation angle which
may depend on the position on the trough surface. This
angle actually represents tracking accuracy requirement for a
certain point. As seen from Figure 2, themaximum deviation
angle 𝛿 changes with the position of point on the trough
surface.

For the design parameters described in the previous
section, the variation of 𝛿 with the position of point was
computed and shown in Figure 3. It is clear that the tracking
accuracy requirement for different point is different. For
example, the tracking accuracy was 9.3∘ when the distance
from original point is 108mm, 5.3∘ for 143.7mm distance.
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Figure 4: Ray-tracking for various deviation angles of the concentrator.

It can be found that the tracking accuracy requirement will be
higher when a reflection point is more distant from the focus
point. The minimum value of these calculated maximum
allowable deviation angle may be considered as the tracking
accuracy requirement of the whole trough if all incoming
sunlight is expected to reach the receiver.

2.1.4. Ray-Tracing Analysis. The compound curved surface
concentrator with the above assumed geometrical parameters
was modeled in the 3D design software Pro/ENGINEER,
and the physical model was saved as IGES format and
then was imported into the optical simulation software
LightTools for ray-tracing analysis. The incident rays were
assumed to be parallel and the number of rays was set
at 100. Ray-tracing simulation was performed for various
deviation angles. Figure 4 shows the ray-tracing results for
the clockwise deviation angles of 10∘, 12∘, and 17∘ and the
anticlockwise deviation angles of 6∘, 7∘, and 15∘.

It is apparent that the deviation angle affected the number
of the rays reaching the receiver. In order to compare
this effect between different deviation angles, it would be
convenient to define an ideal optical efficiency which is
the ratio of the number of rays reaching the receiver to

the total number of incoming rays. According to the results
of ray-tracing analysis, the relationship between the ideal
optical efficiency and deviation angle can be obtained and
is shown in Figure 5. It can be seen that when the deviation
angle of the concentrator’s symmetrical axis is between 12∘
clockwise and 6∘ anticlockwise, all incoming rays can reach
the receiver; the ideal optical efficiency is 1.0. When it is
17

∘ clockwise, the ideal optical efficiency is 0.81, and when
it is 17∘ anticlockwise the ideal optical efficiency is only
0.58. The reason for this difference could be explained as
follows: as discussed in the previous section, the individual
maximum allowable deviation angle of each point on the
parabolic mirrors “1” decreases when the point is moving
up. As the height of the leftward parabolic mirror is larger
than the rightward parabolic mirror, the average maximum
allowable deviation angle of the leftward parabolic mirror is
smaller than the rightward one; hence less percentage of the
incoming rays are reflected to the receiver when the deviation
angle is larger than 𝛿

𝐴
and 𝛿

𝐵
. It can be also expected that

the complete curve of the ideal optical efficiency would look
almost symmetrical crossing the vertical line 𝑎𝑏which passes
through the clockwise deviation angle about 2.5∘, shown as in
Figure 5. But actually the rightward section of curve is slightly
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Figure 5: The relationship between the ideal optical efficiency and
deviation angle of the concentrator.

steeper than the leftward section. The two end points of the
flat section of the curve are corresponding to the upper and
lower acceptance angle.Themaximum acceptance angle may
be determined by extending the efficiency curve to intercept
with the 0% efficiency line. It is worthwhile to mention that
Figure 5 would look somewhat different if a fixed density
of rays instead of a given number is chosen for ray-tracing
analysis.

2.2. Design of the Sun Tracking System. Seen from Figure 5,
the designed compound surface concentrator has a clockwise
acceptance angle of 13.5∘ and anticlockwise acceptance angle
of 9.5∘, in which the optical efficiency is more than 90%. It
will give an overall acceptance angle of 23∘. So, sun tracking
is necessary in order that the concentrator could collect the
direct solar radiation as much as possible. For the wall-
mounting installation, if the biggest solar altitude angle is 90∘,
then the daily adjustment number for tracking the sun is only
90/23 ≈ 4 times. In winter, it mostly need not adjust the angle
because the solar altitude angle is small. For the designed
solar collector, it was intended to use a single-axis automatic
solar tracking system with the tracking accuracy of about 2∘
and the tracking time interval of thirtyminutes in accordance
with the anticlockwise acceptance angle of 9.5∘. This tracing
system adopts the light-operated excitation mode.

2.3. Design of the Receiver. The solar receiver is another key
component. A double-skin glass evacuated tube incorporated
with a concentric aluminum pipe was used as the solar
receiver.The outer dimension of the glass evacuated tube was
58mm × 2100mm. The concentric aluminum pipe includes
two layers as shown in Figure 6. The outer aluminum has a
diameter of 42mm and a length of 1900mm, and its outer
surface was coated by an oxidation film to form an effective
tubular solar absorption surface. Compared with the conven-
tional finned U-tube solar absorbers, the concentric absorber
has an annular water channel on the inside of the tubular
solar absorption surface, so the thermal resistance could be
minimized. In addition, the double-skin glass evacuated tube

does not have any perforative junction with the aluminum
concentric pipe; hence the possibility of vacuum leakage
could also be minimized.

2.4. Design of the Shell-Encapsulated Solar Collector. The
schematic structure and experimental prototype of the
designed solar collector are shown in Figure 7. The solar col-
lector is comprised of an encapsulation shell “1,” a combined
manual and automatic tracking mechanism “2 and 3,” several
small-size trough-type compound curved surface concentra-
tors “4,” a glass cover “5,” and several glass evacuated tube
solar receivers “6.”Theworking principle of the solar collector
is as follows: (1) the solar rays are incident on the compound
curved surface collector “4” through the glass cover “5”; (2)
the rays are reflected to the surface of the receiver “6”; (3) the
solar radiation is transformed into heat through absorption
by the selective coating on the outer aluminum pipe; (4) the
heat transfer fluid enters the inner tube of the concentric
aluminum pipe, and then it flows into the annular channel
between the middle pipe and outer pipe, where it absorbs
heat and its temperature increases along the channel; (5) the
heat transfer fluid transports heat to the hot water storage
tank through the circulation line, and it releases heat to water
through the immerged coil heat exchanger to increase the
water temperature. Compared with the common evacuated
tube solar collectors, the designed concentration-type solar
collector uses less number of evacuated tubes for the same
solar collection area, so the overall amount of heat transfer
fluid in the tubes could be reduced. This may help reduce
the overall thermal inertia and hence lead to a fast thermal
response. Due to the use of solar concentration, the solar
collectormay be able to provide a usable water temperature in
the coldwinter and is not subject to the frosting problem, so it
is especially suitable for the high-latitude regions and winter
with a smaller solar elevation angle.

The dimension of the prototype wall-mounting solar
collector was 2.3m×2.0m×0.3m.The inside of the encapsu-
lation shell was attached with a cystosepiment board of about
20mmthick and a thin layer of glasswool as the thermal insu-
lation layer to reduce heat loss. The solar collector included
four trough-type compound curved surface concentrators.
The tracking system was behind the trough concentrators,
so it was seen from outside. Each trough concentrator had a
width of 260mmand a length of 1900mm to give an aperture
area of 0.494m2. The reflecting surface of the concentrators
had about 92% reflectance with the diffuse reflectance less
than 10% and specular reflectance equaling 88%. The glass
cover and encapsulation shell was jointed to form an enclosed
cavity. The glass cover was a 4mm thick low-iron float flat
glass with the light transmittance of 0.88 that exceeds the
requirement of GB 11614-2009 (China’s Nation Standard and
Profession Standard for flat glass). Although the glass cover
reduces the amount of solar radiation entering the solar
collector, it provides dust-proof for the concentrators and
the enclosed cavity could help reduce heat loss from the
evacuated tube solar receiver.
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Figure 7: The schematic structure and photo of the prototype shell-encapsulated solar collector.

3. Performance Testing of the Prototype
Solar Collector

3.1. Experimental System. As shown in Figures 7 and 8, the
experimental system included a prototype wall-mounting
shell-encapsulated solar collector, a water tank, a circulation
pump, a feed container, a heat exchange coil, and a circulation
pipe. A 20mm thick thermal insulation layer was applied to
the circulation line and water tank to reduce heat loss. The
working principle of the experimental system is as follows:
the incoming solar radiation is concentrated and collected by
the solar collector to heat up the heat transfer fluid inside;
then the heated working fluid flows to the water tank where

its heat is released to the water.The cooled working fluid after
heat release is circulated by the pump to the solar collector
to be heated again. With the process continuing, the water
temperature in thewater tank gradually rises.When it reaches
to a certain degree, it is ready to be used.

The performance testing was conducted in Beijing
(N39∘57,E116∘19) with the ambient temperature in the
range of −1∼ −9∘C. The volume of the water tank was 80 L
with an initial water temperature at 11.6∘C. In the experiment,
the solar irradiance was automatically recorded by a TRM-2
solar test system (including the TBQ-DI solar radiation table)
with the accuracy ±5%.The calibrated k-type thermocouples
were used to measure temperatures at various points on
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Figure 8: Schematic experimental system for testing the prototype
shell-encapsulated solar collector.

the system. The data were recorded by a TT-12 temperature
data logger, in which reading interval could be adjusted.

3.2. Experimental Results and Analysis

3.2.1. Efficiency Testing. In order to validate the designed
solar collector for application in winter, two days with lower
ambient temperature were chosen for the experiment. The
prototype solar collector was placed vertically to simulate
the wall-mounting installation. The system was in automatic
tracingmodel.The ambient andwater temperatures and solar
irradiance on vertical plane were recorded every 20min. The
recorded data are shown in Figures 9 and 10.

It can be seen from the solar irradiance values in Figure 9
that two chosen days for testing were sunny and cloudless,
but the ambient temperature was below −1∘C. As shown in
Figure 10, the prototype solar collector had heated the storage
water up to nearly 80∘C by 3:00 pm, so it could fully meet the
requirement of domestic hot water in winter in colder areas.
The water temperature almost increased linearly with time
at the beginning and exceeded 65∘C at around 2:00 pm, and
then the rate of temperature rise began to decrease because
the solar radiation started to decrease in the afternoon while
the heat loss of the system continued to increase with the
increasing water temperature. It can also be seen that the
enclosed cavity generally had a temperature of above 20∘C.
This would clearly help to reduce heat loss to the ambient
compared with the situation of exposing the evacuated tube
solar receivers to the ambient temperature of below 0∘C in the
winter.
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Figure 9: Change of the solar irradiance and ambient temperature
with local time.
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Figure 10: Change of water temperature and shell inside tempera-
ture with local.

The daily average efficiency is a key parameter to charac-
terize a solar collector, and it may be defined as follows:

𝜂

𝑑
=

𝑀𝐶

𝑝
(𝑡

𝑒
− 𝑡

𝑠
)

𝐴

𝑐
𝐻

,
(5)

where 𝜂
𝑑
is the daily average efficiency, 𝑀 and 𝐶

𝑝
are the

amount and specific heat of water, 𝑡
𝑠
is the initial average

temperature of the water tank (∘C), 𝑡
𝑒
is the final temperature

of the water tank (∘C), 𝐻 is the daily cumulative solar
radiation exposure (MJ/m2), and 𝐴

𝑐
is the aperture area of

the solar collector, which was 2.47m2.
Substituting the experimental data into (5) gives the daily

average efficiency of 51.3% for the 23rd of January and 50.1%
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Figure 11: Unsteady-state efficiency curves for three types of solar
collectors.

for the 25th of January, respectively. The small difference in
the efficiencies for these two daysmay be due to the difference
in the average operating temperatures.

The transient efficiency is a reflection of thermal conver-
sion efficiency changing with time, and it may be defined as
[12]

𝜂 =

𝑀𝐶

𝑝
(𝑡

𝑖+1
− 𝑡

𝑖
)

𝐴

𝑐
(𝐻

𝑖+1
− 𝐻

𝑖
)

, (6)

where 𝜂 is the transient efficiency,𝑀 is the water mass in the
water tank (kg), 𝐴

𝑐
is the aperture area of the solar collector

(m2), 𝐶
𝑝
is the specific heat of water (kJ ⋅ kg−1 ⋅ ∘C−1), 𝑡 is

the average water temperature in the water tank (∘C), 𝐻 is
the cumulative solar irradiation (MJ/m2), and the subscripts
𝑖 + 1 and 𝑖 stand for the start state and end state of each time
interval.

By inserting the experimental data into (6), the transient
efficiency 𝜂 at different time can be obtained and plotted
against the normalized temperature difference (𝑡

𝑚
− 𝑡

𝑎
)/𝐼

as shown in Figure 11. The transient efficiency displays an
approximate quadratic relationshipwith the normalized tem-
perature difference. The least square regression of the data in
Figure 11 gave the following formula:

𝜂 = 0.632 − 0.983𝑇

∗

𝑖

− 5.084𝑇

∗

𝑖

2

.
(7)

Figure 11 also shows the transient efficiency curves for an
efficient flat solar collector [13] and an evacuated tube heat-
pipe solar collector for comparison [14]. It can be seen that
when the water temperature equals the ambient temperature,
that is, (𝑡

𝑚
− 𝑡

𝑎
)/𝐼 = 0, the 𝑦 intercept of the transient

efficiency curve of the designed solar collector is 0.632, which
is higher than the other two solar collectors. This indicates
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Figure 12: The change trend of solar irradiance and water tempera-
ture with local time.

that the heat loss of the designed solar collector might be
considerably reduced due to the use of the solar concentrator
and cavity shell. The transient efficiency curves of three solar
thermal collectors are in a common trend; that is, with the
rise of the operating temperature their efficiencies decrease at
different slopes, amongwhich the efficiency curve of flat solar
collector has the steepest slope. The slope of the efficiency
curve of the designed solar collector is similar to that of
the common evacuated tube heat-pipe solar collector but is
slightly lower at higher temperature. This is mainly because
the thermal insulation of the designed solar collector is not as
good as that of the common evacuated tube solar collector;
thus a considerable amount of heat is lost at the water tank
and circulation pipe.

The system was also tested in the nontracking mode for
comparison, in which the trough was fixed during a day test.
But the tilt angle (between the symmetrical axis of the trough
and the ground) was adjusted between different days. For
example, the angle was 50∘ on 6th of November and 40∘ on
23rd of November, respectively. Other conditions were the
same as that of automatic tracing mode.

The experimental results on two typical shiny days are
given in Figure 12. Based on the data, the daily efficiency is
calculated to be 44.5% and 38%, respectively. This indicates
that the tilt angle has important influence on the efficiency.
Compared with the efficiency of about 50% for the tracking
mode, it can be seen that use of sun-tracking is important for
obtaining a high efficiency.

The measuring error of experiment was analyzed. The
differential operation is used in solving (5). Variation of
efficiency gave the following formula:

Δ𝜂
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(8)
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Figure 13: Change of solar irradiation with local time.

Bringing these parameters into efficiency error equation,
error can be worked out. The relative uncertainty is 2.6%. By
error analysis, the validity of the above method is proved.

3.2.2. Testing of Hot Water Displacement at a Controlled Tem-
perature. The experiment was also conducted to investigate
the thermal performance of the prototype solar collector
with a periodical displacement of hot water at a controlled
temperature. The system was in nontracking mode. The
concentrating troughwas fixed with the tilt angle of 50∘ in the
experiment. Such testingwasmade on several shiny dayswith
the setting temperature of 45∘C at which the cold water was
fed into the tank to displace hot water.When the temperature
of the outflow water reached a certain degree (40∘C or 35∘C),
thewater feedwas halted. Figures 13 and 14 show the recorded
values of solar irradiance and water temperature.

According to (5), the daily average thermal efficiency of
the prototype solar collector hot water system on the 22nd of
January may be calculated as follows:

𝜂

𝑑
=

𝐶

𝑝
⋅ ∑

𝑖

Δ𝑡

𝑖
⋅ 𝑚

𝑖

𝐴

𝑐
⋅ 𝐻

= 0.52, (9)

whereΔ𝑡
𝑖
is the change of average water temperature between

the 𝑖th displacement and the (𝑖 − 1)th displacement and 𝑚
𝑖

is the amount of water for the 𝑖th displacement. It is clear
that the thermal efficiency of the system with a periodical
displacement of hot water is slightly larger than that with a
closed water tank. The reason is that the prototype system
in the former situation operated at a lower temperature,
hence less heat lost to the ambient. In the same way the
efficiency on both 7th of November and 21st of January can be
obtained being 45% and 48%. It can be found easily that the
efficiency in the controlled temperature mode is bigger due
to its operation temperature being lower and heat loss being
less.
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Figure 14: Change of water temperature with local time.

4. Conclusions

In order to overcome the drawback of conventional solar
collectors in winter, that is, its unavailability due to low water
temperature or even freezing, this paper has presented a new
design of solar collectors based on combination of a novel
compound curved surface concentrator and an aluminum
concentric solar receiver contained in a double-skin glass
evacuated tube. A prototype solar collector has been con-
structed and encapsulated in a glass-covered shell, the cavity
which provides an additional thermal insulation.The perfor-
mance of the prototype has been tested for a sunny winter
weather condition and with wall-mounting installation. The
experimental results indicate that when the average ambient
temperature was below 0∘C the water temperature can be
heated up to 80∘C with a daily average efficiency of about
50%. Therefore, the designed solar collector could produce
useful hot water in winter. The designed solar collector has
the following advantages.

(1) The designed solar collector employs a novel com-
pound curved surface concentrator; the number of evacuated
tubes used per unit of solar collection area is reduced and
so does the amount of heat transfer fluid inside the solar
collector. Therefore, the thermal response of the system
would be fast. This would be beneficial for application in
winter when the period of sunshine is short and the ambient
temperature is low.

(2) A heat transfer fluid, which can operate between
–30∘C and 200∘C, is used to transport the collected solar
heat to the water tank through a circulation pump and a heat
exchange coil. The heat transfer fluid has a low freezing point
and would help to prevent the solar collector from cracking
and explosion due to the potential freezing in winter.

(3) The solar collector uses an aluminum concentric
pipe as the solar receiver. The fluid channel is directly on
the inside of the solar absorption surface, so heat transfer
would be fast and efficient. In addition, there is no joint
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between the evacuated tube and the aluminum concentric
solar receiver, so this has avoided the difficulty of vacuum
keeping for a glass-metal joint.
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A spectral selectivity surface for both solar heating and radiative cooling was proposed. It has a high spectral absorptivity
(emissivity) in the solar radiation band and atmospheric window band (i.e., 0.2∼3 𝜇m and 8∼13𝜇m), as well as a low absorptivity
(emissivity) in other bands aside from the solar radiation and atmosphericwindowwavelengths (i.e., 3∼8 𝜇mor above 13 𝜇m).A type
of composite surface sample was trial-manufactured combining titanium-based solar selective absorbing coating with polyethylene
terephthalate (TPET). Sample tests showed that the TPET composite surface has clear spectral selectivity in the spectra of solar
heating and radiation cooling wavelengths. The equilibrium temperatures of the TPET surface under different sky conditions or
different inclination angles of surface were tested at both day and night. Numerical analysis and comparisons among the TPET
composite surface and three other typical surfaces were also performed. These comparisons indicated that the TPET composite
surface had a relative heat efficiency of 76.8% of that of the conventional solar heating surface and a relative temperature difference
of 75.0% of that of the conventional radiative cooling surface, with little difference in cooling power.

1. Introduction

The temperature in outer space is close to absolute zero.
In addition, the higher atmosphere is much colder than
the surface of the earth. Therefore, the sky is a huge cold
storage for objects on the ground. Given the existence of
water vapor (H

2
O), carbon dioxide (CO

2
), and ozone (O

3
),

the atmosphere has different transmittances in different
wavelengths. In the vast majority of bands, the atmosphere
weakens the heat radiation from the ground to outer space.
However, in wavelengths such as 0.3∼3, 3.2∼4.8, and 8∼
13 𝜇m, the atmosphere has extremely high transmittance.The
band that interests us most is 8∼13 𝜇m (i.e., the atmospheric
window), wherein the heat radiation of bodies on the ground
are mainly concentrated. Objects on the surface of the earth
obtain a cooling power by radiating heat to the cold outer
space through the atmospheric window.This phenomenon is
“radiative cooling.”

Radiative cooling has been studied as early as the 1970s.
Michell and Biggs [1] carried out temperature measurements
in two identical houses roofed by TiO

2
-pigmented paint

applied onmetal substrate and aluminized Tedlar roofs.They
established that the temperature drop was too small, so the
spectral selectivity of the aluminized Tedlar roof could not
be exploited fully. Catalanotti et al. [2] realized a selective
surface with optical properties that matched the atmospheric
window. With respect to a black radiator, this surface is con-
siderably more effective for cooling by being exposed to the
clear sky. Erell and Etzion [3] found that keeping the radiating
surface relatively warm was the key to increasing radiative
cooling power. Therefore, the system they built made up of
a roof pond was insulated from the environment.The surface
of the flat plate was exposed to the sky through which the
water from the pond was cooled through convection and
radiation. In their another research [4], they analyzed the
parameters that affect the performance of a flat-plate radiator
designed for radiative cooling. An affordable, simple, and
flexible design for a cooling radiator was suggested as a result
of the analysis. The design was tested at the experimental
facilities of the Center for Desert Architecture at Sde Boker,
Israel. The mean nightly cooling output of the radiator (due
to the combined effect of radiation and convection) was over
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90W/m2 under typical desert meteorological conditions. Via
optimised combinations of aperture geometry and spectral
emittance profiles of surfaces and the atmosphere, Smith
[5] found that an amplified radiative cooling power up to
135W/m2 could be achieved. Zhang and Niu [6] proposed
a novel microencapsulated phase change material (MPCM)
slurry storage system by combining MPCM slurry storage
with a nocturnal radiative cooling system. The cooling
energy consumption and the effect of energy-free radiation
application were simulated in five typical cities across China.
Bagiorgas and Mihalakakou [7] established an aluminum
nocturnal radiator painted with appropriate white paint.
The dynamic thermal performance of the system during
summer was calculated using an accurate mathematical
model through an extensive validation process. Farmahini-
Farahani and Heidarinejad [8] established amultistep system
of nocturnal radiative cooling and two-stage evaporative
cooling, in which the nocturnal radiative cooling is used as
a precooling process to increase the subsequent evaporative
cooling step. The feasibility and potential of this system was
investigated for four cities which have different climate. Meir
et al. [9] presented a radiative cooling system that consisted
of unglazed flat-plate radiators, water as heat carrier, and
a reservoir. In addition, the effect of tilt angle, aperture
area, and reservoir volume on cooling performance has been
studied in simulations. Ge and Sun [10] summarized the
principle of radiative cooling and established the radiative
heat transfer model between the sky and the radiator. The
authors also conducted a sample calculation and analysis. Li
and Jiang [11] selected a set of compounds that can function
as radiators through the Sadtler standard spectra and studied
the fabrication process of radiating surface. Coatings and tiles
such as SiO, MgO, and LiF have been tested, yielding results
that suggest the possibility of radiative cooling at night [12,
13]. Rui and Zuo [14] conducted experimental tests on several
radiative materials. The results showed that the equilibrium
temperature of polyethylene terephthalate film (PET) was
11∘C lower than the ambient temperature under clear sky
conditions. Saitoh and Fujino [15] indicated that sky radiation
cooling appears most significant under certain weather con-
ditions, namely, clear weather with low relative humidity and
low wind speeds. Polyethylene is the most commonly used
convection cover to date, despite its vulnerability to rapid
degradation by solar ultraviolet.Many researchers focused on
other durable materials. Zinc sulphide has been found to be a
quite durable and suitablematerial which performs thermally
close to polyethylene by Bathgate and Bosi [16]. But they also
suggest that amuch cheaper way formanufacturing large zinc
sulphide tiles needs to be developed in the future. Gentle et
al. [17] proposed polyethylene mesh as the convection cover.
They found it performed a better performance in durability
and limits on unit areas comparing to polyethylene foil and
an advantage in transmittance and cost comparing to ZnS
tiles.

Radiative cooling devices are always very simple and
can obtain cooling powers without external energy input.
However, their cooling powers are not sufficiently large.
Moreover, a radiative cooling device cannot act as a flat-plate

solar collector during daytime because the radiator has very
low spectral absorptivity in solar radiation wavelength (i.e.,
0.2∼3 𝜇m). Meanwhile, a flat-plate solar collector cannot act
as a nocturnal cooling radiator because of its extremely low
emissivity in the atmospheric window wavelength (i.e., 8∼
13 𝜇m). In several decades, there has been little work reported
on solar heating andnocturnal cooling using the same surface
except for the original research by Matsuta et al. [18]. They
presented a kind of collective-radiative surface made of a
black copper plate, coated with a thin polyvinyl-difluoride
film which can act as a solar collector at daytime and sky
radiator at night. In this paper, we proposed a new spectral
selectivity surface for both solar heating during daytime and
radiative cooling during nighttime.

Firstly, it is necessary here to talk about the spectral
properties of spectral selectivity surface for both solar heating
and radiative cooling.

As we all know, the efficiency of a solar collector depends
on two major factors: spectral absorptivity in solar radiation
wavelength and heating loss. To improve heat efficiency, high
solar absorptivity and low heating loss must be ensured.
Approximately 99% of solar radiation is in the 0.2∼3 𝜇m
range. However, the vast majority of radiation from objects
on the earth is in 3∼25 𝜇m range. Therefore, the collector
surface should possess high spectral absorptivity in the 0.2∼
3 𝜇m range and low spectral emissivity in 3∼25 𝜇m range.
Solar selective absorbing coatings meet the above require-
ments and, thus, have been widely used on solar collectors.
Their spectral absorptivity (i.e., spectral emissivity) is always
higher than 0.9 in solar radiation wavelength and as low as
0.05 in other bands. The cooling effect of radiative cooling
devices is also closely related to the spectral properties of
the surface. Heat radiation of objects on the ground is
mainly concentrated in the atmospheric window wavelength
(8∼13 𝜇m). Therefore, the radiative cooling surface should
have high spectral emissivity in the atmospheric window
wavelength, indicating that it could obtain a large cooling
power by radiating heat to the cold outer space. Meanwhile,
surface temperature is lower than those of the sky and the
environment because of heat exchange with the cold outer
space and good insulation measures. Thus, the radiative
cooling surface should have low spectral absorptivity in those
bands excluding atmospheric window wavelength, which
indicates that it could reject most radiated heat from the sky
and the environment.

Based on the analysis above, to carry out solar heating
during daytime and radiative cooling during nighttime, the
key is to obtain a spectral selectivity surface that could
achieve the two functions. This kind of surface should have
high spectral absorptivity (emissivity) in solar radiation and
atmospheric window wavelengths so that it could obtain a
large heating power during daytime and a large cooling power
at nighttime. In addition, the surface should have low spectral
absorptivity (emissivity) in other bands aside from the solar
radiation and atmospheric window wavelength, allowing it
to decrease radiant heating loss during daytime and radiant
cooling loss during nighttime. Obviously, the ideal surface
for both solar heating and radiative cooling should have
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(a) Titanium-based coating (b) PET powder (c) Constant temperature oven

Figure 1: Materials and processing facility of the TPET surface.

an absorptivity (emissivity) of 100% in solar radiation and
atmospheric window wavelengths but zero in other bands.

In this study, we trial-manufactured a type of composite
surface sample combining titanium-based solar selective
absorbing coating with polyethylene terephthalate (TPET).
Then the spectral properties of the composite surface were
measured. The solar heating and radiative cooling perfor-
mance of TPET were also compared with three other typical
surfaces via numerical analysis. In addition, experimental
tests were carried out. A system based on this kind of surface
can not only act as a solar heating system in the daytime
but also act as a radiative cooling system in the nighttime,
which means it could work all through the day to address the
limitations of traditional radiative cooling devices and flat-
plate solar collectors mentioned above and shorten the initial
payback period. This TPET composite surface also shows its
good potential of practical use in industry since its processing
method and cost are simple and cheap.

2. Trial-Manufacturing, Spectral
Measurement and Analysis, and
Preliminary Experimental Test

2.1. Trial-Manufacturing. Solar selective absorbing coatings
have spectral properties close to those of an ideal solar collec-
tor surface. However, polyethylene terephthalate (PET) film
has high spectral emissivity in the atmospheric window band
and high spectral transmittance in other bands. Therefore,
we propose a composite surface consisting of a solar selective
absorbing coating upon which a sheet of PET film is coated.
Based on the spectral analysis result, the spectral properties
of the composite surface are close to those of the ideal surface
for both solar heating and radiative cooling.

In this study, we selected the titanium-based coating
(Figure 1(a)) as the solar selective absorbing coating. At

the beginning, we cleaned the surface of the titanium-based
coating andmade it as flat as possible.Thenwe covered a layer
of 30 𝜇m thick PET powder (Figure 1(b)) on the titanium-
based coating with a powdermonitor. At the next stage, it was
sent to a constant temperature (200∘C) oven (Figure 1(c)) for
approximately 10min. The PET powder was turned into film
and then attached to the titanium-based coating. The new
composite surface after natural cooling was called the TPET
surface (Figure 2(b)).

The thickness of the PET film is a key factor of the
spectral properties of the composite surface. The thinner the
thickness of the PET film is, the closer the spectral properties
of the TPET composite surface will be to the ideal surface for
both solar heating and radiative cooling. In this paper, the
thickness of the PET film is 30 𝜇m, which is not thin enough
compared to that of some other researches [2, 18]. In further
studies, we will work on better ways such as finding more
specialized equipment or technologies to lower the thickness
of the PET film.

2.2. Spectral Measurement and Analysis. The TPET surface
is a radiopaque substance, so its spectral transmittance is
zero. Consequently, the spectral absorptivity (emissivity) of
the TPET surface can be obtained by testing its spectral
reflectivity based on

𝛼

𝜆
+𝜌

𝜆
= 1, (1)

where 𝛼
𝜆

is spectral absorptivity (emissivity) and 𝜌
𝜆

is
spectral reflectivity. The spectral testing instruments in this
study were the UV-Vis-NIR spectrophotometer (DUV-3700)
(Figure 3(a)) and Fourier transform infrared spectropho-
tometer (Bruker Equinox 55) (Figure 3(b)). Both instruments
can test spectral reflectivity and transmittance as a function
of the wavelength 𝜆, with spectral regions at 0.2∼2.5 𝜇m and
2.5∼25 𝜇m, respectively. The spectral reflectivity of titanium-
based solar selectively absorbing coating was also tested as
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(a) (b)

Figure 2: (a)The titanium-based coating surface which was covered by a layer of 30𝜇m thick PET powder and before being sent to a constant
temperature (200∘C) oven. (b) The TPET surface.

(a) UV-Vis-NIR spectrophotometer (DUV-3700) (b) Fourier transform infrared spectrophotometer
(Bruker Equinox 55)

Figure 3: The spectral testing instruments.

well as the TPET surface in this paper. We tested each sample
of these two surfaces three times under the same conditions
and then took the average to eradicate any discrepancies.

The results are shown in Figures 4(a) and 4(c). Figure 4(c)
shows that the TPET surface has high spectral absorptivity
of approximately 0.92 in the solar radiation band, which
enables it to absorb the vast majority of solar radiation.
The TPET surface has high emissivity of approximately 0.8
in the atmospheric window spectrum, which indicates that
it could obtain a large cooling power by radiating heat
to the cold outer space. In other bands aside from the
solar radiation and atmospheric window wavelengths (i.e.,
3∼8 𝜇m or above 13 𝜇m), the TPET surface has relatively
low absorptivity and emissivity of approximately 0.55, which
allows it to decrease radiant heating loss during daytime
and radiant cooling loss during nighttime. Catalanotti et al.
[2] tested the spectral reflectivity of a conventional radiative
cooling surface (i.e., polyvinyl-fluoride film coating with a
sheet of evaporated aluminum). Figure 4(b) shows its spectral

absorptivity (emissivity) based on a combination of their
experimental results and (1).

2.3. Preliminary Experimental Test. To further analyze the
performance qualitatively, especially the radiative cooling
effect of the TPET composite surface, experiments were
carried out by testing its equilibrium temperatures under dif-
ferent sky conditions or different surface inclination angles.
The testing was performed on the night of May 29 and
30, 2014, in Hefei, China. Two different typical weather
conditions, namely, clear and cloudy, were presented during
the testing. We set four different inclination angles: 0∘, 30∘,
60∘, and 90∘.

The schematic diagram of the testing system, namely,
solar heating and radiative cooling combined system, con-
sisting of a surface for both solar heating and radiative cool-
ing, insulation layer, and windscreen, is shown in Figure 5.
Insulation measures are indispensable to ensure that the
system obtains considerable heating and cooling efficiencies.
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Figure 4: Spectral absorptivity (emissivity) of three kinds of real surfaces.

Windscreen
Surface for both solar heating

and radiative coolingInsulation layer

Ground plane

𝛽

(a) Schematic diagram (b) Physical picture

Figure 5: Schematic diagram and physical picture of the solar heating and radiative cooling combined system, where 𝛽 is the inclination
angle.

Therefore, setting the insulating layer at the bottom and
around the surface to decrease heat conduction is necessary.
It must also be covered by a windscreen at the top to
reduce heat convection. The insulation layer thickness in
our system is 50mm. The radiating area is 200 ∗ 200mm,

and the interval between the radiator and windscreen is
20mm. Notably, the windscreen should have high spectral
transmittance in solar radiation and atmospheric window
wavelengths, which enables most radiation in the two regions
to go through it. Therefore, the glazing cover used in a solar
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Figure 6: Spectral transmittance of low-density polyethylene film.
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Figure 7: Testing results from 22:30, May 29, to 6:00, May 30, 2014.

collector cannot act as a windscreen due to its low spectral
transmittance in the infrared band. Polyethylene film has a
high spectral transmittance in the entire 0.2∼25𝜇m region,
which indicates that it is a favorable windscreen for both solar
heating and radiative cooling. In this study, we chose low-
density polyethylene film (20𝜇m thick) as the windscreen
and tested its spectral transmittance in 0.2∼25𝜇m by the
UV-Vis-NIR spectrophotometer (DUV-3700) and Fourier
transform infrared spectrophotometer (Bruker Equinox 55).
The testing result is shown in Figure 6.

The testing results are presented in Figure 7. During the
testing period, the ambient temperature 𝑇

0
falls from about

27∘C in the evening to below 24∘C just before sunrise. The
weather was cloudy from 22:30 to 1:30 while it became
clear after 1:30 on the testing day. Thus, the equilibrium
temperature of each surface presented sharp drops of 3∘C to
5∘C at approximately 1:30. Thus, the radiative cooling effect
is better on clear days than on cloudy weather. After 5:00,
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Figure 8: Testing results on July 22, 2014, where 𝑇
𝑎

, 𝑇tested, 𝑇sim are
the ambient temperature and tested and simulated temperature of
the TPET surface, respectively, and 𝑆 is the solar irradiation.

the temperature of the TPET composite surface started to
increase because of the sunrise. However, the equilibrium
temperature increased when the inclination angle changed
from 0∘ to 90∘, indicating that the cooling effect worsened
as the inclination angle increased. Moreover, under the most
favorable condition (i.e., clear sky and inclination angle of 0∘),
the equilibrium temperature of the TPET composite surface
was about 13∘C lower than ambient temperature.

In addition, the equilibrium temperatures of the TPET
surface during the day were tested on July 22, 2014, to analyze
its solar heating performance. We chose an inclination angle
of 32∘ because it was the optimal situation for solar heating
in Hefei, China (31∘51N, 117∘17E). The results are presented
in Figure 8. It was sunny during the day, and the ambient
temperature was always higher than 30∘C with minimal fluc-
tuations. The equilibrium temperatures of the TPET surface
increased from 8:00 to 12:30 and then fell from 12:30 to
16:00, showing a trend similar to that of solar irradiation.The
average andmaximumvalues of solar irradiation of the TPET
surface were 710 and 925W/m2, respectively. Moreover, the
average andmaximum values of the equilibrium temperature
of the TPET surface were 90.4∘C and 109.7∘C, respectively.
Thus, the TPET surface demonstrated considerable solar
heating capacity.

3. Theoretical Analysis

(a) Solar energy absorbed by the combined system—𝑞
1
:

𝑞

1
= 𝜏

𝑐
⋅ 𝛼

𝑟
⋅ 𝑆, (2)

where 𝜏
𝑐
is the transmittance of the windscreen in the solar

radiation band, 𝛼
𝑟
is the absorptivity of the surface for

both solar heating and radiative cooling, and 𝑆 is the solar
irradiation (W/m2).
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(b) Radiation absorbed from the sky to the combined
system—𝑞

2
:

𝑞2 = 2∫
∞

0
∫

𝜋/2

0
𝜀

𝑠,𝜆
(𝜆, 𝜃) ⋅ 𝐸

𝑏,𝜆
(𝜆, 𝑇0) ⋅ 𝛼𝑟,𝜆 (𝜆, 𝜃)

⋅ 𝜏

𝑐,𝜆
(𝜆, 𝜃) sin 𝜃 cos 𝜃 𝑑𝜃 𝑑𝜆,

(3)

where 𝑇
0
is the ambient temperature (K), 𝜃 is the zenith

angle, 𝜀
𝑠,𝜆
(𝜆, 𝜃) is the directional monochromatic emissivity

of the atmosphere, 𝐸
𝑏,𝜆
(𝜆, 𝑇

0
) is the monochromatic radia-

tion intensity of the blackbody under ambient temperature
(W/(m2 ⋅ 𝜇m)), 𝛼

𝑟,𝜆
(𝜆, 𝜃) is the directional monochromatic

absorptivity of the surface for both solar heating and radiative
cooling, and 𝜏

𝑐,𝜆
(𝜆, 𝜃) is the directional monochromatic

transmittance of the windscreen.
(c) Radiation loss of the combined system—𝑞

3
:

𝑞3 = ∫
∞

0
[

𝐸

𝑏,𝜆
(𝑇

𝑟
) ⋅ (1 − 𝜌

𝑐,𝜆
) − 𝜀

𝑐,𝜆
⋅ 𝐸

𝑏,𝜆
(𝑇

𝑐
)

1/𝜀
𝑟,𝜆
− ((1 − 𝜀

𝑟,𝜆
) /𝜀

𝑟,𝜆
) ⋅ 𝜌

𝑐,𝜆

]𝑑𝜆, (4)

where 𝑇
𝑟
and 𝑇

𝑐
are the temperature of the surface and

windscreen, respectively. (K) and 𝑇
𝑐
are always close to 𝑇

0
in

practical situations. 𝐸
𝑏,𝜆
(𝑇

𝑟
) and 𝐸

𝑏,𝜆
(𝑇

𝑐
) are the monochro-

matic radiation intensities under 𝑇
𝑟
and 𝑇

𝑐
, respectively

(W/(m2 ⋅ 𝜇m)); 𝜌
𝑐,𝜆

is the monochromatic reflectivity of
the windscreen; and 𝜀

𝑟,𝜆
and 𝜀

𝑐,𝜆
are the monochromatic

emissivities of the surface and windscreen.
(d) Heat exchange between the combined system and

environment—𝑞
4
:

𝑞4 =









𝑇

𝑟
− 𝑇0








𝑅

𝑟𝑎

, (5)

where 𝑅
𝑟𝑎

is the total thermal resistance between the com-
bined system and environment:

𝑅

𝑟𝑎
=

𝑑ins
𝑘ins
+

1
ℎ

𝑎

, (6)

where 𝑑ins is the thickness of the insulation (m), 𝑘ins is the
thermal conductivity of the insulation (W/(m⋅K)), and ℎ

𝑎
is

the convective heat transfer coefficient between the combined
system and environment (W/(m2⋅K)). For a radiator covered
by a single polyethylene film windscreen, ℎ

𝑎
= 0.5 + 1.2𝑢0.5

[19], where 𝑢 is the wind speed (m/s).
(e) Heat gain of the combined system in solar heating

model—𝑞
5
:

𝑞5 = 𝑞1 + 𝑞2 − 𝑞3 − 𝑞4. (7)

(f) Cooling power of the combined system in radiative
cooling model—𝑞

6
:

𝑞6 = 𝑞3 − 𝑞2 − 𝑞4. (8)

(g) 𝜂
1
is the relative heating efficiency of the combined

system relative to the traditional flat-plate solar collector:

𝜂1 =
𝑞5
𝑞



1
× 100%, (9)

where 𝑞1 is the heat gain of the traditional flat-plate solar
collector (W/m2).

(h) 𝜂
2
is the relative temperature difference of the com-

posite surface relative to the conventional radiative cooling
surface:

𝜂2 =
𝑇0 − 𝑇𝑟
𝑇0 − 𝑇



𝑟

× 100%, (10)

where 𝑇
𝑟

is the equilibrium temperature of the conventional
radiative cooling surface (K).

4. Results and Discussion

In the radiative cooling mode, the equilibrium temperature
of the TPET composite surface with the change in ambient
temperature tested from 22:30, May 29, 2014, to 6:00, May
30, 2014, was calculated. The inclination angle of the TPET
composite surface was set as 0∘. The numerical results
are shown in Figure 7. Compared with the results of the
equilibrium temperature under inclination angle of 0∘, an
accepted agreement under clear weather was observed. A
difference of approximately 3∘C was observed under cloudy
weather. In the solar heating model, the inclination angle of
the TPET composite surface was set as 32∘. The equilibrium
temperature of the TPET composite surface with the change
in solar irradiation and ambient temperature tested on July
22, 2014, was also calculated, and the results are shown in
Figure 8. The simulation and experimental values demon-
strated good agreement.

To further evaluate the solar heating and radiative cooling
performance of the TPET surface, comparisons among the
TPET surface and three other typical surfaces, namely,
solar selective absorbing coating surface (conventional solar
heating surface), polyvinyl-fluoride film coating with a sheet
of evaporated aluminum (conventional radiative cooling sur-
face), and ideal solar heating and radiative cooling composite
surface (ideal composite surface), were performed according
to spectral properties of each surface (Figures 4 and 6). Ge
and Sun [10] provided related parameters.

A sample calculation was conducted under clear skies
and a surface with no inclination angle, as well as in
typical summer environmental conditions in Hefei, China
(i.e., ambient temperature of 35∘C during daytime and 30∘C
during nighttime and solar irradiation of 800W/m2 during
daytime). The temperature of each surface was set 50∘C
during daytime and 25∘C at nighttime. Comparisons of the
characteristics of each surface and their heating and cooling
performances are presented in Table 1.

Table 1 shows that the conventional solar heating sur-
face has nearly no cooling effect, whereas the conventional
radiative cooling surface has nearly no heating effect. The
TPET composite surface and ideal composite surface have a
solar heating and a radiative cooling effect. More specifically,
in a solar heating model, the conventional solar heating
surface had the highest heating efficiency. The TPET com-
posite surface had a relative heat efficiency of 76.8% to the
conventional solar heating surface compared with the ideal
composite surface that had a relative heat efficiency of 80.6%.
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Table 1: Comparisons of the characteristics of each surface and their heating and cooling performances under typical summer environmental
conditions of Hefei, China.

Function 𝛼0.2–3𝜇m 𝜀8–13 𝜇m 𝛼/𝜀3–8 𝜇m and 13–25𝜇m 𝜂

1

/% 𝜂

2

/% 𝑇

𝑟

∘C
q

W⋅m−2

Conventional solar
heating surface Heating 0.93 0.05 0.05 100 ≈0 29.2 ≈0

Conventional
radiative cooling
surface

Cooling 0.12 0.74 0.32 ≈0 100 10.8 36.1

TPET composite
surface

Heating and
cooling 0.92 0.80 0.55 76.8 75.0 15.6 35.6

Ideal composite
surface

Heating and
cooling 1.00 1.00 0 80.6 166 −1.89 47.2

∗

𝑇
𝑟
and q are equilibrium temperature and radiative cooling power of each surface, respectively.
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Figure 9: Change in radiative cooling power of the three kinds
of radiative cooling surfaces with surface temperatures at ambient
temperature of 30∘C.

In radiative cooling mode, the TPET composite surface had a
cooling power of 36.1W/m2 at a surface temperature of 25∘C
and an equilibrium temperature of 15.6∘C. Under the same
conditions, the conventional radiative cooling surface and
the ideal composite surface had cooling powers of 35.6 and
47.2W/m2, as well as equilibrium temperatures of 10.8 and
−1.9∘C, respectively. Moreover, the TPET composite surface
had a relative temperature difference of 75.0% relative to the
conventional radiative cooling surface compared with the
ideal composite surface that had a relative heat efficiency of
166%.

In addition, the change in the radiative cooling power
of the three kinds of radiative cooling surfaces with surface
temperatures at ambient temperature of 30∘C was examined
and then illustrated in Figure 9. The radiative cooling power
returned to zero when each surface reached its equilibrium
temperature. The linear increase with the rise of surface tem-
peratures was also presented. Moreover, the ideal composite
surface always had the highest cooling powers when the
surface temperature was lower than the ambient temperature.

When the surface temperature was higher than 25.2∘C, the
cooling power of the TPET composite surface was greater
than that of the conventional radiative cooling surface.
Although the surface temperature was lower than 25.2∘C, the
situation was reversed.

5. Conclusion

A spectral selectivity composite surface for both solar heating
and radiative cooling was proposed in this paper based on
properties and limitations of solar collectors and nocturnal
radiators. This kind of spectral selectivity composite surface
has high spectral absorptivity (emissivity) in solar radiation
band (i.e., 0.2∼3 𝜇m) and atmospheric window band (i.e., 8∼
13 𝜇m) and has low spectral absorptivity (emissivity) in other
bands. A type of composite surface used to fit in the spectral
properties was trial-manufactured and designated as TPET
composite surface. In this study, the spectral properties of the
TPET composite surface were tested. Numerical analysis was
performed to assess the solar heating and radiative cooling
performance of the TPET surface by comparing it with
three other typical surfaces. Experimental measurements
were also carried out.The results helped provide the following
conclusions:

(1) The TPET surface had high spectral absorptivity
(emissivity) in solar radiation and atmospheric win-
dow band, indicating that it could act as a solar
collector during the day and a nocturnal radiator
during the night. In other bands aside from the solar
radiation and atmospheric window wavelengths, it
exhibited relatively low spectral absorptivity (emissiv-
ity), allowing it to decrease radiant heating loss during
daytime and radiant cooling loss during nighttime.

(2) In the solar heating model, the heating efficiency
of the TPET surface was lower than that of the
conventional solar heating surface due to difference
of spectral emissivity in the atmospheric window
wavelength. However, the TPET surface continued to
demonstrate considerable heating efficiency.

(3) In the radiative cooling model, the cooling power
between the TPET surface and the conventional
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radiative cooling surface did not exhibit a large
difference. The temperature of the radiation surface
was a key factor to the cooling power. The higher the
temperature of the radiation surface was, the larger
the cooling power obtained.

(4) The sky condition and inclination angle of the surface
were two other important cooling effect factors. The
largest cooling power would appear when the sky was
clear and the inclination angle was 0∘. Throughout
our tests, the temperature of the TPET surface was
about 13∘C lower than that of the ambient temperature
under the most favorable condition for radiative
cooling.

A system based on this kind of surface can not only
address the shortcomings of conventional solar collectors and
conventional nocturnal radiators but also shorten the initial
payback period. Lowering further the spectral absorptivity
(emissivity) of the TPET composite in bands aside from
the solar radiation and atmospheric window wavelength or
finding any other material whose spectral properties are
closer to the ideal surface for both solar heating and radiative
cooling will be emphasized in future research.
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A new trough solar concentrator which is composed of multiple reflection surfaces is developed in this paper. The concentrator
was analyzed firstly by using optical software. The variation curves of the collecting efficiency affected by tracking error and the
deviation angle were given out. It is found that the deviation tolerance for the collector tracking system is about 8 degrees when the
receiver is a 90mm flat. The trough solar concentrators were tested under real weather conditions. The experiment results indicate
that, the new solar concentrator was validated to have relative good collecting efficiency, which can bemore than 45 percent when it
operated in more 145∘C. It also has the characteristics of rdust, wind, and snow resistance and low tracking precision requirements.

1. Introduction

Traditional solar parabolic trough concentrator is one of
the most widely used and well developed solar heat collec-
tor technologies. It has been applied successfully in many
large thermal power plants [1–4]. It can reach more than
400∘C when controlled by the precise solar tracking systems.
However, it has the following disadvantages [5, 6]: (1) the
requirement is very high not only for the sun-tracking system
but also for the paraboloide. If the reflected light cannot
be reached by the receiver, the light would be invalid. It is
difficult to achieve a satisfied result for a low cost solar heating
system. (2) This facility is easily affected by wind, snow, and
dust. And these would reduce the efficiency of system. (3)
High temperature solar receiver is installed on the top of the
reflecting surface, so the heat losses to the environment are
very high by radiation heat transfer. Both the installation and
the insulation for the receiver are difficult.

Aiming at overcoming the shortage of the traditional
groove parabolic concentrating collectors in recent years,
many researchers have studied and designed various kinds of
collectors. For example, Richter [7] introduced a new kind
of solar concentrator which consisted of double parabolic
troughs, which can improve light-gathering efficiency and

concentrating ratio in winter. Tao et al. [8] studied an image
by the focus of overlapping combination surface concentrated
groove collector, which was investigated and experimentally
tested. It proves that the groove type concentrator can
greatly reduce the requirement of tracking precision. Riffat
and Mayere [9] introduced a new type V-shaped groove
concentrator for desalination. The collector using a heat
conduction oil coil heater can increase the temperature of
water to more than 100-degree centigrade. The total water
production efficiency can be 38 percent. Anderson (2013)
[10] studied a trapezoidal groove type solar collector and
studied the process of natural convection heat transfer. Tsai
and Lin [11] studied a zoom groove parabolic concentrator,
in the zoom range, it can collect more than 90% of the
light. The researches of various new type solar collector
mentioned above provide themethods to reduce the accuracy
requirement for tracking device and increase the ability to
resist environment interference.

Based on the previous research results, a new type of
the combined surface parabolic concentrator is introduced
in this paper, in which a transparent cover is installed in its
opening. Its reflection surface is composed ofmultiple curved
surfaces, which allows the solar receiver to be synchronously
heated at the upper and lower surfaces. It is helpful to improve
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Figure 1: Multisurface groove concentrator focusing principle and geometry dimension.
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Figure 2: Structure and photo of the evacuated-tube finned plate solar receiver.

the efficiency of the receiver. Because the focus line of the
concentrator is at the lower part of the concentrator, it offers
convenience for installation and thermal insulation of the
receiver [12]. At the same time, it reduces the demand for solar
tracking precision. The system also improves the reflective
surface dust resistance and the ability to resist wind and snow.
It also greatly reduces the heat losses of the receiver and
improves the efficiency of the system. At the same time, the
system is easily installed and the receiver is stationary.

2. Operating Principle and Structure of
the System

The focusing principle and geometry relationship of the new
collector are shown in the Figure 1; the cross section is mainly
composed of a CPC concentrator, a low parabolic reflector
with two straight edges, and a bottom. As shown in Figure 1,
the focus of the right parabola of the CPC concentrator is on
the left side of the glass tube. Also the focus of the left parabola
of the CPC concentrator is on the right side of the glass tube.
The focus of the parabola at the bottom of the concentrator

is exactly on the center of the receiver. Two straight edged
mirrors will have the effect of further concentrating when the
sun is not normal incidence.

The function of CPC is

𝑦 = −4.67 + 0.28𝑥 + 0.003𝑥2 (1)

and the parabolic function at the bottom part of the CPC is

𝑦 =

𝑥

2

300

.
(2)

The lowest point of the curve expressed by the parabolic
function at the bottom part of the CPC is the coordinate
origin shown in Figure 1.The dimension of the CPC is shown
in Figure 1 too.The width of the entrance of the concentrator
is 550mm, the width of low parabola is 200mm, and the
length of the straight edges is 20mm. The distance from the
receiver center to the origin (i.e., the lowest point) is 𝑦 =
90mm. The receiver is an evacuated tubular solar receiver
with finned plate. The internal structure and the photo are
shown in Figure 2. The length of one vacuum tube is 4m.
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Figure 3: Light tracing analysis of the concentrator.

3. Analysis and Optical Simulation on
the System

Most of the concentrated solar collectors need to track the
sun. The cost of a tracking facility is determined by the
accuracy requirement of the tracking facility. The analysis
and optical simulation were carried out on the system to
evaluate the focusing performance of this system. According
to the geometrical parameters and curve equation, a 3D
model of the system was established in Pro/ENGINEER
software, which was saved as IGES format and then inputted
into an optical simulation software called LightTools. In
LightTools simulation, the all reflection surfaces are defined
to be aluminumand its reflectance is assumed to be 100%.The
beam of rays includes 1 × 500 parallel rays.The incident angle
was changed to investigate howmany light rays can reach the
receiver. The simulation results are shown Figure 3 when the
incident angles of the light are 0∘ and 5∘. As shown in Figure 3,
when the incident angles are in the range of ±5∘, more than
97% lights can reach the receiver with width of 90mmwhich
is the same as the width of evacuated tubular receiver used in
the experiment.

The efficiency curve of the concentrator is shown in
Figure 4. It is found from Figure 4 that about 84% of the light
can reach the receiver even if the deviation of the tracking
angle is 8∘. It means that the requirement for the sun-
tracking device for the multisurface concentrator is very low.
Therefore the sun tracker simply controlled by a common
stepper motor, which is cheaper compared with other high
performance sun trackers, can be used for the concentration
system.

Additionally the receiver usually moves together with the
concentrator to track the sun in a traditional solar parabolic
trough concentrator. The phenomena of oil leaking often
happen and it is difficult to insulate the whole receiver. Hence
the receiver can be fixed and only the concentrator tracks
the sun in this system. This will increase the reliability of
the system. But it will bring a disadvantage. Namely, the
receiver plate might not coincide with the symmetry axis of
the concentrator and a certain angle appears which will result
in the losses of lights. This phenomenon does not happen in
the tubular receiver. However the following calculations show
that the losses of light are acceptable when the angle is not
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Figure 4:The efficiencies of concentrator change with the deviation
of the tracking angles.

large. Comparing to the tubular receiver, the receiver with
plate fin is cheaper.

Figure 5 shows the results when the deviation angle
between the receiver plate and the symmetry axis of the
concentrator which is the normal line of entrance plane
of the concentrator is between 10∘ and 25∘, respectively.
The influences of the deviation angle on the concentrator
efficiency are shown in Figure 6. From Figures 5 and 6, it can
be seen that the light loss is only 5% even though the deviation
angle between the receiver plate and the symmetry axis is
25∘. This is completely acceptable. It indicates that, for north
latitude being more than 25∘ regions, if the concentration
system is placed in east-west direction and faces to south, the
concentration system can operate throughout the whole year
with high efficiency because the installed angle (about 25∘) of
the system and receiving angle (2 × 25∘) together are basically
covering the sun altitude angle which is always less than 90∘
in a year.

4. Experimental System

Based on the principle of concentration system and the inves-
tigation on the trough collector, one experimental setup was
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Figure 5: Optical simulation results when receiving plate is not coincidence with the symmetry axis of concentrator.
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Figure 6: The influences of the angle between receiver plate and
concentrator symmetry axis on the concentrator efficiencies.

developed and is shown in Figure 7. This system consists of
trough solar collector, finned tube, oil storage tank, working
fluid, and circulation pumps; the internal working fluid is
ordinary thermal oil with maximum using temperature of
350∘C, density of 875 kg/m3 in 16∘C, and specific heat capacity
of 2.1 kJ/kg⋅K in 100∘C. The length of one tube is 4 meters.
The reflectivity of the absorber is about 90% and the parabolic
reflector is made of the high reflective aluminum plate which
is shown in Figure 8. There are four sets of collectors in
which two sets are series and the others are parallel. They are
placed in the east-west direction. The absorber structure of
the receiver is a finned plate coated with a selective absorbing
coating. The outer tube of the receiver is a glass tube and is
evacuated. Therefore the receiver has a very good thermal
performance.

A single-axis solar tracking photovoltaic-driven system
operates with one motor, which is powered by sunlight.
One electronic measuring device in the tracking system can
determine whether the receiver is in the right position on the
basis of the symmetrical principle. If the receiver is not in
the best position, the servomotor will receive a control signal
and will move upwards the angle of tracking system until the
receiver reaches the best position.

A mercury thermometer with a minimum scale division
of 1∘C was used to measure the ambient temperature. The
detailed technical specifications of instruments used in exper-
imental setup are presented in Table 1.

When the system is operating, the sunlight will be
reflected to the tubular receiver by the reflector.The absorber
will absorb the solar radiation and convert it into the heat.The
heat will be transferred to the working fluid in the internal
tube of the receiver. The working fluid is driven by a pump
and the heat will be stored in the oil tank via circulation. All
tubes are well insulated. The inlet and outlet temperatures of
the solar collector as well as the temperature of heat storage
are measured which are shown in Figure 7.

5. Analysis of Testing Data

5.1. Operating Temperature Test System. The experimental
system was installed in Lianyungang City, Jiangsu Province
(longitude 119∘, latitude 34∘). The ambient temperature is
23–27∘C; the mass of the oil in the heat storage tank is
50 kg. The volumetric flow rate of the working fluid is about
5.5 L/min. The total aperture area of concentrator is about
8m2 (8 × 1.85 × 0.55m2). Solar irradiance is provided by a
nearby and self-built small weather station. The testing was
carried out in May 21 and 23, 2014. The variation curves
of solar irradiance and outlet temperature of solar collector
in 5mins gap with time are shown in Figure 9. The average
value of solar radiation testing data is about 850W/m2. For
controlling the oil temperature in the tank, some heat was
sent to user to prevent the system working in too high
temperature. As shown in Figure 9, it took about two hours
to increase the outlet temperature of the solar collector from
60∘C to 100∘C in May 21. At ten o’clock in the morning the
outlet temperature reached 100∘C. In May 23, it remained
above 100∘C until four o’clock in the afternoon. The total
period of time in which the outlet temperature was above
100∘C is 6.5 hours. As a result, this system can provide mid-
temperature heat energy for users.

The variation of temperature difference between the
outlet and inlet of solar collectors with time is shown in
Figure 10. It is found that from 9:30 to 14:30, the temperature
differences are kept above 15∘C in May 23, particularly in the
time range of 11:00 and 13:00, the temperature differences are
close to 20∘C. It indicates that the system still has relative high
efficiency even if it is working at more than 100∘C.

5.2. Collecting Efficiency of the System. Collector efficiency
is an important parameter to reflect the performance of
the collectors. The average efficiency of five minutes under
operating conditions is calculated. The heat obtained by
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Table 1: Technical specifications of instruments used in experimental setup.

Instrumentation Range Accuracy
Average wind speed measurement chip/Kanomax-KA22 0.1–50m/s ±0.2%
Liquid turbine flow meter/LWYC-15 0–20 L/min ±0.5%
32-channel digital data-recording/JLS-XMT −200–600∘C ±0.5%
Temperature measuring sensors/Pt100 −20–300∘C ±0.1∘C
High temperature oil circulation pump/120W 0–8 L/min
Tracking motor/25W

T2

T1

Circulating pump

Concentrator T3

Oil storage tank

The valve

Going to user

Figure 7: Experimental setup of the new trough solar collection system.

Figure 8: Experimental system photo.
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Figure 9: The variations of solar radiation and export temperature of solar collector with time.
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Figure 10: The variations of temperature difference between outlet and inlet of solar collector with time.
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Figure 11: Variation of the average efficiency of concentrator with time.

the collectors from the solar radiation is determined by the
temperature difference of the outlet and the inlet of the solar
collector and the flow rate in the pipes. Collector efficiency is
the ratio of the heat and the total solar radiation incident on
the collectors. The calculation formula is as follows:

𝜂 =

𝑐

𝑝
⋅ 𝑚

𝑓
⋅ Δ𝑇

𝐼 ⋅ 𝐴 + 𝑃 ⋅ 𝑡

,
(3)

where 𝑐
𝑝
, 𝑚
𝑓
, Δ𝑇, 𝐼, and 𝐴 are specific heat capacity, mass

flow rate of working fluid, temperature difference of the outlet
and the inlet of the solar collectors, irradiance, and the total
aperture area of collectors. 𝑃 is the power of the circulation
pump; 𝑡 is the working time of the pump.

As shown in Figure 11 the average efficiency per five
minutes under operating conditions can reach about 45
percent. During testing days, the collecting efficiency of the
system can remain above 40% for more than 7 hours. These
illustrate that the performances of the solar concentrator
in the system are very good which reaches the traditional

parabolic trough concentrator. The results also indicate that
the system has more efficiency in the noon because the
deviation angle is less during this period. The efficiency will
decrease in themorning or afternoonwith the deviation angle
increasing and solar radiation becoming weak.

6. Conclusions

A multisurface trough concentrating solar collector is intro-
duced and tested in laboratory. The optics simulation results
indicate that its deviation tolerance is about 8 degrees for
the collector tracking system for a 90mm flat receiver. The
experimental results show that the system can easily achieve
high temperature above 100∘C under operating conditions.
This situation lasted about 6.5 hours. There are 7 hours of
time inwhich the average efficiencies of fiveminutes aremore
than 40 percent. The temperature difference between input
and output is oftenmore than 10∘Cwhich shows that the heat
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performance of the concentrating solar collector is very good.
It also has the advantages of wide receiving angle and good
ability of dust, wind, and snow resistance. It means that the
solar collector can be utilized in many applications of solar
energy, such as desalination, space heating, air-conditioning,
and hot water system. The commercial market is promising.
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Several studies have found that the decrease of photovoltaic (PV) cell temperature would increase the solar-to-electricity conversion
efficiency. Water type PV/thermal (PV/T) system was a good choice but it could become freezing in cold areas of Northern China.
This paper proposed a simple combination of common-used PV panel and heat pipe, called PV-heat pipe (PV-HP) solar collector,
for both electrical and thermal energy generation. A simplified one-dimensional steady state model was developed to study the
electrical and thermal performance of the PV-HP solar collector under different solar radiations, water flow rates, and water
temperatures at the inlet of manifold. A testing rig was conducted to verify the model and the testing data matched very well with
the simulation values. The results indicated that the thermal efficiency could be minus in the afternoon.The thermal and electrical
efficiencies decreased linearly as the inlet water temperature and water flow rate increased. The thermal efficiency increased while
the electrical efficiency decreased linearly as the solar radiation increased.

1. Introduction

In recent years, photovoltaic technology has been developing
quickly. Many studies [1, 2] found that only less than 20%
solar energy was converted into electricity, while the rest was
converted into heat, which increased photovoltaic (PV) cell
temperature. Further studies [3] found that the higher the PV
temperature was, the lower the electrical efficiency would be.
Every 10∘C increase in PV cell temperature led to a decrease of
electrical efficiency by about 0.5% [4]. Many researchers tried
to increase electrical performance of PV panel by air-cooling
[5] or water-cooling [6]. They found that water had better
cooling effect than air, but water-cooling had the potential
problem of being frozen in cold areas. Therefore, a novel PV-
heat pipe (PV-HP) solar collector was proposed as a result.

Pei et al. [7] studied the effect of water flow rates, PV cell
covering factor, heat pipe space, and absorber plate coating
on the energy performance of the heat pipe PV/T system
based on a validated model. He [8] also conducted an annual
analysis of heat pipe PV/T system under three different
climate areas of China. Zhu et al. [9] investigated the effect
of heat pipe space on the energy performance of heat pipe
PV/T collector and found that the one with smaller heat pipe

space had better energy performance. Zhang et al. [10, 11]
proposed a novel solar PV/loop-heat-pipe heat pump system
and investigated its energy performance.

This paper aimed to present a simple combination of
commercial PV product with heat pipes for both electrical
and thermal energy generation and to investigate the effect
of solar radiation, water flow rate, and water temperature at
the inlet of manifold (namely, inlet water temperature) on
its energy performance in cold areas of Northern China. The
structure of PV-HP collector was a little different from those
studies. The study might be helpful for the promotion of
retrofit of traditional PV system and/or solar water heating
system and for easier applications as well.

2. Description of Testing Rig

The testing rig of the PV-HP solar water heating system is
shown in Figure 1. It was made up of PV-HP collector, water
circulating pump, and water tank. Figure 2 shows a cross-
section view of part PV-HP collector. A PV panel with a
TPT-EVA-PV-EVA-TPT sandwich structure was fixed onto
an aluminum sheet (1mm thick), serving as an absorber
plate, through thermal glue for good thermal conductance.
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Figure 1: The testing rig of the PV-HP solar collector.

Heat pipe

W

Metallic bond PV panel

Absorber plate

Insulation

Figure 2: Cross-sectional view of part PV-HP collector.

The layer between PV and aluminum sheet was treated
as an adhesive layer. Ten heat pipes were boned to the
aluminum sheet, which formed the fins of the heat pipes for
the enhancement of heat transfer fromPVpanel to heat pipes.
The heat pipes, 8/7mm of external/internal diameter for each
one, were arranged at equal spacing of 75mm throughout
the panel width. The condensation ends of heat pipes were
inserted into a manifold, which was connected to water
circulating pump andwater tank in series.The edges and back
surface of the PV-HP collector were covered with insulation
layer to reduce heat loss. The total aperture area and PV cell
area were 1.24m2 and 1.17m2, respectively.

The PV panel consisted of 36 PV cells, made of polycrys-
talline silicon. The PV panel was connected to a rheostat for
the testing of power output under various loads and the peak
power output was determined at the resistance of 15Ω. Under
the radiation of 1000W/m2 and the ambient temperature of
25∘C, the PV panel had an open circuit voltage of 31.0 V and
a short circuit current of 8.73A. The nominal peak power
output was 200W with an electrical efficiency of 16.1%. The
list of the testing devices is shown in Table 1.

3. Performance Assessment and
Experiment Implementation

3.1. Performance Assessment. The electrical efficiency of the
PV panel is given by

𝜂

𝑐
=

𝐸

𝐺𝐴

𝑝

, (1)

Table 1: List of testing devices.

Item Device Quantity Location

1 Pyranometer
(TBQ-2, China) 1

The same tilt
surface beside PV

panel

2 Calibrated flow indicator
(LZT-15G, China) 1 Water tube after

pump

3 Data logger
(Agilent 34970A, USA) 1 Indoor workbench

4
PT100 temperature
sensor
(WZP-01, China)

5

Two at inlet and
outlet of manifold
and three in water

tank

where 𝐸 is the power output; 𝐺 is the solar radiation; 𝐴
𝑝
is

the area of PV panel. Consider

𝐸 = 𝑈𝐼, (2)

where 𝑈 is the tested voltage output; 𝐼 is the electric current.
The thermal efficiency of PV-HP collector is given by

𝜂

𝑡
=

𝑄

𝐺𝐴

𝑝

,

𝑄 = 𝑚𝑐 (𝑇

𝑜
− 𝑇in) ,

(3)

where 𝑄 is the heat obtained by water; 𝑚 is the water flow
rate; 𝑐 is the specific heat; 𝑇

𝑜
is the water temperature at the

outlet of manifold; 𝑇in is the water temperature at the inlet of
manifold.

3.2. Experiment Implementation. The testing was carried out
at Beijing University of Civil Engineering and Architecture,
China, during the period of October 10 to October 27, 2013.
The experimental rig was placed on the roof of building num-
ber 2 with PV-HP collector exposed to sunshine directly not
being in shade. The PV-HP collector was regulated to keep
a tilt angle of 30∘ to simulate the tilt roof-PV installations.
The pyranometer was mounted at the same tilt surface beside
PV panel to measure the solar radiation on the front surface
of PV panel. Two temperature sensors were installed at the
inlet and outlet ofmanifold formeasuringwater temperature,
respectively.The water circulation was driven by water pump
and the flow rate was regulated by valve. Three temperature
sensors were installed at different depth of water tank to
measure water temperature.The average of those three values
was considered as the mean water temperature of water tank.
The list of testing modes is shown in Table 2.

4. Numerical Models

Zondag et al. [12] built four numerical models for the
simulation of PV/T collector: a 3D dynamical model and
three steady state models that are 3D, 2D, and 1D. The study
showed that the 1D steady state model performed almost
as good as the others. Therefore, in order to simplify the
simulation process, the 1D steady state model was used for
the simulation based on the following assumptions.
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Table 2: List of testing modes.

Mode Solar radiation
(W/m2)

Water flow rate
(L/min)

Water temp. at the
inlet of manifold (∘C)

A 650 ± 15 6 20, 23, 26, 29, 32, 35,
38, 41, 44

B 500, 600, 650,
700, 815 6 20 ± 1

C 700 ± 15 5, 7, 9 14 ± 1

(i) The temperature at each layer of PV-HP collector
was well distributed and the geometrical center was
selected to be the representative node.

(ii) The contact resistance between each layer has been
neglected.

(iii) The water pressure drop through the system has been
neglected.

(iv) The heat storage of components was very small and
has been neglected.

(v) For a compact and thin panel design, the losses of the
absorbed solar energy to the surroundingweremainly
through the front and back panel surfaces, and the
edge loss was negligible.

Based on the energy balance analysis of each layer, mathe-
matic models were developed for the numerical simulations
on energy performance study. Since the structure of PV-
HP collector is similar to the water type PV/T collector of
Chow’s [13] study, some of the models were employed for the
simulation.

The PV-HP solar collector described above can be rep-
resented by several nodes. “𝑝” represents the PV panel. “𝑎” is
for the surrounding air. “𝑏” is for the thin-plate absorber. “𝑡” is
for the metallic bonding between the plate and the heat pipe.
“𝑖” is for the insulation layer. “𝑒” is for the evaporation section
of heat pipe; “𝑐” is for the condensation section of heat pipe;
“𝑤” is for the water in manifold. “𝑠” is for the sky. Figure 3
shows an energy flow diagram of the PV-HP collector.

The heat balance at the PV panel is given by

0 = 𝐺𝐴

𝑝𝑎
𝛼

𝑝
− 𝐸 + ℎ

𝑝𝑏
(𝑇

𝑏
− 𝑇

𝑝
)𝐴

𝑝𝑏

+ ℎ

𝑝𝑎
(𝑇

𝑎
− 𝑇

𝑝
)𝐴

𝑝𝑎
+ ℎ

𝑝𝑠
(𝑇

𝑠
− 𝑇

𝑝
)𝐴

𝑝𝑠

+ ℎ

𝑝𝑡
(𝑇

𝑡
− 𝑇

𝑝
)𝐴

𝑝𝑡
,

(4)

where 𝐺 is the solar radiation; 𝐴
𝑝𝑎

is the area of “𝑝” exposed
to “𝑎”; 𝛼

𝑝
is the effective absorptance of “𝑝”; 𝐸 is the electric

power generated; ℎ
𝑝𝑏

is the heat transfer coefficient between
“𝑝” and “𝑏”; 𝐴

𝑝𝑏
is the area between “𝑝” and “𝑏”; ℎ

𝑝𝑎
is the

heat transfer coefficient between “𝑝” and “𝑎”; ℎ
𝑝𝑠
is the heat

transfer coefficient between “𝑝” and “𝑠”; 𝐴
𝑝𝑠

is the area of
“𝑝” exposed to “𝑠”; ℎ

𝑝𝑡
is the heat transfer coefficient between

“𝑝” and “𝑡”;𝐴
𝑝𝑡
is the heat transfer area between “𝑝” and “𝑡”;

𝑇

𝑏
, 𝑇
𝑝
, 𝑇
𝑎
, 𝑇
𝑠
, and 𝑇

𝑡
are the temperature of “𝑏,” “𝑝,” “𝑎,” “𝑠,”

and “𝑡,” respectively. Consider

ℎ

𝑝𝑏
=

1

(𝛿

𝑝
/𝑘

𝑝
+ 𝛿

𝑏
/𝑘

𝑏
)

,

ℎ

𝑝𝑠
=

𝜀𝜎 (𝑇

4

𝑠

− 𝑇

4

𝑝

)

(𝑇

𝑠
− 𝑇

𝑝
)

,

(5)

where 𝛿
𝑝
and 𝛿
𝑏
are the thickness of “𝑝” and “𝑏,” 𝑘

𝑝
and 𝑘
𝑏
are

the heat conductivity of “𝑝” and “𝑏,” 𝜀 is the grey body factor,
and 𝜎 is the Stefan-Boltzmann constant.

The heat flow from the PV plate to the metallic bond
can be considered through two separate paths: (i) through
the adhesive layer and then along the absorber plate and (ii)
along the PV plate and then through the adhesive layer at the
bonding position [13]. Consider

ℎ

𝑝𝑡
𝐴

𝑝𝑡
=

𝛿

𝑝
𝐿

(𝑥

𝑝
/2𝑘

𝑝
+ (𝛿cl/𝑘cl) ⋅ (𝛿𝑝/𝐷𝑜))

,

𝑥

𝑝
=

𝑊

4

,

(6)

where 𝛿
𝑝
is the thickness of “𝑝”; 𝐿 is the length of “𝑝”; 𝑘

𝑝
is

the thermal conductivity of “𝑝”; 𝛿cl and 𝑘cl are the thickness
and thermal conductivity of the adhesive layer;𝐷

𝑜
is the outer

diameter of heat pipe;𝑊 is the heat pipe pitch. Consider

ℎ

𝑝𝑎
= 2.8 + 3𝑢

𝑎
, (7)

where 𝑢
𝑎
is the wind velocity. Consider

𝑇

𝑠
= 0.0552𝑇

1.5

𝑎

. (8)

The heat balance at the absorber plate is given by

0 = ℎ

𝑝𝑏
(𝑇

𝑝
− 𝑇

𝑏
)𝐴

𝑝𝑏
+ ℎ

𝑏𝑡
(𝑇

𝑡
− 𝑇

𝑏
) 𝐴

𝑏𝑡
+ ℎ

𝑏𝑖
(𝑇

𝑖
− 𝑇

𝑏
) 𝐴

𝑏𝑖
,

(9)

where ℎ
𝑏𝑡
is the heat transfer coefficient between “𝑏” and “𝑡”;

𝐴

𝑏𝑡
is the heat transfer area between “𝑏” and “𝑡”; ℎ

𝑏𝑖
is the

heat transfer coefficient between “𝑏” and “𝑖”; 𝐴
𝑏𝑖
is the heat

transfer area between “𝑏” and “𝑖”; 𝑇
𝑖
is the temperature of “𝑖.”

Consider

ℎ

𝑏𝑡
=

2𝑘

𝑏

𝑥

𝑏

,

𝑥

𝑏
=

(𝑊 − 𝐷

𝑜
)

4

,

𝐴

𝑏𝑡
= 𝛿

𝑏
𝐿,

(10)

where 𝑘
𝑏
is the thermal conductivity of “𝑏”; 𝛿

𝑏
is the thickness

of “𝑏.”

ℎ

𝑏𝑖
=

2𝑘

𝑖

𝛿

𝑖

,

𝐴

𝑏𝑖
= 𝐴(

(𝑊 − 𝐷

𝑜
)

𝑊

) ,

(11)
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Figure 3: Energy flow at PV-HP collector.

where 𝑘

𝑖
is the thermal conductivity of “𝑖” and 𝛿

𝑖
is the

thickness of “𝑖.”
The heat balance at the insulation layer is given by

0 = ℎ

𝑏𝑖
(𝑇

𝑏
− 𝑇

𝑖
) 𝐴

𝑏𝑖
+ ℎ

𝑖𝑡
(𝑇

𝑡
− 𝑇

𝑖
) 𝐴

𝑖𝑡
+ ℎ

𝑖𝑎
(𝑇

𝑎
− 𝑇

𝑖
) 𝐴

𝑖𝑎
,

(12)

where ℎ
𝑖𝑡
is the heat transfer coefficient between “𝑖” and “𝑡”;

𝐴

𝑖𝑡
is the heat transfer area between “𝑖” and “𝑡”; ℎ

𝑖𝑎
is the heat

transfer coefficient between “𝑖” and the ambient air;𝐴
𝑖𝑎
is the

heat transfer area between “𝑖” and “𝑎.” Consider

𝐴

𝑖𝑡
= (

𝜋

2

+ 1)𝐷

𝑜
𝐿 = 2.571𝐷

𝑜
𝐿

1

ℎ

𝑖𝑎

=

𝛿

𝑖

2𝑘

𝑖

+

1

ℎ

𝑝𝑎

.

(13)

The heat balance at the metallic bonding is given by

0 = ℎ

𝑏𝑡
(𝑇

𝑏
− 𝑇

𝑡
) 𝐴

𝑏𝑡
+ ℎ

𝑖𝑡
(𝑇

𝑖
− 𝑇

𝑡
) 𝐴

𝑖𝑡

+ ℎ

𝑡𝑒
(𝑇

𝑒
− 𝑇

𝑡
) 𝐴

𝑡𝑒
+ ℎ

𝑝𝑡
(𝑇

𝑝
− 𝑇

𝑡
)𝐴

𝑝𝑡
,

(14)

where ℎ
𝑡𝑒
is the heat transfer coefficient between “𝑡” and the

working medium at “𝑒.” Heat flow from the metallic bond to
the working medium in heat pipe is by means of conduction
and convection. Consider

1

ℎ

𝑡𝑒
𝐴

𝑡𝑒

=

1

ℎ

𝑒
𝜋𝐷

𝑖
𝐿

+

1

𝑇𝐶bo𝐿
. (15)

The thermal conduction is determined by the bond conduc-
tance given by

𝑇𝐶bo =
𝑘bo𝑊bo
𝛿bo

, (16)

where 𝑘bo is the bond thermal conductivity, 𝛿bo is the bond
average thickness, and𝑊bo is the bond width.The convective

heat transfer ℎ
𝑒
can be obtained from the Dittus-Boelter

equation for fully developed turbulent flow [14],

ℎ

𝑒
= Nu(

𝑘

𝑒

𝐷

𝑖

) ,

Nu = 0.023Re0.8 ⋅ Pr0.4.
(17)

For fully developed laminar flow,

ℎ

𝑒
=

4.364𝑘

𝑒

𝐷

𝑖

. (18)

The heat balance at the evaporation section of heat pipe is
given by

0 = ℎ

𝑡𝑒
(𝑇

𝑡
− 𝑇

𝑒
) 𝐴

𝑡𝑒
+ ℎ

𝑐𝑒
(𝑇

𝑐
− 𝑇

𝑒
) 𝐴

𝑐𝑒
, (19)

where ℎ
𝑐𝑒
is the heat transfer coefficient between the conden-

sation and evaporation sections of the heat pipe;𝑇
𝑐
and𝑇
𝑒
are

the condensation temperature and evaporation temperature
of heat pipe, respectively;𝐴

𝑐𝑒
is the heat transfer area between

condensation and evaporation sections. Consider

1

(ℎ

𝑐𝑒
× 𝐴

𝑐𝑒
)

=

1

(ℎ

𝑒
× 𝐴

𝑒
)

+

1

(ℎ

𝑐
× 𝐴

𝑐
)

, (20)

where ℎ
𝑐
and ℎ

𝑒
are the heat transfer coefficients of the con-

densation and evaporation sections, respectively; 𝐴
𝑐
and 𝐴

𝑒

are the heat transfer areas of the condensation and evap-
oration sections, respectively.

The heat balance at the condensation section of heat pipe
is given by

0 = ℎ

𝑐𝑒
(𝑇

𝑐
− 𝑇

𝑒
) 𝐴

𝑐𝑒
+ ℎ

𝑤𝑐
𝐴

𝑤𝑐
(𝑇

𝑐
− 𝑇

𝑤
) , (21)

where ℎ
𝑤𝑐

is the heat convective coefficient between “𝑤” and
“𝑐,” 𝐴

𝑤𝑐
is the heat transfer area between “𝑤” and “𝑐,” and 𝑇

𝑤
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Figure 4: Variation of thermal efficiency in the daytime.

is the temperature of “𝑤” (𝑇
𝑤
= (𝑇

𝑜
+ 𝑇in)/2, where 𝑇𝑜 and

𝑇in are the temperatures of outlet and inlet of the manifold).
The heat balance at circulating water is given by

0 = ℎ

𝑤𝑐
𝐴

𝑤𝑐
(𝑇

𝑐
− 𝑇

𝑤
) − 𝑐𝑚 (𝑇

𝑜
− 𝑇in) , (22)

where 𝑐 is the specific heat of water; 𝑚 is the mass flow of
water.

Since the steady-state model was employed for the
simulation, it becomes easier to solve those equations. We
have the same amount of nonlinear equations and unknown
parameters. Matlab was used for programing and solving the
system of nonlinear equations.

5. Results and Discussions

5.1. Daily Variation Trend of Electrical and Thermal Efficien-
cies. Figure 4 shows the variation of thermal efficiency in
the daytime. It can be seen from Figure 4 that the thermal
efficiency decreases gradually in the daytime, even less than
0% in the afternoon. It is because the water temperature at
the inlet of manifold increases with the increasing testing
time, and the temperature difference between the circulating
water and the condensation end of heat pipe decreases as well,
therefore, leading to the decrease of thermal efficiency. As the
solar radiation decreases in the afternoon, the water temper-
ature could be higher than the temperature of condensation
end, leading to the heat transfer from circulating water to
heat pipe, consequently,minus thermal efficiency could occur
in the afternoon. The simulation results match quite well
with the testing data and the absolute efficiency difference of
average thermal efficiency is 0.6%. To avoid the confusion and
misunderstanding of the thermal and electrical efficiencies
with efficiency difference, all the values of percentage are
absolute values in the paper. The thermal efficiency is not as
high as expected. That is because the back layer of PV cells is
made of white TPT, serving as the electrical insulation of the
PV cells. The white TPT back layer is not helpful to enhance
the absorption of solar irradiation. Furthermore, the PV-HP
collector has a tilt angle of 30∘, which is not the best angle
for obtaining maximum solar energy in Beijing. The thermal
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Figure 5: Variation of electrical efficiency in the daytime.
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Figure 6: Variation of thermal efficiency with inlet water tempera-
ture.

efficiency could be improved if the white TPT back layer of
PV cells was replaced with black TPT back layer and the tilt
angle was increased to the best angle in Beijing.

Figure 5 shows the variation of electrical efficiency in
the daytime. It can be seen from Figure 5 that the electrical
efficiency of PV panel decreases gradually from the early
morning, reaching the minimum at 12:00 and going up in
the afternoon.The average tested electrical efficiency is 11.9%,
0.3% lower than the simulation value.

5.2. The Effect of Inlet Water Temperature on Electrical and
Thermal Efficiencies. Figure 6 shows the variation of thermal
efficiency under different inlet water temperature. It can be
seen from Figure 6 that the thermal efficiency decreases
sharply and linearly as the inlet water temperature increases,
which is because the amount of heat transfer between
circulatingwater and condensation end of heat pipe decreases
as the inlet water temperature increases. On average, every
10∘C increase of inlet water temperature leads to a thermal
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Figure 7: Variation of electrical efficiency with inlet water temper-
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Figure 8: Variation of thermal efficiency with solar radiation.

efficiency decrease by 4.8%.The average thermal efficiency is
10.2% and 10.3% for the simulation and testing, respectively.

Figure 7 shows the variation of electrical efficiency under
different inlet water temperature. It can be seen from Fig-
ure 7 that the electrical efficiency decreases slightly with the
increasing inlet water temperature, which is because high
inlet water temperature leads to the poor heat dissipation of
PV panel and the increase of PV temperature, resulting in
lower electrical efficiency. On average, every 10∘C inlet water
temperature increase leads to an electrical efficiency decrease
by 0.1%.The average electrical efficiency was 12.8% and 12.9%
for the simulation and testing, respectively.

5.3. The Effect of Solar Radiation on Electrical and Thermal
Efficiencies. Figure 8 shows the variation of thermal effi-
ciency under different solar radiation. It can be seen from
Figure 8 that the thermal efficiency increases linearly as
the solar radiation increases. On average, every 100W/m2
increase of solar radiation leads to a thermal efficiency
increase by 1.2%.The calculating efficiencies are a little higher
than the testing ones.
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Figure 9: Variation of electrical efficiency with solar radiation.
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Figure 9 shows the variation of electrical efficiency under
different solar radiation. It can be seen from Figure 9 that the
electrical efficiency decreases linearly as the solar radiation
increases, which is because higher solar radiation leads to
more heat in PV panel and higher PV temperature and
consequently lower electrical efficiency as well. On average,
every 100W/m2 solar radiation increase leads to an electrical
efficiency decrease by 0.2%.The average electrical efficiency is
12.6% and 12.4% for the simulation and testing, respectively.

5.4. The Effect of Circulating Water Flow Rate on Electrical
and Thermal Efficiencies. Figure 10 shows the variation of
thermal and electrical efficiencies under different water flow
rates. It can be seen from Figure 10 that the thermal and
electrical efficiencies both decrease with the increasing water
flow rate. As the water flow rate increases from 5 L/min to
9 L/min, the thermal efficiency decreases from 18.9% to 16.1%,
while the electrical efficiency decreases from 12.4% to 11.3%.
It is calculated that every 1 L/min increase of water flow
rate leads to a thermal efficiency decrease by 0.7% and an
electrical efficiency decrease by 0.3% averagely. It is because
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higher water flow rate enhances the heat transfer between
condensation end of heat pipe and circulating water at the
beginning of system operation, and accordingly the water
temperature increases quickly. While with the fast increase
of water temperature the temperature difference for heat
transfer decreases, consequently, the heat transfer is reduced
and the thermal efficiency goes down as well, leading to the
decrease of electrical efficiency at the same time.

6. Conclusions

This paper presented a study on the electrical and thermal
performance of a PV-HP solar collector. Numerical simula-
tion and experiment verification were carried out to investi-
gate the effect of solar radiation, inlet water temperature, and
water flow rate on the thermal and electrical efficiencies of the
collector. The study could be concluded as follows.

(1) The thermal efficiency decreases in the daytime and
could be minus in the afternoon since the water tem-
perature becomes higher than the PV temperature
with the decreasing solar radiation. The electrical
efficiency is high in the early morning and later
afternoon and reaches the minimum in the noon.

(2) The thermal efficiency is not as high as expected. It
is lower than 20% most of the time due to the white
TPT back layer of PV cells and the small tilt angle of
PV-HP solar collector. The thermal efficiency could
be improved if the white TPT back layer of PV cells
was replaced with black TPT back layer and the tilt
angle was increased to the best angle in Beijing.

(3) The thermal and electrical efficiencies decrease lin-
early as the inlet water temperature and water flow
rate increase. The thermal efficiency increases while
the electrical efficiency decreases linearly as the solar
radiation increases.

Nomenclature

𝐴: Surface area, m2
𝑐: Specific heat, J/kg K
𝐷: Diameter, m
𝐸: Power output, W
𝐺: Solar radiation, W/m2
ℎ: Heat transfer coefficient, W/m2 K
𝐼: Electric current, A
𝑘: Thermal conductivity, W/mK
𝐿: Length, m
𝑚: Mass flow rate, kg/s
Nu: Nusselt number, —
Pr: Prandtl number, —
𝑄: Heat gain, W
Re: Reynolds number, —
𝑇: Temperature, ∘C
TC: Thermal conductance, W/mK
𝑈: Voltage, V
𝑢: Wind velocity, m/s

𝑊: Heat pipe pitch or width, m
𝑥: Distance, m.

Greek

𝛼: Effective absorptance, —
𝛽: Absorptance, —
𝛿: Thickness, m
𝜀: Grey body factor, —
𝜂

𝑡
: Thermal efficiency, —

𝜂

𝑐
: Electrical efficiency, —

𝜆: Heat conductive coefficient, W/mK
𝜎: Stefan-Boltzmann constant, 5.67 × 10−8W/m2 K4
𝜏: Transmittance, —.

Subscripts

𝑎: Surrounding air
𝑏: Thin-plate bonding
bo: Bond
𝑐: Condensation section of heat pipe; PV cells
cl: Combined layer
𝑒: Evaporation section of heat pipe
𝑖: Insulation layer
in: Inlet
𝑜: Outlet
𝑝: PV panel
𝑠: Sky
𝑡: Metallic bonding
𝑤: Water.
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