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a b s t r a c t

The highly efficient non-concentrating solar collector is a key component for increasing solar energy
penetration at the district level, thereby achieving the “carbon neutrality” goal. The non-concentrating
vacuum-type solar collector used for intermediate temperature (100e200 �C) applications is a prom-
ising technology that has not been sufficiently explored. In this paper, two structurally optimized non-
concentrating solar collectors have been meticulously analyzed from the perspective of structure, en-
ergy, exergy, surface stress, etc. Firstly, an outdoor experiment is executed to exhibit their thermody-
namic behavior. Thermal resistance networks before and after their structural optimization are formed
and the results indicate the thermal resistance that impedes solar collector heat loss has been enhanced
by 3.83 and 4.17-fold, respectively. Next, energy and exergy flow charts are established to explain the
thermal performance difference and the solar energy conversion in their respective internal components.
Finally, the potential room for performance enhancement is further studied via the advanced exergy
analysis method which reveals that the exergy destruction can be reduced by 17.74% and 13.90%,
respectively. The results are essential for the further development of non-concentrating solar collectors
in intermediate temperature applications, and it is also instrumental to realizing the decarbonization in
district energy supplements.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

With the huge amount of fossil energy consumption, energy and
environmental problems have become grimmer globally [1]. Many
countries around the world have put forward a series of measures
to achieve the goal of “carbon neutrality”. Efficient use of renewable
energy is a critical part of achieving this intention. Solar energy is a
kind of renewable energy that is promising to be dominated in the
future energy structure, and it has the advantages of being ubiq-
uitous and inexhaustible [2].

Generally, solar energy is collected by solar collectors of two
categories, i.e. concentration solar collectors (such as the solar
tower collector [3] and parabolic trough solar collector [4]) and
non-concentration solar collectors (such as flat plate solar collector
[5] and evacuated tube solar collector [6]). The concentrating solar
collectors are usually used in large-scale occasions for grid-level
power generation [7], and the plant location is generally far from
the users. Hence, it brings long-distance energy delivery and extra
management cost-related problems. Besides, the concentrating
solar collectors usually need tracking devices to obtain the
maximum solar direct irradiancewhich leads to higher capital costs
and insufficient utilization of solar diffuse irradiance energy [8].

In contrast, non-concentration solar collectors are usually used
in intermediate or small-scale applications whichmakes it easier to
be integrated with buildings [9] and more flexible in the district
energy systems [10]. From the perspective of solar collectors’
operating temperature grade, the solar collectors can be divided
into low temperature (<100 �C), intermediate temperature
(100e200 �C), and high temperature (>200 �C) types [11]. Ac-
cording to the second law of thermodynamics, a higher tempera-
ture grade allows more exergy obtained from solar energy [12].
However, the non-concentrating solar collector commonlyworks in
the low-temperature range. In the intermediate temperature range,
its thermal efficiency becomes very limited or even negative due to
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Nomenclature

Symbols
A area, m2

cp specific thermal capacity, J/(kg$K)
d distance, m
E exergy power, W
G solar irradiance, W/m2

h specific enthalpy, J/kg
hc heat transfer coefficient, W/m2$K
_m mass flow rate, kg/s
Nu Nusselt number
R thermal resistance, K$m2/W
Ra Rayleigh number
s specific entropy, J/kg$K
T temperature, K
Ti* normalized temperature difference, K$m2/W

Abbreviations
EFPC evacuated flat plate solar collector
ETSC evacuated tube solar collector
HTF heat transfer fluid
RE relative error
RSMD root mean square error

Subscripts
abs absorber plate
ad downside of absorber plate
amb ambient
at top side of absorber plate
bot bottom
con condensation section
conv heat convention
d exergy destruction

dst exergy destroy
ex exergy
exp experiment
ga glass aperture area
gla glass
grd ground
ht heat absorb tube
i inlet
ins insulation
inv interval
pc condensation section of the heat pipe
pe evaporation section of the heat pipe
r heat radiation
s sun
SF solar field
shd shield
sim simulation
tre trepanning
w water

Superscripts
AVO avoidable exergy destruction
hypo hypothetical working condition
k kth component
real real working condition
UN unavoidable exergy destruction

Greek letters
a absorptivity
ε emissivity
h efficiency
l heat conductivity coefficient
t transmittance
j Petela coefficient
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huge heat loss. As shown in Fig. 1, more applications can be realized
at 100e200 �C, but the corresponding solar collector technologies
are mostly the concentrating ones. The low-temperature energy
output eliminates their competitiveness with solar photovoltaic
panels [13]. Besides, it will impede the development for significant
intermediate temperature demand in both industrial and domestic
sectors [14]. For example, numerous district space heating projects
adopt non-concentrating solar collectors for reducing fossil fuel
energy consumption in the heating seasons. However, the lower
heat demand in the non-heating seasons results in the solar col-
lectors being idle for most time in the whole year [15]. If the non-
concentrating solar collectors have better performance in the in-
termediate temperature range, they can make the most use of solar
energy in the non-heating seasons with intermediate temperature
applications, such as solar absorption chiller [16], industrial process
heat [17], solar sterilization [18] and so on. Intermediate tempera-
ture applications with non-concentrating solar collectors will avoid
the tracking device and make full use of solar beam and diffuse
irradiance. Hence, many attempts have been conducted for
elevating its temperature grade to broaden its application occasions
[19].

The flat plate solar collector and evacuated tube solar collector
are two kinds of non-concentrating solar collectors that have been
applied very extensively. Some researchers use various structural
improvement methodologies to enhance their heat transfer effec-
tiveness. For example, nanofluids have been applied as a kind of
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heat transfer fluid that has better thermodynamic properties than
water [21]. In another case study, the evacuated tube solar collector
was improved by integrating a heat pipe technology that enhances
the anti-freeze and corrosion-resistant characteristics [22]. Some
other solutions are hammering at the heat absorber tubes, such as
using porous metal foam [23] to enhance the heat transfer between
heat transfer fluid and heat absorber tubes, low-ratio concentration
structure [24], bilateral absorber plate [25] for heat pipe evacuated
tube solar collector, and so on. For such a mass of evacuated tube
types, the flat plate absorber is more promising in the practical
application than others since its easy processing and relatively low
costs.

Inert gases (such as Ar and Kr) are used for reducing the energy
losses of flat plate solar collector since it has a low thermal con-
duction coefficient. When they are used for the flat plate solar
collector instead of the air interlayer, the energy losses can be
reduced by as much as 20% [26]. If decrease its pressure furtherly,
the heat conduction effect can also be held back [27]. With
implemented of the vacuum technology, a kind of evacuated flat
plate solar collector is developed by Ref. [28], and a software
simulation is used to analyze the stress distribution and to optimize
the geometric dimension. Its performance is studied through a
solar simulating light source [29], and an efficiency curve is ob-
tained [30]. For practical application purposes, the evacuated flat
plate collector and organic Rankine cycle are coupled to study its
thermal characteristics and economic performance [31].



Fig. 1. The temperature range and application of different collectors [20].
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Another potential candidate for non-concentrating solar ther-
mal harvesting technology is optically transparent thermally
insulating materials such as silica aerogel, which is transparent to
solar irradiance and opaque to infrared radiation. For instance, the
tetramethyl orthosilicate-based silica aerogel [32], graphene aero-
gel [33], plasmonic aerogel [34], and so forth have been applied for
the non-concentrating solar collector in intermediate solar appli-
cations. In addition, energy transfer optimization should also be
considered in the collector design process, Mosavati et al. [35] have
proposed a new approach for obtaining desirable heat flux on the
design surfaces, and its efficiency in the heat radiation optimization
process is proved [36].

Some comparison works about non-concentrating solar collec-
tors have also been conducted on the flat plate and evacuated tube
solar collectors in terms of their energy performance under
different regions [37] and applications [38,39]. Besides using water
as heat transfer fluid, a comparison of their thermal performance
using nanofluids has also been carried out [40]. Sokhansefat et al.
evaluated the flat plate and evacuated tube solar collectors with a
simple economic model [41]. In addition, the influence on the
environment is accessed via life cycle assessment of flat plate and
evacuated tube solar collectors [42].

For the above studies for the non-concentrating solar collectors,
most of the literature only focuses upon the performance
enhancement of a certain collector (mostly working in the rela-
tively low temperature). As the technology advances, the non-
concentrating vacuum-type solar collectors will be more preva-
lent for intermediate temperature applications. However, the
knowledge gap of the internal energy and exergy transfer re-
lationships among the components in the solar collectors, the
essential structural improvement methods on the solar collectors,
and the room for further enhancement of vacuum-type solar col-
lectors have not been properly discussed and addressed. Specif-
ically, two types of structurally optimized non-concentrating solar
collectors, namely the heat pipe evacuated tube solar collector
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(ETSC) with a shield plate and the evacuated flat plate solar col-
lector (EFPC), as two structure optimized non-concentrating solar
collectors, have hardly ever been contrastively studied before. A
shield plate is added to the ETSC that can eliminate the heat radi-
ation loss from the bottom of the absorber plate. Hence, other than
the heat resistance for heat conduction and convention by vacuum,
the shield plate can also hold back the heat radiation loss on the
bottom side of the absorber plate. In addition, a high-performance
flat plate solar collector is developed with a vacuum environment,
which can also greatly eliminate heat loss. This kind of novel
evacuated flat plate solar collector can not only improve the ther-
mal insulation performance of the ordinary flat plate solar collector,
but it can also make full use of the floor space since there is no tube
gap like the evacuated tube solar collector.

To make an elaborate comparison of these two structurally
optimized non-concentrating solar collectors and solve the above
knowledge gaps, the outdoor experiment test and numerical model
are conducted for both of them. Detailed energy flow and exergy
destruction analyzes are also carried out for their distinct struc-
tures, which aims to demonstrate the effectiveness of structural
optimization. Then, the pros and cons of the two solar collectors are
also discussed and compared. The advanced exergy analysis is a
powerful tool to show the potential of room for improvement [43]
and it is rarely used for solar collectors. In this study, it is adopted to
evaluate avoidable and unavoidable exergy destruction and provide
reasonable development direction to the designers.

The layout of this paper is arranged as follows. The experimental
test platform and traits of two structurally optimized solar collec-
tors are described in Section 2. The numerical model and evaluation
methods are stated in Section 3. For the brief purpose, some
detailed equations are placed in the Appendix. The experimental
and numerical results of their energy and exergy performance are
exhibited in Section 4 and Section 5, respectively. In Section 6, a
discussion for two solar collectors is conducted about their unique
structure and improvement potential.



Fig. 3. The diagrammatic structure of (a) EFPC and (b) ETSC.
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2. Experimental platform description

An experimental platform is constructed that includes the
structurally optimized ETSC and EFPC (see Fig. 2). These two solar
collectors are self-innovate developed and cooperatively manu-
factured by Beijing Jinyang Solar Co., Ltd and TVP Solar [44]. They
are both mounted south-oriented and with a 30� slope. The test
period is selected between 11:00 and 13:00 during the daytime
with maximal solar irradiance.

The detailed internal structures and general energy flow direc-
tion of two solar collectors are exhibited in Fig. 3. The EFPC is
featured as the plate structure, such an issue will cause the glass
cover to suffer great stress from the atmosphere. To solve this
problem, a pillar array is needed to avert fracture. Since the solar
collector is designed for intermediate temperature conditions,
thermal stress induced by uneven temperature distribution is un-
avoidable during the work process. To mitigate the large thermal
expansion and contraction, the absorber plate is divided into two
parts on the central axis. Corresponding to this design, as the heat
transfer fluid (HTF) flow route shown in Fig. 3 (a), the HTF flow is
also separated and the downside pipes will be connected to the
upper ones to form a complete fluid circulation.

The ETSC employs heat pipes for heat exchange, so the HTF will
not enter evacuated tubes. This technology enables more efficient
heat transfer and more stable operation. Besides, a more uniform
stress distribution is realized with the contribution of the tubular
shape of ETSC.

Water is used as HTF for two kinds of non-concentrating solar
collectors. It is supplied by a mold temperature controller, which
can adjust the inlet temperature in a certain range (<1 �C). When
the outlet HTF from the mold temperature controller is higher than
the setting value, it will make the hot HTF mixed with the cold one.
When the outlet temperature is lower than the setting value, the
electrical heater will heat the HTF to the anticipated value. The
mold temperature controller is configured with a pressurization
system to prevent the water from vaporization when the temper-
ature goes up. A circulation pump is also integrated to maintain the
HTF cycling in the solar panel.

Pt-100 resistance temperature detector is used at the inlet and
outlet of the solar collector. An electromagnetic flowmeter is added
to the inlet pipe of the solar collector. All the measurement appa-
ratus is connected to a data acquisition instrument and the data is
recorded each 10s. During the actual process, the same test con-
dition is repeated four times with each lasting at least 3 min for the
precision purpose. Since the outdoor test is vulnerable to weather
Fig. 2. Test rig of (a) E
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conditions and the whole system has time-dependent fluctuations,
each test point has 12 min reservation [45] before data acquisition
(see Table 1).

To prove the accuracy of the experiment results, the uncertainty
of the experiment is calculated by the error propagation formula
[46].
FPC and (b) ETSC.



Table 1
The parameters of work apparatus and their precision.

Working apparatus Measurement range/precision

Mold temperature controller 10e180 �C (1 �C)
Solar pyranometer 0-2000 W/m2 (0.1 W/m2)
Anemograph 0.1 m/s
Pt-100 0.1 �C
Flow meter 0.5%
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REh ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

�Dxi
h

�2vuut (1)

where h is the efficiency and x is the direct measurement result
(such as the mass flow rate, temperature, and so on.). According to
the error value in Eq. (1), the uncertainty of the experiment is 2.2%
that can be regarded as sufficient for this study.
3. Methodology

3.1. The energy and exergy analysis for the experiment data

The experiment is carried out in the natural environment so the
boundary conditions (such as solar irradiance, ambient tempera-
ture, etc.) are varying at every moment. The normalized tempera-
ture difference Ti* [47] is used to describe the thermal performance
which involved the inlet temperature, ambient temperature, and
solar irradiance at the same time, so it can reflect the thermal ef-
ficiency of the solar collector comprehensively. For a more accurate
result of solar collector, the normalized temperature difference Ti*
and thermal efficiency h is tested under steady-state conditions, i.e.
select the experiment results that the boundary condition param-
eters fluctuate in a narrow range at the time of testing.

T*i ¼
Ti � Tamb

G
(2)

where Ti is the inlet temperature (K), Tamb is the ambient temper-
ature (K), and G is the solar irradiance (W/m2). The top bar means
this variable is the average value for the steady-state experiment
period.

The thermal efficiency of the whole solar field is calculated as
[48]:

h¼ _mcp;wðTo � TiÞ
ASFG

(3)

where the _m is the mass flow rate (kg/s), cp,w is the specific heat
capacity (J/(kg$K)), To is the outlet temperature (K), and ASF is the
solar collector's area (m2).

From the 2nd law of thermodynamic, we have established the
exergy model for the exergy analysis of the two structurally opti-
mized solar collectors. The solar irradiance is absorbed by the solar
collector and converted to the enthalpy exergy of the HTF. The in-
crease of enthalpy exergy in the heat pipe is calculated from Eq. (4)
[49].

Egain¼ _m½h2 �h1 � Tambðs2 � s1Þ� (4)

where the h2, h1 refer to the specific enthalpy of the HTF at the
outlet and inlet of the solar collector (J/kg), and s2, s1 is the specific
entropy of the HTF at the outlet and inlet of the solar collector (J/
(kg$K)).
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The solar irradiance exergy from the sun is [50]:

Es ¼GASFj (5)

j¼1� 4
3
Tamb
Ts

þ 1
3

�
Tamb
Ts

�4

(6)

where j is the maximum available energy ratio from the solar
irradiance and it can be calculated from Petela [51]. Ts is the black
body temperature of the sun and is generally assumed as 6000 K
[52].

The exergy of the solar collector is defined as [49]:

hex ¼
Egain
Es

¼ _mðh2 � h1 � Tambðs2 � s1ÞÞ
GASFj

(8)

Eq. (8) can be also be written in from of the exergy loss [49]:

hex ¼1� Eloss
GASFj

(9)
3.2. Numerical model evaluation

The numerical model about ETSC and EFPC is established ac-
cording to their actual structure and thermodynamic law. The
detailed model is presented in Appendix A and B. The relative error
between the experiment and simulation result can be accessed by
root mean square error which is defined as [53]:

RMSD¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
1

��
Xsim;i � Xexp;i

	

Xexp;i

�2
n

vuuut
� 100% (10)

where, Xsim,i and Xexp,i are the results of ith simulation and experi-
ment, respectively.
4. Experiment results and model validation

4.1. Energy performance

Based on the steady-state experiment, the normalized temper-
ature difference fitted curve of two non-concentration solar col-
lectors can be obtained. Considering the ETSC has a gap between
each glass tube, its thermal efficiency calculation has accounted for
these gap regions when calculating the total solar irradiance.
Likewise, the trepanning area of EFPC is also involved in the eval-
uation. As displayed in Fig. 4, in the whole axis, i.e. the low and
intermediate temperature range, the thermal efficiency of EFPC is
higher than ETSC. Under the same absorber area, the ETSC has a
larger glass cover area which leads to a larger outside heat transfer
area. Besides, the structure of EFPC makes both the inlet and outlet
copper tubes sealed under vacuum, thus the heat loss of the header
tube of ETSC is evaded.

According to the experimental data, the intercept efficiency of
EFPC is 17% higher than ETSC, and the thermal efficiency is 64.4%
and 54.2% for both solar collectors at the operating temperature of
100 �C. Their thermal efficiencies get closer in the high normalized
temperature difference value (i.e. high inlet temperature) because
the EFPC has a higher outlet temperature which leads to a higher
radiation heat loss.



Fig. 4. The fitted curve of the normalized temperature difference of these two solar
collectors.
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4.2. Exergy performance

An exergy efficiency comparison of ETSC and EFPC is conducted
in Fig. 5. The tested temperature range varies between 60 �C and
200 �C. It is noticed that the exergy efficiency of EFPC is still higher
than ETSC in the intermediate temperature range. The reason there
exists the best exergy efficiency in Fig. 5 is the competition of the
following two processes. On one hand, the outlet exergy increase
with the operating temperature; on the other hand, the tempera-
ture difference between inlet and outlet temperature becomes
much smaller when the operating temperature goes up and the
enthalpy and entropy difference is narrowed. The EFPC has attained
its maximum exergy efficiency of 17.0% at 151 �C and ETSC's
maximum exergy efficiency is 15.3% at 156 �C.
Fig. 5. Exergy efficiency results of the ETSC and EFPC under different inlet
temperatures.
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4.3. Model validation

The established numerical model for the EFPC in Appendix B is
validated by the experimental results. The thermal and exergy ef-
ficiencies of the EFPC are displayed in Fig. 6, the relative error be-
tween the numerical and experimental results is 1.6% and 1.8%,
respectively. The numerical model for the ETSC has been validated
in Ref. [54] and also obtained acceptable results of 1.5%. Therefore,
this numerical model is qualified for the prediction of both solar
collectors' performance and it's considered reasonably accurate for
use in further analysis.

5. Numerical analysis of two solar collectors

5.1. Thermal resistance networks

Essentially, the structural optimization of two solar collectors is
the changing of their internal thermal resistance network. The
thermal resistance diagrams of the structurally optimized ETSC and
EFPC are illustrated in Fig. 7. In light of the structure of ETSC, the
shield plate is added as an additional series thermal resistance for
hindering the radiant heat loss. Also, the vacuum for the flat plate
solar collector is equivalent to reducing the parallel thermal resis-
tance. Hence, both of them can minimize the thermal loss of the
original structures.

For quantitative analysis, a typical working condition is chosen,
where the solar irradiance is 800 W/m2, the flow rate is 0.03 kg/s,
the ambient temperature is 25 �C, the inlet temperature is 80 �C,
and the wind velocity is 2 m/s . With the validation model of two
solar collectors, each thermal resistance in Fig. 7 is calculated and
the results are shown in Table 2 and Table 3. It is noticed that the
additional heat shield plate of ETSC has improved the thermal
resistance between the absorber plate and glass tube significantly.
The original structure absorber has heat radiative transfer to the
whole glass tube, which will cause great heat loss from the
absorber plate to the ambient and ground. The shield plate has
made compensation for this parasitic shortcoming. The thermal
resistance has been elevated 3.83-fold over the original structure.

The EFPC uses a glass plate substitute for the glass tube and a
backplate that has less specific surface area than the glass tube. In
comparison with the original structure, i.e. flat plate solar collector,
reducing the parallel thermal resistance also plays a vital role in the
solar capture process. The thermal resistances between the bottom
side of the absorber plate and glass plate have been upgraded 4.17-
fold. Therefore, the great heat loss of these two non-concentrating
solar collectors has been mitigated substantially.

5.2. Energy flow investigation

To elucidate the energy conversion and loss during the solar
harvesting process, the energy flow from solar energy to useful
energy of the two solar collectors is presented in Fig. 8. The total
input energy is set with the same solar irradiance and the energy
flow direction is depicted clearly. The inherent solar energy loss
occurs on two solar collectors: the EFPC has a trepanning on the
absorber plate to provide space for the supporting pillars and ETSC
has a gap between each glass tube.

As shown in Fig. 8, the most energy loss for both solar collectors
occurs on the glass plate or tube owing to the optical loss and
emitted radiative loss. Based on this phenomenon, the shield plate
is instrumental for reducing radiative loss from the absorber plate.
It is observed that the shield has a crucial effect for restraining the
heat radiation from the bottom of the absorber plate. Only 1.68%
energy loss occurs on the bottom side of the absorber plate on ETSC
while the EFPC has 6.33% energy loss at the same position.



Fig. 6. The numerical model verification of EFPC (a) thermal efficiency (b) exergy efficiency.

Fig. 7. The thermal resistance of (a) the structure optimized ETSC and (b) structure optimized EFPC.

Table 2
Thermal resistance distribution of the ETSC.

ETSC Rgla-sky Rgla-abs Rabs-shd Rshd-gla

Original structure 0.0191 1.4937 1.3713
Optimized structure 0.0095 1.4763 2.5916 2.6667

Table 3
Thermal resistance distribution of EFPC.

EFPC Rgla-amb Rgla-abs Rabs-bot Rbot-amb

Original structure 0.0958 0.2944 0.6659 0.1000
Optimized structure 0.0028 1.4526 2.5609 0.1001
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However, for reducing the upper side radiative loss of the absorber,
the high transmissivity material (i.e. infrared thermal mirror
[55,56]) is required for the heat radiation recovery that is not easy
to be achieved. The results from Ref. [57] discussed the required
property for this material to further decrease the radiative heat loss
887
of EFPC that is worth researching in the future.
It is also noticed that the proportion of trepanning energy loss

on the EFPC is only 3.27%. However, the gap loss of ETSC accounts
for a considerable energy loss (9.85%) during the solar energy
capture process, thereby impairing the thermal performance more



Fig. 8. The energy flow chart of (a) EFPC and (b) ETSC.
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seriously. Although the ETSC has added a series thermal resistance
to prevent heat radiation losses, it obtains less useful energy than
EFPC since the heat losses on the tubes’ gap and condensing section
are not ignorable.
5.3. Exergy destruction breakdown

In this section, a numerical analysis of the exergy loss break-
down for these two kinds of solar collectors is carried out. The solar
irradiance is set at 800 W/m2, the ambient temperature is set at
25 �C, and the HTF flow rate is set at 0.06 kg/s as the working
conditions.

First, the exergy flow charts of two solar collectors are obtained
under the circumstance that the operating temperature is 150 �C. It
is noticed that the vastest exergy destruction of both solar collec-
tors is the solar-thermal conversion process on the absorber plate,
i.e. the solar energy is converted to thermal energy. This can be
ascribed to the absorptivity coefficient of the absorber plate and the
great temperature divergence between the sun and absorber plate.
On the one hand, the higher absorptivity coefficient of the absorber
plate can capture more solar energy such that the exergy loss will
decrease. On the other hand, the sun is usually considered as a black
body with 6000 K, so the enormous temperature difference will
bring about massive exergy loss. This exergy loss part is related to
the analysis method for the solar exergy. According to the updated
literature [58], the solar exergy is reappraised comprehensively
with the geometric factor, absorber property, etc. involved. This
new method will decrease this exergy loss for practical solar sys-
tems. The same portion of exergy loss in EFPC is a little higher than
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ETSC since the surface area of the absorber plate on EFPC is larger
than ETSC.

In Fig. 9 (a), the gap loss refers to the solar irradiance passing
through the gap between two glass tubes, while the interval loss
denotes the solar irradiance that passes through the interval be-
tween the glass tube and absorber plate since they cannot contact.
These two parts are inevitable and they account for a considerable
amount of loss compared to the trepanning loss in Fig. 9 (b). In the
heat transfer process that takes place on the absorber plate, the
exergy is destructed more gravely on the EFPC due to the larger
plate area. Since the heat pipe is employed in ETSC, one more heat
transfer procedure is involved in it. Fortunately, the heat pipe does
not have a noticeable impact on the exergy flow. Rather, it is the
heat transfer process that happens on the condensation section
that causes large exergy destruction from the condensation section
to the HTF as it dissipates to the surroundings. On the EFPC, the heat
absorber tubes are surrounded by a vacuum environment, so the
exergy dissipation to the ambient surroundings only occurs on the
bottom and glass plate.

Each exergy destruction part in Fig. 9 will vary with respect to
the operating temperature as displayed in Fig. 10. The solar-thermal
conversion exergy destruction part will decrease with the increase
of the absorber plate's temperature. In Fig. 10 (a), the exergy loss
triggered by solar irradiance missed from the ETSC's gap and solar-
thermal conversion on glass tube is immobile of the entire low and
intermediate temperature range. This phenomenon is attributed to
the fixed transmittance of the glass tube and its almost constant
temperature level. On account of the temperature difference be-
tween the copper tube and HTF narrows, the exergy loss caused by



Fig. 9. Exergy flow charts of the (a) EFPC and (b) ETSC.
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heat transfer from the copper tube is decreasing with the inlet
temperature.

It is noticed that the radiation exergy loss from the absorber
plate to the glass tube and shield plate is escalating with the inlet
temperature. It is caused by the temperature difference between
the absorber plate and the other two bodies. Besides, the radiation
exergy loss between the absorber plate and the glass tube is higher
than the shield plate which demonstrates that the shield plate can
suppress the radiation loss efficiently.

It can be observed that the heat transfer loss in EFPC is smaller
than ETSC. The reason for that is the average HTF temperature of
EFPC is higher than ETSC which leads to a smaller exergy loss.
Another more important reason is the exergy loss in the
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condensation section of ETSC is non-ignorable. The radiation from
the absorber plate to the bottom plate and glass plate is almost
close to each other due to their temperature values being almost
identical.
6. Discussion

Based on the previous experimental and numerical results,
some pros and cons of EFPC and ETSC have been revealed. The gaps
on the ETSC will cause extra energy and exergy losses while the
shield plate works oppositely. The condensation section is also
important in the heat transfer process of ETSC. The trepanning on
EFPCwill cause the declination of energy and exergy but plays a key



Fig. 10. Exergy loss breakdown under different operating temperatures of the (a) EFPC
and (b) ETSC.
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role in withstanding the atmospheric pressure. Hence, in this sec-
tion, an exhaustive discussion about these components and their
thermodynamic properties is conducted. Moreover, the improve-
ment space for these two solar collectors is investigated via
advanced exergy analysis methods.
Fig. 11. Thermal efficiency at different emissivities of the shield plate.
6.1. The effect of shield plate for the structure optimized ETSC

As previous results have shown, the shield plate plays a vital role
in the energy and exergy performance of ETSC. Hence, the thermal
property of the additional shield plate is a consequential design
parameter for ETSC. The emissivity of the shield plate will have a
great influence on the radiant heat dissipation process. With the
low inlet temperature, the thermal efficiency of ETSC remains
steady (it declines by 2.67% when the inlet temperature is 50 �C).
With a higher inlet temperature, the thermal efficiency decreases a
lot, and the effect of the shield plate's emissivity is also magnified.
The thermal efficiency declines by 28.38% when the inlet
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temperature is 200 �C (see Fig. 11).

6.2. The length distribution on the heat pipe

Another pivotal component of the ETSC is the heat pipe, which
consists of the evaporation section and the condensation section.
The solar absorption and heat discharge processes are dominated
by these two parts, thereby concerning the thermal performance of
the solar collector. Hence, the length ratio of the evaporation and
condensation section is worth researching to achieve better ther-
mal performance. As illustrated in Fig. 12 (a), the maximum evap-
oration section length ratio occurs at 0.74 of the thermal efficiency
occasion. Fig. 12 (b) manifests that the maximum evaporation
length ratio occurs at 0.81 of the exergy efficiency occasion.

It is noticed that the thermal and exergy efficiency fall sharply
after the evaporation section ratio is beyond 0.9. The overlength
evaporation section results indicate that the heat may accumulate
in the condensation section and lack enough area to release heat for
the HTF. Therefore, the proportion of the two sections should be no
more than this threshold value so as not to affect the thermal
performance significantly. The above outcome indicates that the
current design (the proportion of evaporation section is 0.96)
hinders the heat transfer performance in the condensation section.
Givenmore aperture area is expected andmanufacturing technique
requirement in the real applications, the evaporation section length
is usually immutable. Accordingly, as an important tache of the heat
transfer process in ETSC, some heat transfer enhancement methods
can be implemented in such an important position.

6.3. Surface mechanical stress analysis

One of the main obstacles of EFPC fabrication is the surface
mechanical stress problem. The huge atmospheric pressure will
cause too much deformation of the glass cover to crack. This
problem is avoided on the ETSC because of its innate advantage of
tube shape. As shown in Fig. 13, the deformation of an evacuated
glass tube is depicted under standard atmospheric pressure.
Assuming the upper end of the tube is restrained by supporting
structure, the finite element method analysis reveals that the
maximum displacement of the entire tube is 0.035 mm which is
small enough for operating safety. Moreover, according to the



Fig. 12. The influence of the length ratio of evaporation section, (a) thermal efficiency and (b) exergy efficiency.

Fig. 13. The finite element analysis of ETSC's tube.
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previous section, the temperature of the glass tube is not much
higher than the ambient temperature so the thermal-induced
stress can be omitted.

The EFPC processes a giant glass plate cover that is similar to the
cantilever beam structure if there is only a housing support struc-
ture around it. In the practical application, the aperture area of the
solar collector is usually around 2 m2. In Fig. 14 (a), a finite element
analysis is conducted for the case when the glass plate cover is only
supported by the edge structure. The result indicates that the
maximum deformation is as high as 23.54 mm. Hence, the glass
cover will crack during the vacuuming process in the real
manufacturing process. However, if a pillar array is added under the
glass plate cover, the situation will be significantly improved. It is
noticed that the maximum deformation is alleviated to only
0.041 mm with pillars' support. Even though it will cause a little
curtailment of the absorber plate's area, the major challenge for
materializing EFPC is addressed.

As depicted in Fig. 15, the maximum deformation of the glass
plate is varying under different pillar arrangements. The fewer
pillars lead to less trepanning area and more solar energy will be
captured. The trepanning loss in Fig. 8 (a) will have less influence on
the resulting thermal efficiency. The maximum deformation in-
creases sharply when the pillars are less than 16 � 8, which will
cause the glass plate vulnerable to crack under the atmospheric
pressure.
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6.4. Advanced exergy analysis

The conventional exergy analysis method can only point out the
amount of exergy destruction on each heat transfer process, while
the advanced exergy analysis can determine how much the exergy
destruction can be avoided, i.e. reduce the irreversibility. With the
development of technology on solar collectors, some components
could be enhanced to avoid the exergy destruction that is called
“avoidable exergy destruction”. However, there will always be a
part of exergy destruction that cannot be avoided owing to the
structure, physical, or economic restraints. These parts are called
“unavoidable exergy destruction”. In this section, the working sit-
uation of two solar collectors will be assumed in a hypothetical
condition (see Table 4 and Table 5), so that the avoided and un-
avoidable exergy destruction can be determined. The concrete
theory and calculation method are laid in Appendix D. The hypo-
thetical condition can be realized with the progress of technology
in the future and it is referenced from the results of cutting-edge
researches for reasonable values. Thus, this analysis is instructive
for the further development of non-concentrating solar collectors.

As shown in Fig. 16, the internal sector diagram is the original
exergy destruction (based on the results from Section 5.3) while the
outer sector diagram is the avoidable and unavoidable exergy
destruction for each part. It is observed that the shrink of gaps on
the ETSC leads to 51.27% (74.35 W/m2) exergy destruction on glass
tubes avoidable as shown in Fig. 16 (b). While 39.47% (23.53 W/m2)
exergy destruction of the glass plate on EFPC will be avoidable with
only the changes of optical property. 5.77% (24.24 W/m2) exergy
destruction on the absorber plate can be avoided on the ETSC.
Owing to the aforementioned reasons, this exergy destruction is
more the results of exogenous. However, by reducing the trepan-
ning numbers and improving the absorber plate simultaneously,
10.74% (51.85 W/m2) exergy destruction could be avoided on the
EFPC. As discussed before, the trepanning arrangement reduction
only has a little influence on the glass deformation.

It also can be seen that 27.95% (4.39 W/m2) and 14.37% (1.00 W/
m2) exergy destruction can be avoided in the condensation section
of ETSC and absorber tubes of EFPC, respectively. From the
perspective of quantity, although it accounts for a small proportion
of the total exergy destruction, this part is situated separately at the
last heat transfer process in two solar collectors according to Fig. 9.
In other words, this part has a higher “exergy grade” to influence
the final exergy output in the HTF. For the ETSC, the avoidable
exergy can be realized by heat transfer enhancement methods
acting on the condensation section, corresponding to the previ-
ously presented discussion. For the EFPC, some measures also can



Fig. 14. The finite element analysis of EFPC, (a) only edge restrain and (b) with support pillars.

Fig. 15. The maximum deformation of glass plate under different pillar arrangements.

Table 4
The hypothetical working condition of ETSC.

Parameters Real condition Hypothetical condition Ref.

tgla 0.92 0.95 [59]
εgla 0.88 0.20 [60]
agla 0.05 0.02 [60]
Agap 0.46 m2 0.20 m2 \
aabs 0.95 0.97 [61]
εabs,top 0.1 0.05 [60]
εabs,bot 0.08 0.05 [60]
Acon 0.0044 m2 0.01 m2 Results from Section 6.2
kins 0.06 W/(m∙K) 0.02 W/(m∙K) [62]
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be implemented on the absorber tubes, such as the nano-fluid to
increase the heat transfer coefficient [48].
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It is worth noting that if the hypothetical situation is realized,
the total exergy destruction can be reduced by 17.74% (102.99 W/
m2) and 13.90% (76.39 W/m2) in the ETSC and EFPC, respectively.
Therefore, this advanced exergy analysis provides a more reason-
able and realistic measure to the designers and the most attention
should be paid to the glass cover and structure close to the HTF.
7. Conclusions

To exploit the internal energy and exergy transfer and stress
relationships among the components, the essential influence of
structural optimization on performance improvement, and exploit



Table 5
The hypothetical working condition of EFPC.

Parameters Real condition Hypothetical condition Ref.

tgla 0.92 0.95 [59]
εgla 0.88 0.20 [60]
agla 0.05 0.02 [60]
aabs 0.92 0.97 [61]
εabs,top 0.035 0.05 [60]
εabs,bot 0.08 0.05 [60]
Ntre 22 � 11 16 � 8 Results from Section 6.3
hc According to HTF's property 50% enhanced [63,64]

Fig. 16. The avoidable and unavoidable exergy destruction of (a) EFPC and (b) ETSC.
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further development potential of the non-concentrating vacuum-
type solar collectors for the intermediate temperature applications,
a detailed comparison of two structurally optimized solar collectors
is executed in this paper. The experimental research and theoretical
analysis of these two kinds of collectors are carried out respectively.
The main conclusions are drawn as follows.

1. The structural improvement can alter thermal resistance on the
two solar collectors. The addition of series thermal resistance or
removal of parallel thermal resistance will render 3.83 and 4.17-
fold thermal resistance enhancement in the corresponding heat
transfer process, respectively. Therefore, the structural
improvement has a great contribution to altering the thermal
resistance, thereby improving the thermal performance of the
non-concentrating solar collectors.

2. The land source is valuable for solar energy applications, espe-
cially in densely populated regions. The gaps between the
evacuated tube solar collectors cause massive solar irradiance
losses, and more floor area space is needed accordingly. The
advanced exergy analysis manifests that it will cause 51.27% of
avoidable exergy destruction. Whereas the trepanning loss of
evacuated flat plate solar collector leads to 10.74% avoidable
exergy destruction, which has much less effect on the thermal
efficiency.

3. The ratio of condensation and evaporation length has a
considerable influence on the heat transport process of the heat
Table A1
The exergy balance equations of ETSC and EFPC.

Type
Equations

ETSC EFPC

absorber plate Eabs�s ¼
Eat�gla þ Ead�shd þ Eabs�pe þ Ed;abs

(11) Eabs�s ¼
Eat�gla þ Ead�bot þ Eabs�ht þ Ed;abs

(12)

shield/backplate Ead�shd ¼ Eshd�gla þ Ed;shd (13) Ead�bot ¼ Ebot�amb (14)
glass tube/plate Eat�gla þ Eshd�gla þ Egla�s ¼

Econv;gla�amb þ Er;gla�amb þ Ed;gla
(15) Eat�gla þ Egla�s ¼

Econv;gla�amb þ Er;gla�amb þ Ed;gla
(16)
pipe. The heat transfer enhancement method can be added to
the condensation section of the heat pipe evacuated tube
collector.

4. The support pillar is critical of the stress distribution of evacu-
ated flat plate solar collectors and it can greatly reduce the
deformation of the glass plate. A more reasonable pillar
arrangement can be implemented for better performance while
maintaining safe operation.

5. Based on the hypothetical working condition for both solar
collectors, the advanced exergy analysis demonstrates that the
total exergy destruction can be reduced by 17.74% and 13.90% in
heat pipe evacuated tube collector and evacuated plate flat solar
collector, respectively.

The results of this paper are instrumental for the further
development of non-concentrating solar collectors. For future
studies, the effort will be made to further improve the performance
of these typical solar collectors according to the above results and
devote to enhancing the solar penetration in the future energy
supply.
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Appendix A. Exergy analysis of ETSC and EFPC

For a detailed analysis of the exergy transfer process, we have
studied the exergy loss on the ETSC and EFPC. First of all, the exergy
equations for both solar collectors can be established (see Table A1).
It is noticed that the equations for ETSC are for each tube and the
equation for EFPC is for the whole panel.
In Eq.(11) and (12), Eabs-s is the solar irradiance exergy absorbed
by absorber plate:

Eabs�s ¼ tglaaabsGAabs

�
1� Tamb

Tabs

�
(17)

Eat-gla is the solar irradiance exergy transfer from the top of the
absorber plate to the glass tube [51]:

Eat�g ¼ εat�gs

�
Tabs

4 � Tgla
4 � 4

3
Tamb

�
Tabs

3 � Tgla
3
�


(18)

εat�g ¼ 1
1�εat
εatAabs

þ 1
Aabs

þ 1�εgla

0:5εglaAgla

(19)

The coefficient 0.5 in Eq. (19) is caused by Agla is the total area of
the glass tube but the heat transfer between absorber plate top side
and the glass tube is simplified into only half glass tube joins in this
process. Identically, another half glass tube only has thermal radi-
ation with the bottom side of the absorber plate. However, in EFPC,
the area of the glass plate is almost the same as the absorber plate,
so this coefficient is no need in the EFPC exergy analysis model, i.e.
Eat,gla in Eq.(12).

In Eq.(11), Ead,shd is the solar irradiance exergy transfer from the
bottom of the absorber plate to the shield plate:
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Ead�shd ¼ εad�shds

�
Tamb

4 � Tshd
4 �4

3
Tamb

�
Tabs

3 � Tshd
3
�


(20)

εad�shd ¼
1

1�εad
εadAabs

þ 1
Aabs

þ 1�εAl
εAlAabs

(21)

The expression of Ead-bot in Eq. (12) is equivalent to Ead-shd in
Eq.(11).

Eabs-pe is the exergy transferred from the absorber plate to the
heat pipe:

Eabs�pe ¼Qabs�pe

�
1� Tamb

Tabs

�
(22)

Eabs-ht in Eq. (12)is the same as Eabs-pe in Eq.(11). Ed-abs of the
absorber plate exergy balance equation can be obtained from Eq.
(11) and (12), respectively.

In Eq.(13), Eshd-gla is the solar irradiance exergy transferred from
the bottom of the shield plate to the bottom glass tube:

Eshd�gla ¼ εshd�glas

�
Tshd

4 � Tgla
4 �4

3
Tamb

�
Tshd

3 � Tgla
3
�


(23)

where,

εshd�gla ¼
1

1�εAl
εAlAabs

þ 1
Aabs

þ 1�εgla

0:5εglaAgla

(24)

Eat-gla in Eq. (14) is equivalent to Eshd-gla in Eq.(13), and as
aforementioned, the coefficient 0.5Ag should be subscribed with
Abot in EFPC exergy analysis. Besides, Ed,gla on the glass cover of both
solar collectors can be deduced in Eq. (13)and(14), respectively.

In Eq.(15), Egla-s is the solar irradiance exergy absorbed by the
glass tube:

Egla�s ¼aglaGAga

 
1� Tamb

Tgla

!
(25)

where Aga is the aperture area of each ETSC tube.
Er,gla-amb is the thermal radiation exergy from the glass tube to

the surroundings:

Er;gla�amb¼ εglaAglas

�
Tgla

4 � Tamb
4 �4

3
Tamb

�
Tgla

3 � Tamb
3
�


(26)

Econv,gla-amb is the exergy loss caused by convection heat transfer
from the glass tube to the surroundings:

Econv;gla�amb ¼hgla�ambAgla

�
Tgla � Tamb

� 
1� Tamb

Tgla

!
(27)

The exergy loss caused by optical loss on the gaps between each
glass tube:

Egap ¼GAgapj (28)

The exergy loss caused by optical loss on the interval between
absorber plate and glass tube:

Einv ¼ tgla
�
GAgaj�GAabsj

	
(29)

In Eq.(16), there is an exergy exchange between the bottom side
of the absorber plate and the backplate, but this part can be omitted
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by considering the exergy of the backplate is all lost to the
surroundings.

There exists exergy destruction in the solar irradiance exergy
transfer to the absorber plate and glass tube/plate. The exergy
destruction caused by solar irradiance absorbed by the absorber
plate:

Ed;abs ¼ tglaGAabsj� Eabs�s (30)

The exergy destruction caused by the solar irradiance absorbed
by the glass tube:

Ed;gla ¼
�
1� tgla

�
GAgaj� Egla�s (31)

The Ew-ins denotes the exergy transfer from the HTF to the
insulation, and this process only happened in the header tube of
ETSC:

Ew�ins ¼
ðTe
Ti

�
1� Tamb

Tw

�
dQw�insðTwÞ (32)

where,

ðTe
Ti

dQw�insðTwÞ¼ ðTw � TambÞU (33)

Ed,abs-pc is the exergy destruction caused by heat transfer from
the absorber plate to the heat pipe:

Ed;abs�pc ¼Qabs�pe

�
Tamb
Tpc

� Tamb
Tamb

�
(34)

Ed,pc-w is the exergy destruction caused by the heat transfer from
heat pipe to the HTF [65]:

Ed;pc�w ¼ Tamb

2
64 ð

Te

Ti

dQpc�wðTwÞ
Tw

� 1
Tpc

ðTe
Ti

dQpc�wðTwÞ

3
75 (35)

where the i and e are referred to as inlet and outlet, Tw is the
temperature of the HTF in the header pipe, and

ðTe
Ti

dQpc�wðTwÞ¼Qabs;pe (36)

Additionally, the HTF flow in the pipes will lead to exergy loss
due to friction. However, it can be omitted since it only accounts for
a tiny amount compared with the total exergy loss [66].

Appendix B. Energy analysis model

The detailed numerical model for EFPC is established as follows.
Considering the inhomogeneity temperature distribution, a mesh is
implemented on the absorber plate and heat pipes. Other parts like
the glass cover and bottom plate are considered as the uniform
temperature on the steady-state.

The energy balance equation of glass cover is:

aglaAglaGþQr;abs�gla ¼ Aglaεglas
�
T4gla � T4sky;eq

�
þ Aglahgla�amb

�
Tgla � Tamb

�
(37)

where,
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Qr;abs�gla ¼
Xm¼M;n¼N

m;n¼1

εatDAabsðm;nÞs
�
T4absðm;nÞ � T4gla

�
(38)

and Tsky,eq is the equivalent temperature of the sky.
The energy equation of the absorber plate is:

tglaaabsAabsG¼Qr;abs�gla þ Qr;abs�bot þ Qabs�ht (39)

where,

Qr;abs�bot¼
Xm¼M;n¼N

m;n¼1

εadDAabsðm;nÞs
�
T4absðm;nÞ � T4bot

�
(40)

Qabs�ht ¼
ðTabsðm;nÞ � ThtðmÞÞ

Rabs�ht
(41)

The energy equation of each mesh on heat tubes is:

Qabs�ht þ khtAht
Thtðmþ 1Þ � 2ThtðmÞ þ Thtðm� 1Þ

Dxht

¼ Qr;ht�bot þ
ðThtðmÞ � TwðmÞÞ

Rht�w

(42)

The energy equation of each mesh on HTF is:

ðThtðmÞ � TwðmÞÞ
Rht�w

¼ _mwcw
�
Tw;outðmÞ� Tw;inðmÞ	 (43)

The main calculation targets are the glass cover temperature,
the absorber plate's temperature, heat tubes' temperature, bottom
plate's temperature, and outlet temperature of HTF. The thermal
properties of all materials used in this model are the same as the
real solar collector. An iteration calculationwas carried out until the
values have reached convergence. The detailed energy efficiency
analysis model of ETSC can be found in the previous study [54].
Different mesh quantities are tested to examine the accuracy of the
model. Under the same boundary conditions (the solar irradiance is
800 W/m2, the flow rate is 0.03 kg/s, the ambient temperature is
25 �C, the inlet temperature is 100 �C, and the wind velocity is 2 m/
s). As shown in Fig. 17, the thermal efficiency is not sensitive to the
mesh quantity after it exceeds 1000. Considering that the
computing resource, mesh quantity of 1260 is applied for this
study.

Fig. 17. Variation of the thermal efficiency as the change of mesh quantity.
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Appendix C. Thermal resistance analysis

The thermal resistance of each energy transfer process for two
solar collectors is studied. The main heat transfer processes in the
solar collector are the heat radiant among absorber plate, glass
cover, ETSC. For comparison, the original structure, i.e., the ETSC
without heat shield plate and flat plate solar collector, is also
incorporated in this analysis. Each thermal resistance term of ETSC
and flat plate solar collector is defined in Table A2 and Table A3.
where,

hr;gla�sky ¼
εglas

�
T4gla � T4sky;eq

�
ðTabs � TambÞ

(49)

hconv;gla�amb¼5:7þ 3:8vwind (50)

hr;gla�abs ¼
s
�
T2abs þ T2gla

��
Tabs þ Tgla

�
1�εat
εabst

þ 1þ ð1�εglaÞAabs

0:5εglaAgla

(51)

hr;abs�shd ¼
s
�
T2abs þ T2shd

�
ðTabs þ TshdÞ

1
εad

þ 1
εshd

� 1
(52)

hr;shd�gla ¼
s
�
T2shd þ T2gla

��
Tshd þ Tgla

�
1�εshd
εshd

þ 1þ ð1�εglaÞAshd

0:5εglaAgla

(53)

hr;gla�grd ¼
s
�
T2grd þ T2gla

��
Tgrd þ Tgla

�
1

εshd
þ 1

εgrd
� 1

(54)

The bottom side of the absorber plate will have direct radiation
with the glass tube if there is no shield plate in ETSC. Hence, Eqs.
(46) and (47) should be combined in the original structure calcu-
lation. The thermal resistances of flat plate solar collector are pre-
sented in Table A3. For the EFPC analysis, the internal convection
heat transfer between the absorber plate, bottom plate, and glass
plate is deemed as nonexistent. Thus, the convection terms in Eqs.
(56) and (57) should be omitted.
where,

hr;gla�sky ¼
εglas

�
T4gla � T4sky;eq

�
ðTabs � TambÞ

(59)

hconv;gla�amb¼5:7þ 3:8vwind (60)

hr;gla�abs ¼
s
�
T2abs þ T2gla

��
Tabs þ Tgla

�
1
εat

þ 1
εgla

� 1
(61)

hconv;gla�abs ¼Nu
lair

dgla�abs
(62)

Nu¼1þ1:14

 
1� 1708ðsin 1:8 bÞ1:6

Ra,cos b

!�
1� 1708

Ra,cos b


þ

þ
"�

Ra,cos b
5830

�1=3
� 1

#þ (63)



Table A2
The thermal resistance expression of ETSC.

Term Thermal resistance

Heat transfer between the glass tube and sky
Rgla�sky ¼ 1 =

 
1 =

1
hconv;gla�sky

þ 1 =
1

hr;gla�sky

!
¼ 1

hconv;gla�sky þ hr;gla�sky

(44)

Heat transfer between the glass tube and absorber plate
Rgla�abs ¼ 1

hr;gla�abs

(45)

Heat transfer between the absorber plate and shield plate
Rabs�shd ¼ 1

hr;abs�shd

(46)

Heat transfer between the shield plate and glass tube
Rshd�gla ¼ 1

hr;shd�gla

(47)

Heat transfer between the glass tube and ambient environment
Rgla�amb ¼ 1 =

 
1 =

1
hconv;gla�amb

þ 1 =
1

hr;gla�grd

!
¼ 1

hconv;gla�amb þ hr;gla�grd

(48)

Table A3
The thermal resistance expression of flat plate solar collector.

Term Thermal resistance

Heat transfer between the glass plate and sky
Rgla�sky ¼ 1 =

 
1 =

1
hconv;gla�sky

þ 1 =
1

hr;gla�sky

!
¼ 1

hconv;gla�sky þ hr;gla�sky

(55)

Heat transfer between the glass plate and absorber plate
Rgla�abs ¼ 1 =

 
1 =

1
hconv;gla�abs

þ 1 =
1

hr;gla�abs

!
¼ 1

hconv;gla�abs þ hr;gla�abs

(56)

Heat transfer between the absorber plate and bottom plate
Rabs�bot ¼ 1 =

 
1 =

1
hcond;abs�bot

þ 1 =
1

hr;abs�bot

!
¼ 1

hcond;abs�bot þ hr;abs�bot

(57)

Heat transfer between the bottom plate and ambient environment
Rbot�amb ¼ 1 =

 
1 =

1
hconv;bot�amb

þ 1 =
1

hr;bot�grd

!
¼ 1

hconv;bot�amb þ hr;bot�grd

(58)
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Ra¼ gb0DTL3

na
(64)

hr;abs�bot ¼
s
�
T2abs þ T2bot

�
ðTabs þ TbotÞ

1
εad

þ 1
εbot

� 1
(65)

hcond;abs�bot¼
lins

dabs�bot
(66)

hconv;bot�amb ¼5:7þ 3:8vwind (67)

hr;bot�grd ¼
s
�
T2bot þ T2grd

��
Tbot þ Tgrd

�
1
εbot

þ 1
εgrd

� 1
(68)
Appendix D. Advanced exergy analysis

For kth component in the solar collector, the exergy fuel flow for
itself can be divided into the product part for the next component
and the destruction part [67]:

Ekfuel ¼ Ekprod þ Ekdst (69)

The unavoidable exergy destruction is defined as [68]:

EUNdst;k ¼ Erealprod;k

 
Edst
Eprod

!hypo

k

(70)

where the kth component works in its hypothetical condition while
the other components work at their real conditions.

The avoidable exergy destruction is defined as [60]:
897
EAVOdst;k ¼ Erealdst;k � EUNdst;k (71)
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