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Abstract
Solar concentrating system is an effective way of combing solar energy with the building to satisfy the needs besides of electricity and
hot water, also includes building heating, refrigeration, dehumidification, which require higher quality heat source. This paper put
forward a novel static asymmetric lens-walled compound parabolic concentrator (ALCPC), which is composed of the mirror CPC and
lens-walled structure, and can make full use of the total internal reflection and specular reflection. The optical performance of the
ALCPC under the real application condition was established by software Lighttools®. Furthermore, the optimization structure by rotating
the absorber away from the wall at some specific angles was also adopted for a wider scope applications. The results showed that the
ALCPC has a large acceptance angle of 59° with highest optical efficiency of around 90% for most of the incident angles and has a
relatively uniform flux distribution. In addition, annual performance analysis of the ALCPC was also done for Beijing (39°54’N,
116°23’E). The ALCPC as a static concentrator would be a good solution for the building south wall integration.
© 2017 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction
With the rapid development of the society, environment problems
have become more and more serious. Solar energy as a kind of
inexhaustible and clean energy has aroused an increasingly
widespread attention. Nowadays, with the increase of the building
energy consumption, solar energy may be one of the effective
ways to alleviate the pressure on the traditional energy source for
the building energy demand. The requirement includes not only
the electricity and the hot water, but also the building heating, the
refrigeration, and dehumidification, which require higher quality
heat source, especially during winters [1-4]. However, due to the
low intensity solar radiation, it becomes difficult to meet the above
mentioned demands, therefore, building integrated concentrating
Photovoltaic/thermal (BICPV/T) are found to be effective against
any such constraints. [5-9].
However, there are reasonably appreciable features associated
with building integrated solar concentrators, such as integration
with building façade and roof without any sorts of tracking system
or seasonal adjustment. They are found to have large acceptance
*
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angle and high optical efficiency with uniform flux distribution to
ensure better electrical and thermal performance [10]. There are
many researchers paid more attention on the static solar
concentrators. T.K Mallick et al [11-13] designed a novel
asymmetric CPC which consisted of two different parabolas, and
the simulation and experiment results showed that is a feasible
way to integrate it with building façade at Northern Ireland
(54°36’N, 5°37’W) and the asymmetric geometry might be a better
way to be used with building facade[11]. John R. Hull et al [14]
proposed that using dielectric material to form dielectric CPC is
an effective way to increase the half acceptance angle and optical
efficiency by the means of refraction and total reflection. M. Sabry
et al. [15] proposed a low-concentration facade integrated
photovoltaic systems (LFP) by the truncation of the tiled CPC that
is made from transparent acrylic CPC segments, which plays an
effective role in reducing cooling loads inside buildings. Carlo
Renno and Fabio Petito [16] presented a model for choosing the
proper modular configuration of a point-focus concentrating
Photovoltaic/thermal (CPV/T) system according to the domestic
user energy demands, and the results showed that CPV/T systems
allowed a significant reduction of CO2 emissions due to the
primary energy savings. Milorad Bojic et al. [16] presented the
investigations for three types of non-imaging, asymmetric,

2383-8701/© 2017 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

27

Q. Xuan et al. / Journal of Daylighting 4 (2017) 26–36

Nomenclature
Lb
Ls
B
Cg
d
h
IPQ
IRS

luminance background (cd/m2)
luminance of the glare sources (cd/m2)
base height (mm)
geometrical concentration ratio
the length of the absorber (mm)
solar altitude angle (°)
solar radiation on the south wall (Wm-2)
solar radiation on the ground (Wm-2)

Greek symbols
α
β
δ
ψ
φ
λ
θ
θ′
θNS
γs

latitude of position A (°)
latitude of position B (°)
rotation angle of the lens-walled structure (°)
the longitude difference between position A and
position B (°)
�����⃗ of sun ray and
the angle between unit vector 𝑂𝑂𝑂𝑂
�����⃗ (or �����⃗
unit vector 𝑂𝑂𝑂𝑂
𝐴𝐴𝐴𝐴）(°)

rotation angle of the optimization structure of the
ALCPC (°)
incident angle of the original ALCPC (°)
incident angle of the optimizing ALCPC (°)
N–S projected solar altitude angle (°)
solar azimuth angle (°)

stationary seashell solar concentrator that use solar energy to
generate heat by using CATIA software. Chr. Lamnatou et al. [6]
conducted Life-cycle analysis of a concentrating Photovoltaic
(CPV) for building-integrated applications for different cities.
M.F.I. Al Imam et al. [18] analyzed the performance of PVT solar
collector with compound parabolic concentrator and phase change
materials for buildings.
For the solar concentrating system for the integration with
buildings, the static solar concentrator is one of the core
components. In the design of the static solar concentrator, the
optical simulation based on the software is a key stage, which can
provide an effective guarantee for the structure optimization.
Nazmi Sellami et al. [19] used OptisWork software to design a
Square Elliptical Hyperboloid (SEH) static concentrator which
can be integrated in glazing windows or facades for photovoltaic
application. Imhamed M. et al. [20] used the ray trace technique
via OpticsWorks software to design a static 3D solar concentrator,
called the Square Elliptical Hyperboloid. Firdaus MuhammadSukki et al. [1] designed a mirror symmetrical dielectric totally
internally reflecting concentrator for building integrated
photovoltaic systems through the ray tracing analysis in ZEMAX.
Daniel Chemisana et al. [21] used a commercial computer
program OptiCAD to simulate the optical system to determine the
optimizing characteristics of the concentrators based in stationary
linear Fresnel lenses and secondary CPC. Zheng et al. [22] and
Tao et al. [23] used the software Lightools to make the ray- tracing
analysis for the new solar concentrators. Su et al. [24] proposed
the lens-walled structure for CPC based on the optical software
Photopia. Li et al adopted the software Lightools to analyze the
flux distribution of the lens-walled CPC [25] and design and
optimize a lens-walled CPC with air gap [26]. Then Li et al. [27,
28] made the experiment to verify the optical simulation results

from the software Lightools and confirmed the rationality of the
optical design based on the software Lightools.
Recent researches for the static dielectric concentrator paid
more attention on the symmetric concentrators for the application
on the building roofs; however, symmetric concentrators have
their restrictions for integration with building façade. For some
specific areas, it may be suitable for application while in other
areas it may have many restrictions because of the different
latitudes. For example, the symmetric lens-walled CPC is just
suitable for the building roofs, and the asymmetric static dielectric
concentrator for application on the building façade has been rarely
studied in previous research. Therefore, for the building southwall, the further design is still needed and necessary.
In order to overcome these problems, based on the previous
design experience, in this paper, the novel prototype of an
asymmetric lens-walled CPC (ALCPC) was proposed. The optical
efficiency at different incidence angles and the influence of
structure parameters on the optical efficiency were analyzed. In
order to extend the range to lower latitude areas, the optimized
structure was designed by rotating the ALCPC away from the wall,
and the flux distribution was also analyzed. Annual performance
analysis was also performed at Beijing (39°54’N, 116°23’E) to
provide a potential analysis , and the ALCPC can keep almost 8hour-solar-collection time every day, which indicated the ALCPC
has a good performance as a static solar concentrator with the
building south wall integration.
2. Preliminary design of the ALCPC
2.1. The structure of the ALCPC

Fig. 1. Showing the lens-walled structure.
Table 1. Parameters of the lens-walled structure.
Parameters

Value

Half acceptance angle

42°and 0°

Absorber width

6 mm

Top aperture width

15.4 mm

Geometrical concentration ratio

2.57

Lens-walled structure height

15.77 mm

Base height

3 mm

Truncation ratio

56.67%
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where aperture width and base width are the length of P’Q’ and
MN respectively according to Fig. 1, where base width is also
marked as d.
However, a part of the incident rays passing through the top
aperture of the structure can not reach the absorber by the
refraction and the total internal reflection, thus in order to collect
these rays, a asymmetric mirror CPC is also integrated with the
asymmetric lens-walled structure as an ALCPC, shown in Fig. 2.
2.2. Ray-tracing

Fig. 2. Illustrating cross-section of the ALCPC.

The asymmetric lens-walled structure of the ALCPC is illustrated
in Fig. 1. The profile can be described as following: the outer
contour of the lens consists of two asymmetric compound parabola
curves MP and NQ, and the half acceptance angles of them are
42°and 0°, respectively. Then the curves MP and NQ are truncated
at P’ and Q’. The lens-walled structure is formed by rotating the
curves MP’ and NQ’ around their top end points P’ and Q’
respectively toward the inside by a certain degree. The distance
between MN and M’N’ is the base height. The geometrical
concentration ratio of the ALCPC is 2.57X, according to Eq. (1).
Detailed parameters are listed in Table 1.

C=

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ

Generally, the angle between the incident ray and the normal of
the base is defined as the incident angle. For the asymmetric CPC
integrated with the building south wall, the maximum acceptance
angle is θ1max. For ALCPC, due to the refraction and total internal
reflection, the maximum acceptance angle is θ1max' and it is clearly
that,
𝜃𝜃1 𝑚𝑚𝑚𝑚𝑚𝑚 ′ = 𝜃𝜃1 𝑚𝑚𝑚𝑚𝑚𝑚

The rays paths through the ALCPC may be more complex than
the mirror CPC and it can be classified as four types (Fig. 3):
a) Rays reach the absorber directly without any specular
refractions and reflections;
b) Rays escape from the top aperture;
c) Rays reach the absorber through the total internal reflection
and the refraction;

(1)

Base width

(2)

(a)

(b)

(c)

(d)

Fig. 3. (a-d) showing the diagram of the four kinds of ray paths.
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(a)

(b)

Fig. 4. Schematic diagram of ray trace simulation at incidence angle of (a) 15° and (b) 45°.

d) Rays reach the absorber through the specular reflection and the
refraction.

Fig. 5. Optical efficiency of the ALCPC with different base heights.

In order to verify the optical performance of the ALCPC at
different incidence angles, the commercial software Lighttools is
used to simulate the incident rays passing through the ALCPC and
then to get optical efficiency. Lighttools is a fast and accurate raytracing photometric analysis program which provides the optical
system modeling and performance evaluation for non-imaging
optical design. According to [10], the prediction of the optical
efficiency of the symmetric lens-walled CPC can be within 5% of
the experiment values.
Simulation parameters are listed in Table 2. The material of the
ALCPC is set as PMMA and specular reflectivity is set to be 90%.
The number of total incident rays is 10000 and the intensity of the
solar radiation is 1000 Wm-2. All the incident rays are assumed to
be parallel and the schematic diagram of ray trace simulation at
the incidence angles of 15° and 45° are shown in Fig. 4. It’s
obvious that the incidence angle of 45° is larger than the
maximum acceptance angle of the mirror CPC with the same
geometrical concentration ratio, but the lens-walled structure may
turn the sunrays coming at a larger incidence angle into a
direction within the acceptance angle of the ALCPC, so the
ALCPC can absorb many sunrays at the incidence angle of 45°.
2.3. Structure parameters analysis
2.3.1. Base height

Fig. 6. Optical efficiency of the ALCPC with different rotation angles.

Referring to the symmetric lens-walled CPC, the optimum
rotation angle was confirmed to be 3° [24], so it will be chosen as
the rotation angle of the ALCPC to analyze the effects of the base
height. In general, the base height should be smaller in order to
decrease the material and weight; however, since many rays will
undergo the refraction and the total internal reflection, the base
height may influence the ray path close to the absorber. Therefore,
it is of great importance to determine the base height for the
ALCPC reasonably. In order to compare and analyze the
influence of the base height, the optical efficiency at different
incidence angles with the base height of 1 mm, 1.5 mm, 2 mm,
2.5 mm, 3 mm, 3.5 mm, 4 mm, 4.5 mm, and 5 mm are presented
in Fig. 5.
It can be seen from Fig. 5 that the difference values between
the highest optical efficiency and the lowest optical efficiency can
be up to 10% at the same incidence angle. With the increase of
the base height from 1 mm to 3 mm the optical efficiency
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Table 2. Simulation parameters.
Parameters

Value

Material

PMMA

Specular reflectivity

90%

The number of incident rays

10000

Refractive index

1.49

Transmissivity

92% per 10 mm

Intensity of solar radiation

1000 Wm-2

Based on the parameters analysis above, the energy collected by
the absorber and the rays reached the absorber of the ALCPC with
b=3 mm and δ=5° at different incident angles are shown in Fig. 7.
It reveals that the maximum acceptance angle of the ALCPC is 59°
with the highest optical efficiency around 90% except for some
incidence angles such as 45° because of the escape of some
incident rays. The curve of the rays reaching the absorber is
relatively higher than that of the energy collected by the absorber
that is due to the optical losses in the transmission process.
3. Building integration analysis

Fig. 7. The energy collected by the absorber and the rays reach the absorber of
the ALCPC with b=3 mm and δ=5°.

The ALCPC is designed for the building south wall integration,
and in this article, the performance of the ALCPC for the east-west
orientation is discussed. For the E–W orientation, the solar
radiation vector may be divided into one component in the east–
west direction and other component on the vertical plane oriented
north–south, as shown in Fig. 8. The direct irradiance on a surface
facing south is determined by the component on the vertical plane
only, since the component in the east–west direction is parallel to
the receiving surface and will not contribute to the solar energy
absorption through the surface [29].
The angle between the horizon and the projection of the solar
radiation vector on the north–south vertical plane θNS may be
called as the N–S projected solar altitude angle. The difference
between the N–S projected solar altitude angle and (90 degree the tilt angle) is the projected incidence angle to the aperture of a
CPC for E–W orientation. The mathematical expression is [10]:
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑁𝑁𝑁𝑁 =

Fig. 8. Solar position diagram for the E-W orientation of a building south wall
integration ALCPC.

increases, and when the base height is greater than 3 mm, the
optical efficiency decreases, so it can be concluded that the base
height of 3 mm is more suitable for the ALCPC with consideration
of the optical performance, the weight, the cost and the portability.
2.3.2. Rotation angle
Based on the base height of 3 mm, the optical efficiency of a 2.57X
ALCPC with different rotation angles between 3° and 6° are given,
as shown in Fig. 6. With the increase of the rotation angle, the
optical efficiency decrease slightly. However, because of the
fabrication difficulties, high rotation angles such as 5° and 6° are
easier to make compared with others. Therefore, the asymmetric
lens-walled CPC with the rotation angle of 5° has more advantages
for the actual application.

𝑡𝑡𝑡𝑡𝑡𝑡ℎ

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠

(3)

where h - solar altitude angle equal to (90-solar zenith angle θz);
γs - solar azimuth angle; θNS - N–S projected solar altitude. It is
clearly that the projected solar altitude angle equals to the
projected solar incidence angle for the ALCPC.
At the different latitudes, different time in a day or in a month,
the sun’s position in the sky varies a lot. It is necessary to obtain h
and γs before we can determine θNS at the specific latitude and time.
In this article, the vector method is used to calculate h and γs and
then to get θNS.
As shown in Fig. 9(a), position A is where the ALCPC is set up
while the sun rays perpendicularly pass through the position B.
The meridians through position A and B intersects with the
equator at D and C, respectively. The angle between OD and OC
ψ is the longitude difference between position A and position B
that is also called sun hour angle. The center of the earth is set as
the origin to form the space rectangular coordinate system.
In the uraology system, a celestial sphere is used to measure the
position of the celestial body. The point A is set as the origin and
the horizontal circle WSE of position A is set as one of the great
circles to make the celestial sphere as shown in Fig. 9(b) where T
and T’ are the zenith and the nadir of it, respectively. S is in the
south direction of position A, and F is the position of the sun at the
�����⃗ is vertical to the
celestial sphere of position A. Thus, 𝐴𝐴𝐴𝐴
horizontal circle of position A which is also the normal vector of
position A. AF is the sun ray which passes through position A, and
F’ is the orthographic projection of F on the ground A. From above
description, it can be see that the angle between AF and AG is the
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(a)

(b)

(c)

Fig. 9. (a-c) Diagram for the calculation of θNS.

(a)

(b)

Fig. 10. Incident angle when the sun rays perpendicularly pass through the (a) Tropic of Cancer (solstice) and (b) equator (equinox).

solar altitude angle h, and the angle between AS and AG is the
solar azimuth angle γs.
In Fig. 9(c), circle O is the great circle of the earth that passes
through both position A and B. H is the projection of T on the
ground A, �����⃗
𝐻𝐻𝐻𝐻 ∥ �����⃗
𝐵𝐵𝐵𝐵 , therefore, ∠AOB = ∠ATH = φ, ∠AHT =
h = 90° − φ which is the solar altitude angle of position A.
In Fig. 9(a), unit vector �����⃗
𝐴𝐴𝐴𝐴 is the tangent of the meridian
through A and points to the south direction, and unit vector �����⃗
𝐴𝐴𝐴𝐴 is
the tangent of the weft through A and points to the east direction.
At position A, the ground plane of position A is determined by unit
�����⃗ and �����⃗
𝐴𝐴𝐴𝐴 ∙ �����⃗
𝐴𝐴𝐴𝐴 is the unit vector of the sun ray, and �����⃗
𝐴𝐴𝐴𝐴 is
vector 𝐴𝐴𝐴𝐴
�����⃗
orthographic projection of 𝐴𝐴𝐴𝐴 on the ground A, Thus|𝐴𝐴𝐴𝐴′|= cos h,
�����⃗, and φ is the angle
γs=∠ASF′. Unit vector �����⃗
𝑂𝑂𝑂𝑂 is collinear with 𝐴𝐴𝐴𝐴
�����⃗
�����⃗ (or 𝐴𝐴𝐴𝐴
�����⃗).
between unit vector 𝑂𝑂𝑂𝑂 of the sun ray and unit vector 𝑂𝑂𝑂𝑂
As it is shown in Fig. 9(a), in the coordinate system O-xyz, A
(cosα, 0, sinα), B (cosβcosψ, cosβsinψ, sinβ). �����⃗
𝑂𝑂𝑂𝑂= (cosα, 0, sinα),

�����⃗
𝑂𝑂𝑂𝑂 =(1, 0, 0), ������⃗
𝑂𝑂𝑂𝑂
𝑂𝑂𝑂𝑂 = (cosβcosψ, cosβsinψ, sinβ). ������⃗
�����⃗, thus:
=( 0,0,1 ). �����⃗
𝐴𝐴𝐴𝐴 ⊥ ������⃗
𝑂𝑂𝑂𝑂 , �����⃗
𝐴𝐴𝐴𝐴 ⊥ ������⃗
𝑂𝑂𝑂𝑂., �����⃗
𝐴𝐴𝐴𝐴 ⊥ 𝑂𝑂𝑂𝑂
�����⃗ ������⃗
�𝐴𝐴𝐴𝐴 ∙ 𝑂𝑂𝑂𝑂 = 0
�����⃗
𝐴𝐴𝐴𝐴 ∙ ������⃗
𝑂𝑂𝑂𝑂 = 0

�����⃗ �����⃗
�𝐴𝐴𝐴𝐴 ∙ 𝐴𝐴𝐴𝐴 = 0
�����⃗ ∙ �����⃗
𝐴𝐴𝐴𝐴
𝑂𝑂𝑂𝑂 = 0

�����⃗= (sinα, 0, -cosα).
So it can be gotten that �����⃗
𝐴𝐴𝐴𝐴 = (0, 1, 0), 𝐴𝐴𝐴𝐴
�����⃗, 𝑂𝑂𝑂𝑂
�����⃗〉, thus:
sinh= sin(90°-φ) = cosφ= cos〈𝑂𝑂𝑂𝑂
𝑠𝑠𝑠𝑠𝑠𝑠ℎ =

������⃗
������⃗
𝑂𝑂𝑂𝑂∙𝑂𝑂𝑂𝑂
������⃗��𝑂𝑂𝑂𝑂
������⃗ �
�𝑂𝑂𝑂𝑂

= 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠nβ

(4)

(5)

(6)

As it is shown in Fig. 9(b), AS, AE and AT’ are set as X’ axis,
Y’ axis and Z’ axis, respectively, and point A is set as the origin to
form the coordinate system A-x’ y’ z’. Given ������⃗
𝐴𝐴𝐴𝐴′ = (x’, y’, 0),
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𝑠𝑠𝑠𝑠𝑠𝑠ℎ − 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
− 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
=
𝑐𝑐𝑐𝑐𝑐𝑐ℎ
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
=
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐ℎ
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

(9)

From above calculation, the relationship between h, γs and α, β,
ψ are determined. So the incident angle of the ALCPC can be
expressed as:
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑁𝑁𝑁𝑁 =

tan 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐+𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐ℎ
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𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

In order to choose the proper ALCPC for different latitudes to
collect more solar energy thus to make full use of it in one year,
incident angle of the ALCPC when integrating with building south
wall at different time of the year should be determined using Eq.
(10). Declination angle β is a function of day number, regardless
of the location, and is given by the equation [10]:
𝛽𝛽 = 23.45𝑠𝑠𝑠𝑠𝑠𝑠 �

365

�

where n is the day number, counting from New Year’s day, that
day is 1. For example, if the date is 23th March, n=82, β=2.57°.
Figures 10 and 11 show the equivalent solar incidence angle θNS
of different latitudes, for example, Haikou (20°N, 110°10’E),
Hefei (31°52’N, 117°17’E) and Haerbin (46°40’N, 125°42’),
Nottingham (52°56’N, 1°10’W), and Are (63°N, 13°04’E)
represent the low, medium and high latitude areas respectively,
when the sun rays perpendicularly pass through the Tropic of
Cancer(solstice) and pass through the equator(equinox).
Figure 10 reveals that the solar equivalent incidence angle θNS
increases with the increase of the declination angle β and when the
sun rays perpendicularly pass through the Tropic of Cancer it
reaches the peak value. In the Northern Hemisphere, the solar
equivalent incidence angle, θNS, is very large in the summer time
and the lower latitude is corresponding to the larger solar
equivalent incidence angle, θNS. It can be seen clearly from Fig.
10(a), when the sun rays perpendicularly pass through the Tropic
of Cancer (solstice), the solar equivalent incidence angle of the
latitude lower Hefei (31°52’) can be close to 90° at the solar
concentrator can not absorb the sun rays. Therefore, it may not be
a suitable choice to integrate the ALCPC with south wall in low
latitude areas if the aim is to accomplish the whole year solar
collection.

Fig. 11. Optimization structure of the ALCPC.

4. Further optimization
Fig. 12. Geometric concentration ratio of the ALCPC with different d.

�����⃗ = 𝑂𝑂𝑂𝑂
�����⃗ = (cosβcosψ, cosβsinψ, sinβ), it can be seen clearly that
𝑂𝑂𝑂𝑂
�����⃗, 𝐴𝐴𝐴𝐴
�����⃗ 〉:
x’=cos∠SAF =cos〈𝐴𝐴𝐴𝐴
�����⃗, 𝐴𝐴𝐴𝐴
�����⃗ 〉 =
cos〈𝐴𝐴𝐴𝐴

�����⃗
�����⃗
𝐴𝐴𝐴𝐴 ∙𝐴𝐴𝐴𝐴
�����⃗��𝐴𝐴𝐴𝐴
�����⃗�
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(7)

Thus, x’= sinαcosβcosψ-cosαsinβ.

𝑐𝑐𝑐𝑐𝑐𝑐𝛾𝛾𝑠𝑠 =

𝑐𝑐𝑐𝑐𝑐𝑐𝛾𝛾𝑠𝑠 =

𝑥𝑥 ′

𝐴𝐴𝐴𝐴′

(8)

4.1. Optimization of the structure of the ALCPC to increase
incidence angle
From the discussion above, it can be concluded that the ALCPC is
suitable for integration with the building south wall in high latitude
areas due to its high optical efficiency and large acceptance angle.
However, in lower latitude areas, the incidence angles can be very
large during the summer time, so in these areas it is not suitable to
use it due to the restriction of acceptance angle. In order to further
expand the use of the ALCPC at wider range of areas, the further

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐nβ
𝑐𝑐𝑐𝑐𝑐𝑐ℎ
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(a)

(b)

(c)

(d)

Fig. 13. Optical efficiency of the ALCPC for (a) λ = 5°, (b) λ = 10°, (c) λ = 15°, and (d) λ = 20°.

optimization structure of the ALCPC is adopted, and it is shown
in Fig. 11.
As shown in Fig. 11, the optimization structure is formed by
rotating the original ALCPC around the up end point M away from
the wall ML by a certain angle λ. Then the profilogram is
MLNQ’N’M’P’M. Attaching the absorber of the ALCPC to the
building south wall still has many advantages such as easy
arrangement, sufficient utilization, etc. Thus, the acceptance angle
of the new ALCPC will be θ ′= θ + λ , which means that the
acceptance range from 0-59° extends to λ - λ + 59°. For example,
if the rotation angle is 15°, the acceptance range will be 15-74°.
In addition, after the rotation, it may be useful to minish the
length of ML to increase the geometric concentration ratio without
change of the structure of the ALCPC. Figure 12 shows the change
of the geometric concentration ratio with the decrease of the length
of ML, and the geometric concentration ratio can increase from
2.57X to 3.1X with the length of the absorber decreases from 6
mm to 5 mm. It is obvious that it is an effective way to increase

geometric concentration ratio without any change of the structure
of the ALCPC.
4.2. The effects of d (the length of ML: mm) and λ on the optical
efficiency of the ALCPC
Although the rotation of the original ALCPC is an effective way
to enlarge the acceptance range, the optical performance is still the
one of the most important factors. Therefore, the optical
simulation of the ALCPC with different d and λ under different
incidence angles is necessary and important, and the
corresponding optical efficiency is depicted in Fig. 13. From the
results, optimization structures with rotation angle λ=5°, 10°,
15°and d=6 mm have higher optical efficiency than the original
ALCPC while when λ=20° the optical efficiency is a little lower
than the original ALCPC. The optical efficiency decreases with
the decrease of d and it can be lower than 70% when d=5 mm at
some incidence angles, so even if the way of decreasing d can
increase the geometric concentration ratio, d=5 mm still should
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Fig. 14. Averaged local concentration ratios of the ALCPC with d=6 mm and
=5° at the incidence angle of 10°, 20°, 45° and 55°. The distance is counted from
L (Fig. 12).

Fig. 15. Solar projected incidence angle θNS in Beijing of one year.

Fig. 16. Accumulative collected solar radiation per m2 aperture of the ALCPC
for Beijing.

not be chosen. But for some rotation angles, it even increases the
optical efficiency, so it is a feasible and effective way to enlarge
the range of acceptance angles.

4.3 Flux distribution of the ALCPC
In order to analysis the flux distribution of the ALCPC, the
simulation on flux distribution was carried out for the ALCPC
with different d and λ. The simulation results show that parameters
d and λ have little influence on flux distribution and it only varies
with the incident angles. The flux distribution of the ALCPC with
d=6 mm and λ=5° at the incidence angles of 10°, 20°, 45° and 55°
are chosen to be revealed by average local concentration ratios
(Fig. 14).
From the results, it can be seen that at the lower incidence angles
such as 10°, 20°, the flux distribution on the absorber of the
concentrator is very uniform with a very small change tendency
while due to the special asymmetric structure of the ALCPC, when
incidence angle is very large such as 55°, it’s unavoidable that the
rays can only reach one side of the absorber which results in some
positions of the absorber can’t collect any rays. Compared to the
symmetric lens-walled CPC, whose flux distribution simulation
research work performed by li et al. [25] which revealed that the
lens-walled CPC has mitigated the non-uniformity of the CPC flux
distribution and the flux distribution of the ALCPC has the similar
advantage at many incidence angles. Therefore, it can be predicted
that the ALCPC may have a better flux distribution than the mirror
CPC when integrating with building south wall based on the
optical simulation.
5. Annual performance analysis
From the structure optimization analysis mentioned above, it is a
better way to adopt this new kind of ALCPC in lower latitude areas.
In order to show the actual performance of the ALCPC, an annual
analysis for collecting solar radiation is significant and necessary.
The simulation was conducted by considering both of direct and
diffuse solar radiation on the surface of the ALCPC, and the results
from Lighttools (simulation software [30]) determine the optical
efficiency for diffuse component of solar radiation is about 50%.
Beijing (39°54’N, 116°23’E) is selected to analyze the annual
performance, and solar projected incidence angles in Beijing for
different dates are shown in Fig. 15. It reveals that the incidence
angles of the direct solar rotation in the whole year are between
20° and 80°, so that λ is better to be 20° to keep 8-hour-solarcollection time every day. Meteorological data was from
EnergyPlus.
Accumulative collected solar radiation per m2 for Beijing is
shown in Fig. 16. From the results, from August to December and
from December to April, the accumulative collected solar
radiation is much higher than in the months from May to July. In
June, it reaches peak valley and in January it reaches peak. It
arouses the question that why in the summer season when the solar
radiation is strongest collects minimum solar energy in a year (Fig.
16). Solar radiation intensity on the ground is always used to make
an evaluation but the solar radiation intensity on the building south
wall is of much difference with it on the ground. To simplify the
analysis, the sun ray vector on the N-S vertical plane is considered
only. From Fig. 17, the solar radiation passes through the area PQ
of the wall while the same solar radiation passes through the area
RS of the ground, so solar radiation intensity will be different due
to the different areas. It can be expressed by:
𝐼𝐼𝑃𝑃𝑃𝑃 =

𝐼𝐼𝑅𝑅𝑅𝑅

𝑡𝑡𝑡𝑡𝑡𝑡ℎ
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Fig. 17. Schematic diagram of the solar radiation on the wall and on the ground.

where IPQ is the solar radiation on the south wall, IRS is the solar
radiation on the ground, and h is the solar altitude angle. Thus,
with the increase of h the solar irradiation on the wall decreases.
As for Beijing, when h is large in the summer, the solar radiation
on the wall is lower than that on the ground.
Although during the summer months the ALCPC collects fewer
energy than during the winter months, it does not need to provide
the thermal energy for the building heating. However, in the winter
the heat collected by the ALCPC needs to satisfy both the
requirement of heating the room to make a comfortable
environment and the requirement of the domestic hot water for
daily use. But in the summer, it just needs satisfy the requirement
of the domestic hot water. In addition, it also can prevent the heat
getting into the room and reduce the load of air conditioner in the
summer.
6. Conclusions
A novel asymmetric lens-walled CPC designed for building south
wall integration was proposed and analyzed. The ALCPC
combined the mirror CPC and lens-walled structure, thus the sun
rays can be collected by both the specular reflection and the total
internal reflection which will increase the optical performance of
the concentrator. The prototype of the ALCPC model is
established in SolidWorks and then transferred into Lightools to
set up the optical model for ray tracing simulation. Vector method
is used to calculate the incidence angles of the sun rays in one year
to provide a preliminary analysis of the feasibility of integrating
the ALCPC on the building south wall. It is clearly that the
incidence angles for different areas may vary a lot, in order to use
the ALCPC at a wider scope of areas, the structure optimization is
adopted. The key conclusions from the ray tracing simulation
results are as follows:
1. The results show that the ALCPC and its optimization structure
have a large acceptance angle close to 60° with highest optical
efficiency around 90%, which would provide a better choice
for building south wall integration as a static concentrator.
2. From the parameters analysis, decreasing the length of the
absorber can increase the geometric concentration without any
change of the ALCPC that it will further enhance the
performance of the BICPV or BICPV/T.
3. The flux distribution analysis is also conducted, and the results
reveal that at lower incidence angles, the flux distribution is
very uniform with a very small change tendency, and only at
higher incidence angles, the flux distribution appear the nonuniformity, which is unavoidable for the asymmetric
concentrator.

4. Annual performance analysis is also performed for Beijing
(39°54’N116°23’E), and the ALCPC can keep almost 8-hoursolar-collection time every day, which confirms the feasibility
of the practical application.
In addition, from the analysis of the optical efficiency, flux
distribution and annual performance for the ALCPC and its
optimization structure, the paper provides the feasible and
effective steps to choose the proper design of the ALCPC for
specific areas which are: 1. Calculating the incidence angles of the
direct solar radiation in the whole year according to Eq. (10); 2.
Determining the rotation angle λ to match the range of the solar
incidence angle in step 1 to keep more solar radiation collecting
time.
Through the simulation work, the ALCPC as a static
concentrator is confirmed to be a good solution for the building
south wall integration. The further work about the BICPV or
BICPV/T system design, optimization and practical engineering is
worthwhile.
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