
Energy for Sustainable Development 32 (2016) 1–13

Contents lists available at ScienceDirect

Energy for Sustainable Development
Evaluation of the efficiency of dual compound parabolic and
involute concentrator
Abid Ustaoglu a, Junnosuke Okajima b, Xin-Rong Zhang c, Shigenao Maruyama b

a Graduate School of Engineering, Tohoku University, Sendai 980-8577, Japan
b Institute of Fluid Science, Tohoku University, Sendai 980-8577, Japan
c Department of Energy and Resources Engineering, College of Engineering, Peking University, Beijing 100871, China
http://dx.doi.org/10.1016/j.esd.2016.02.007
0973-0826/© 2016 International Energy Initiative. Publish
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 31 July 2014
Revised 26 January 2016
Accepted 11 February 2016
Available online xxxx
A two-stage line axis solar thermal concentrator consisting of a compound parabolic and an involute reflector
was designed, and its thermal and optical performance was comparedwith that of a dual concentrator. The con-
figuration of the reflectors with tubular absorber yields the highest possible concentration and uniform temper-
ature distribution on the absorber. To reduce the heat loss from the absorber, the concentrator was coveredwith
evacuated glass tube. The dual concentrator increases ray acceptance,which is defined as the ratio of the reflector
aperture area to the glass cover diameter; hence, the concentrator can utilize incident solar radiationmore effec-
tivelywith only a slight increase of 28% in the glass cover circumference. This suggests the use of dual concentra-
tors in multiple concentrator units owing to their lower component cost. The performance was evaluated by
using a ray-tracing model for two-dimensional (2D) geometry. The average optical efficiency of dual and single
concentrators was 57% and 37%, respectively. The thermal efficiency of the dual concentrator was 21% higher
than that of single one at the absorber temperature of 373 K for the gray surface absorber. On the other hand,
the selective surface absorber significantly increased the performance, suggesting that the concentrator can be
used in high-temperature applications such as steam generation. Annual and seasonal performances were
analyzed as well. Assuming infinite length of the line-axis concentrator's absorber pipe allows ignoring the end
effects; thus, a 2D approach was adopted. As a result, the dual concentrator showed better performance for all
seasons; however, the solar utilization time of both concentrator types became shorter during the winter and
summer solstices because of the weak insolation resulting from the orientation of the concentrators. Therefore,
a slight seasonal adjustment or a modification of the geometry is required for longer utilization.

© 2016 International Energy Initiative. Published by Elsevier Inc. All rights reserved.
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1. Introduction

The search for alternative sources of energy is driven by the signifi-
cant increase in fuel price, limited fossil-fuel reserves, alarming rate of
environmental pollution, and the increasing levels of greenhouse gas
emission (Topkaya, 2012; Balat, 2009).

Solar energy is one of the cleanest alternative sources of energy that
does not contribute to global warming (Solangi et al., 2011). Moreover,
the yearly energy consumption by all humans is comparable to the
amount of energy contained in solar radiation that reaches the Earth's sur-
face in a period of 1 h; hence, solar energy is the most plentiful of the al-
ternative energy types (IEA, 2010). Solar energy has been used for
decades in industrial and commercial sectors. Several different solar ener-
gy collection technologies have been developed, such as solar collectors.

Solar collectors are a special class of heat exchangers that convert
solar radiation energy into heat or directly into electric energy. Solar
collectors can be further classified into two categories as non-
concentrating and concentrating collectors based on their concentration
ratios. Non-concentrating collectors have concentration ratio of 1, im-
plying that the intercepting area is equal to the absorbing area. In
ed by Elsevier Inc. All rights reserved
general, non-concentrating collectors are more feasible for use in low-
temperature applications related to low heat flux. Many studies have
been conducted on non-concentrating collectors (Khoukhi and
Maruyama, 2005; Khoukhi et al., 2006). On the other hand, in the
solar concentrating collectors, lenses or mirrors and tracking systems
are used to concentrate the incident solar radiation in a much smaller
receiving area. For a system that operates at high temperature, the ther-
modynamic cycle can achieve a higher Carnot efficiency as a result of
the increased heat flux (Kalogirou, 2004; Tian and Zhao, 2013).

A specific collector concept or design can find amarket niche if it has
promising durability, cost efficiency, and effective performance. Many
existing collector systems do not satisfy these requirements. Collector
performance decreases due to the aging of its optical components
(especially, the reflector and absorber), and environmental factors
such as dust and climate variation promote this performance reduction
(Nostell et al., 1998; Kaltenbach et al., 2012). Moreover, reflector's sur-
face must be kept clean to avoid performance deterioration. However,
some solar systems with uncovered absorbers might be difficult to
maintain and clean owing to high absorber temperature. A non-
uniform illumination of the absorber can yield occasional hot spots of
.
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Fig. 1. Geometry of the proposed concentrator.
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very intense radiation. These local hot spots are not important for highly
conductive absorbers, but numerous practical systems are required to
eliminate them (Tabor, 1984). On the other hand, thermal performance
abates due to the heat loss; thereupon, an extensive study has been con-
ducted to evaluate the various routes of heat loss (Hirasawa et al., 2013;
Ouagued et al., 2013). Other issues are an additional incurred cost of the
sun tracking system and its power consumption, as well as the mainte-
nance of its moving parts.

One alternative for concentrating collectors to abolish the necessity of
sun tracking systems are compound parabolic concentrators (CPCs),
which are non-imaging concentrators. These devices are relevant for
solar energy collection because they achieve the highest possible concen-
tration for any acceptance angle and canutilize direct anddiffuse solar ra-
diation (Rabl, 1976a). Thus, a CPC is expected to bemore effective than a
normal flat plate solar collector in the context of increased heat flux in
high temperature applications (Kim et al., 2008). Since the introduction
of CPCs, extensive research has been conducted, aiming to analyze their
properties and improve the design (Hinterberger and Winston, 1966a,
1966b). Mcintire (1980) had designed a new reflector for the region
below a tubular absorber to eliminate the solar radiation loss through
gaps between the absorber and reflector. Oommen and Jayaraman
(2001) analyzed the performance of a CPC with reduced gap losses and
oversized reflector, and the CPC was fabricated for steam generation.
Other CPC configurations were proposed, such as CPC with flat bifacial
absorber that was proposed by Tripanagnostopoulos et al. (1999) and
asymmetric compound parabolic concentrator that was proposed by
Adsten et al. (2004). Gudekar et al. (2013) proposed a cost–effective de-
sign of CPC for steam generation. The proposed system required much
smaller mirror area compared to the conventional CPC design, whereas
it required tilt adjustments to be performed after every 6 h of operation.

Another design for non-imaging concentrators are involute collec-
tors. Maruyama (1993) proposed an involute reflector for generation
of uniform and homogeneous emission and performed ray-tracing cal-
culation to evaluate optical characteristics of that reflector. An integrat-
ed collector storage solar water heater, which consists of involute
reflectors, was designed, constructed, and studied to evaluate its perfor-
mance. The design led to non-uniform heat flux distribution on the
absorber (Souliotis and Tripanagnostopoulos, 2008).

A two-stage line axis concentrator in an evacuated glass tube was
proposed in order to eliminate the drawbacks of conventional collectors
and to utilize the advantages of CPCs and involute reflectors. As a first
approximation, the concentrator aperture area is considered as an inso-
lation area. The performance of the concentrator was evaluated and
temperature uniformity was analyzed (Ustaoglu et al., 2015a, 2015b).
Due to the design characteristics of the concentrator, some ray loss oc-
curs from the out of aperture area, because the intercepting area of
the reflector is not equal to the glass cover diameter. In other words,
when the entire glass tube is considered as an insolation area of the con-
centrator, only a fraction of solar rays can pass through the aperture
area.

To achieve higher solar ray acceptance, the ratio of the reflector ap-
erture area to the glass cover diameter should be increased. Therefore, a
dual form of concentrator was considered to achieve increased utiliza-
tion of incident solar radiation. Besides improved ray acceptance, this
configuration is advantageous for multiple concentrator unit applica-
tions due to its comparatively less glazing material requirement.
Furthermore, the proposed design facilitates the applicability of
U-type absorber tube and eliminates the requirement for the unilateral
insolation cap on the vacuum glass tube. The objectives of the present
study were to evaluate the dual form of the proposed concentrator
with an emphasis on its optical and thermal efficiencies and to analyze
the seasonal performance. For the seasonal performance analysis, an
evaluation method was adopted by using a 2-D ray tracing model. The
design bears a promise to be used in systems of multiple concentrator
units; hence, it can be used in high-temperature applications, such as
steam generation.
2. Geometry and methods of analysis

2.1. The geometry of a concentrator

The design of the concentrator ismainly based on the exploitation of
the uniform distribution of temperature on the absorber and on ap-
proaching the highest possible concentration by reflectors. The concen-
trator is implemented by using an involute reflector with tubular
absorber configuration and a compound parabolic reflector. In order to
eliminate the convective and conductive heat losses, the configuration
is covered by an evacuated glass tube. The schematic of a typical solar
concentrator is shown in Fig. 1.

The concentrator is designed by determining the location-
dependent acceptance angle of a CPC (Ustaoglu et al., 2015a, 2015b).
Because the absorber surface area is equal to the aperture area of the in-
volute reflector, the optimized configuration of reflector and absorber
can be derived by using a fixed absorber diameter of 0.01m. One, how-
ever, should keep in mind that all size parameters of the concentrator
are proportional one to another and all of them depend on the absorber
tube radius. The glass cover size is determined for the least possible ra-
dius and it is 0.075m in the case of a single concentrator. The CPC reflec-
tor profile of the proposed concentrator has been designed for the
Sendai, Japan, and its half acceptance angle was estimated as 23.44°.

For real applications, the entire area of the concentrator should be
treated as solar insolation area. Consequently, some of the incident
rays come to naught from the sides of the glass tube, as is shown in
Fig. 3. In order to utilize as much solar irradiance as possible, the ratio
of the aperture area to the glass cover diameter should be increased.
Moreover, the concentrator's height-to-width ratio should be close to
1 to obtain the optimal reflector size for the evaluation of space in the
glass tube. In this respect, a dual concentrator is likely to be one of the
best candidates because of its proper size. In the case of a dual concen-
trator, the same amount of energy that is obtained from a single concen-
trator can be utilized by using smaller insolation area and comparatively
less glass material requirement. From a different viewpoint, using three
or more combined reflectors substantially increases the manufacturing
cost because of the incremental increase of evacuated glass tube price
and makes the configuration unwieldy. Thus, a dual concentrator can
meet the expectations on concentrator efficiency and cost.

As shown in Fig. 2, the dual concentrator comprises two pieces of
solar concentrators. The radius of the glass is 0.0975 m and the circum-
ference is 1.22 m, for the same radius as that of a single concentrator.
Although two combined reflectors were used in the dual concentrator,
the circumference of the glass cover was slightly increased (by 28%).
Therefore, a dual concentrator can provide low material usage for
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Fig. 2. Geometry of the dual concentrator.
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multiple collector applications and pave the way for more proper
fabrication of, e.g., U-type absorber tubes.

2.2. Evaluation of optical efficiency

Optical efficiency ηopt refers to the amount of the incident solar
radiation absorbed by the absorber and it is a function of the absorptiv-
ity αab of absorber, transmissivity τc of glass cover, and reflectivity ρr of
the reflector. To evaluate the optical efficiency as a function of the angle
of incidence, a ray tracing model for the 2-D geometry has been devel-
oped in FORTRAN. First, incident solar radiation is divided into a number
of rays (Nr) and the energy of each ray is set. Thus, ray tracing can give
the number of rays captured along with the concentrator's aperture
area (n), the amount of energy absorbed by the absorber for different
angles of incidence, and the number of times (Rn) each ray is reflected
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Fig. 3. Applications of (a) single and (b) du
before reaching the absorber. Therefore, the optical efficiency of the
concentrator is defined as:

ηopt ¼
Xi¼n

i¼1
ρRn

Nr
αabτc ð1Þ

A ray is traced numerically according to the following rules. All rays
entering the aperture at incidence angles within the half acceptance
angle θmax reach the absorber either directly or after several reflections.
When a ray hits the glass cover, the ray's intensity is reduced depending
on the glass transmissivity, following which the ray continues in the
same direction for a glass tube having small enough thickness and cur-
vature. However, it is important to state that incident rays deviate as
well as change direction depending on the thickness and curvature of
the glass cover. When a ray hits the reflector surface, the ray's intensity
is reduced depending on the reflector's reflectivity, followingwhich the
reflected ray is traced again. When a ray hits the absorber surface, the
ray iswholly absorbed depending on absorptivity and the hit point's po-
sition is recorded. When the rays arrive at an incidence angle of 23.44°
(the acceptance angle), all rays converge on the focus point of parabola,
which is the connection point of parabolic and involute reflectors. Rays
that are out of the acceptance angle return back into the ambient. In
order to simplify the analysis, the following conditions were assumed:

(1) Absorptivity, transmissivity, and reflectivity are independent of
incidence angles.

(2) The concentrators are ideal and free from fabrication errors.
(3) All reflections off the reflector surfaces are specular.
(4) Only direct solar irradiation is accounted for and its angle is var-

ied as the calculation parameter.
(5) Incident solar irradiance is divided into 1000 rays.
(6) The concentrator is discretized into 3500 elements.
(7) The entire glass cover area is considered as a solar projected area

on the concentrator that is related to the ray acceptance.

Table 1 shows the optical efficiency calculation parameters for the
ray tracing model. The model was validated in the previous study
cted area

cted area
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al concentrators in multiple reflectors.



Table 1
Specifications of concentrator materials.

Concentrator parameter Value

Glass tube transmissivity (τc) 0.95
Absorber's absorptivity (αab) 0.90
Reflector's reflectivity (ρr) 0.90
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(Ustaoglu et al., 2015a, 2015b) by comparing our calculation results
with those obtained from other CPC studies that were performed by
Rabl (1976) and Su et al. (2012). The data for the comparison were
taken from a conventional CPC having the same conditions and were
sufficiently close to our results (Ustaoglu et al., 2015a, 2015b).

2.3. Evaluation of thermal efficiency

The absorber is covered entirely within the cavity formed by the re-
flector mirror and glass cover. After being transmitted through the glass
cover and reflected from the specular surface, the insolation qs is
absorbed by the receiver pipe based on the absorbing ability. The useful
energy gain depends strongly on the energy losses from the absorber,
due to both the convective heat loss to the ambient air and radiative
heat loss to its surroundings.When both the absorber and the enclosing
surfaces are isothermal, radiative exchange factor can be easily
modeled. Assumption of the gray body conditions, the net radiation
rate transferred from absorber to the enclosing surfaces can be
expressed as follows (Snail et al., 1984; Eames and Norton, 1993):

qr ¼ εσAa T4
a−T4

c

� �
ð2Þ

where σ indicates the Stefan–Boltzmann constant, Aa is the surface area
of the absorber, Ta and Tc are the absorber and glass cover temperature,
respectively. When the cavity wall temperature is non-uniform, the use
of radiative exchange factor or view factor will be necessary for the
long-wave radiative exchange. In the case of the proposed design, the
uniform solar illumination around the absorber can be achieved due
to the design characteristic (Ustaoglu et al., 2015a, 2015b). Moreover,
the involute reflector with a cylindrical absorber can provide a uniform
isotropic emission from the aperture of the reflector (Maruyama, 1991).
Thus, Eq. (2) can be used to calculate the radiative heat loss phenomena
from the absorber as a first approximation. On the other hand, the glass
cover temperature is close to the ambient temperature rather than the
absorber. Therefore, the glass cover temperature can be considered to
be ambient temperature in order to facilitate the evaluation.

The convective and conductive heat loss from the absorber can be
expressed as follows.

qc ¼ UAa Ta−Tambð Þ ð3Þ

where U is the overall heat transfer coefficient in terms of convective
and conductive heat losses. Tamb is the ambient temperature.

In this case, the useful energy can be expressed as (Howell et al.,
1982):

_Qu tð Þ ¼ qu tð ÞAc ¼ ηoptqs tð ÞAc−UAa Ta−Tambð Þ−εσAa T4
a−T4

amb

� �
ð4Þ

In Eq. (4), the optical efficiency ηopt accounts for the effects of trans-
mission, reflection, and absorption losses due to the cover glass, reflec-
tors and absorber, or other optical losses in the concentrator. The term
qs(t) Ac refers to an instantaneous solar insolation per unit aperture
area of the concentrator. Therefore, the first term indicates the energy
absorbed by the concentrator's absorber.

The second term describes the convective and conductive heat
losses in terms of overall heat transfer coefficient U from the absorber
area Aa between the average absorber temperature Ta and ambient
temperature Tamb. The final term describes the radiative heat loss from
the absorber to its surroundings, depending on the emissivity ε of the
absorber. The sky temperature is assumed same as the ambient temper-
ature. Thus, the concentrator efficiency, which is the ratio of the useful
energy to available energy, can be obtained as follows:

ηth ¼
_Qu tð Þc
qs tð ÞAc

¼ ηopt−
UAa Ta−Tambð Þ

qs tð ÞAc
−

εσAa T4
a−T4

amb

� �
qs tð ÞAc

ð5Þ

The ratio of the concentrator aperture area to absorber area, or the
aperture area of the involute reflector, describes the concentration
ratio C as given by Eq. (6):

C ¼ Ac

Aa
¼ 1

sinθmax
ð6Þ

Rearranging Eq. (5) by eliminating the conductive and convective
heat losses due to the evacuated glass cover, one obtains Eq. (7):

ηth ¼ ηopt−
εσ T4

a−T4
amb

� �
qsC

ð7Þ

Since only direct solar irradiation was taken into account, the solar
heat flux qs can be determined from the following equation:

qs ¼ Iin cosθ ð8Þ

where θ is the incidence angle and Iin is the solar beam intensity. In order
to calculate the concentrators' thermal efficiency, some general as-
sumptions were made such as the uniformity of temperature through-
out the surface of each reflector, and the absorptivity, transmissivity,
and reflectivity were considered independent of the angle of incidence.
The effect of the glass cover in the radiative heat loss phenomenon was
neglected. However, it is important to state that although the glass
cover is assumed transparent for visible light and nearly opaque for
the thermal radiation in the infrared region, the thermal properties of
the glass cover including transmissivity, reflectivity and absorptivity de-
pends on the function of wavelength, incidence angle of the solar radi-
ations and the real and imaginary part of the complex refractive index
of the glass cover (Khoukhi and Maruyama, 2005). Thus, the effective
value of the emissivity of the absorber is affected from the glass cover
and the glass cover reduces the radiative heat loss as well as convective
heat loss. In order to facilitate the evaluation and as first approximation,
this effect was not taken into account in this study. Thermal emissions
from the reflector and the ambient were neglected. The solar beam in-
tensity Iin was assumed as 1000 W/m2. The solar insolation changes
while incident angle varies as seen in Eq. (8). The absorber was con-
sidered for gray and selective surface cases. Thermal emissivity ε of
selective coated absorbers in the infrared region was assumed as 0.07
and the emissivity was considered to be 0.9 for a gray surface absorber.
Absorber temperature Tawas assumed to be uniform throughout the re-
ceiver tube and its value was fixed at 373 K and ambient temperature
Tamb was 293 K. Temperature distributions on the absorber were evalu-
ated to validate the uniformity assumptions that weremade in the pre-
vious study for different absorber materials such as copper, aluminum
and stainless steel (Ustaoglu et al., 2015a, 2015b). The results suggest
that the assumption of temperature uniformity on the absorber was
reasonable. The calculation was conducted for Sendai, Japan.

2.4. Evaluation of seasonal efficiency

The proposed concentrator is oriented with its line axis along the
East–West direction, and its aperture is tilted southward, as shown in
Fig. 4. The acceptance angle θmax was determined for year-around utili-
zation of solar radiation, between winter and summer solstice. Solar al-
titudes αs (Eq. (9)) were calculated as follows at the solar noon for the



Fig. 4. Position of the proposed solar concentrator with respect to the solar altitude.
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Fig. 5. Reflection of an incident ray in 3D (a) and (b) its front view projection.
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winter solstice, December 21 and the summer solstice, June 21, and
were 75.19° and 28.3° respectively, for Sendai, Japan:

sin αs ¼ sin ϕ sin δþ cos ϕ cos δ cosω ð9Þ

where ϕ is the latitude, Ω is the hour angle, and δ is the declination.
Using the solar altitude angles a and b (for summer and winter
solstice, respectively), θmax and tilt angle β can be determined from
θmax = (a − b)/2 and β = (π/2) − (a − θmax). Hence, the calculated
half-maximum acceptance angle and the tilt angle were 23.44° and
38.25°, respectively. In this case, the concentrator can achieve the
concentration ratio of 2.51.

During a day or during seasonal variation, some rays reach the
concentrator's reflectors at oblique angles, as shown in Fig. 4. Therefore,
in order to determine the seasonal performance, the concentrator
should be considered in three-dimensional space. The direct solar irra-
diance can be considered as a vector with two orthogonal components
in North–South and East–West vertical surfaces.When the concentrator
is oriented with its long axis along the East–West direction, only the
projection of direct irradiance component on the North–South vertical
surface can be considered, since East–West component is parallel to
the absorber pipe and does not contribute energy flow on the absorber
surface but shadows the effect due to the vacuum tube cap.

As a first approximation, a specular reflection of the incoming light is
considered. An incident ray, marked I, from a light source is striking the
reflector's surface at an incidence angle θ3D. This ray, marked R, is
reflected from the reflective surface at the same angle and hits an object
at point C, as is shown in Fig. 5a. The projection of the incident ray I and
reflected ray R on the 2D surface front view becomes Ip and Rp, respec-
tively, as in Fig. 5b, while the angle of incidence θ3D changes to θ2D. If the
incidence angle θ2D can be defined, the direction of the reflected ray and
the position of the hit point on 2D surface can be obtained by using a 2D
ray tracing method.

In the case of the proposed concentrator, the projection of an oblique
incident ray in 3D space is shown in Fig. 6. Here, the direction of the
reflected ray and its hit point of the absorber on 2D surface can be de-
fined. If the absorber of the line-axis concentrator is assumed long
enough to eliminate end ray loss from the front and back sides of the
concentrator, the performance can be evaluated for any oblique angle
of incidence by employing the 2D ray tracing method, thereby simulat-
ing the seasonal performance.

In order to obtain the equation for θ2D, a direct ray arriving at an in-
cidence angle θ3D is considered, as shown in Fig. 7, and its projection
angle in North–South 2D plane is θ2D. The angle between the surface
normal N and the concentrator normal Ncon indicates the location's lat-
itude. Since the concentrator is oriented with a tilt angle β of 38.25°,
which is equal to the latitude ϕ of Sendai, the incidence angle θ3D
is a normal angle at 12:00 during the equinox day. Using the rule of co-
sines, the geometric equality of θ3D and θ2D is given by the following
equations:

c−xð Þ2 ¼ b2 þ c2
� �

þ x2 þ b2
� �

−2:
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ b2

� �
b2 þ c2

� �r
cos θ2D ð10Þ
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Fig. 6. Reflection of an incident ray in 3D (a) and 2D (b) geometries. (Sendai, ϕ= 38.25°, March 20, equinox day at 10:00 a.m., γs = 42.41°, θ3D = 30°, θ2D = 23.1°).

6 A. Ustaoglu et al. / Energy for Sustainable Development 32 (2016) 1–13
a2 þ c−xð Þ2 ¼ a2 þ b2 þ c2
� �

þ x2 þ b2
� �

−2:
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ b2

� �
b2 þ c2

� �r
cos θ3D

ð11Þ

Solving these equations in conjunctionwith the geometric equalities
of solar altitude αs and azimuth angles γs, the following equation can be
obtained:

cosθ2D ¼ cosθ3D

cosαs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tan2αs þ cos2γs

q ð12Þ
East
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Fig. 7. Position of the sun with resp
The incidence angle θ3D can be calculated for the concentrator facing
the equator as follows, for which the surface azimuth is γc = 0:

cos θ3D ¼ cos γs cos αs sin β þ sin δ cos β
¼ sin ϕ−βð Þ sin δþ cos ϕ−βð Þ cos δ cosω ð13Þ

Eventually, rearranging Eqs. (12) and (13), the following equation
can be obtained:

cosθ2D ¼ cosγs cosαs sinβ þ sinδ cosβ

cosαs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tan2αs þ cos2γs

q ð14Þ
West

North

ect to the concentrator normal.
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Solar azimuth angle γs can be described in terms of δ, Ω, and αs as
follows:

sin γs ¼
cos δ sinω
cosαs

ð15Þ

In order to determine the direction of reflected rays and hit points of
incident rays, the incidence angle θ2D on 2D surface is essential, while
determination of the incident solar irradiation's heat flux requires the
incidence angle θ3D (qs= Iincosθ3D). Thus, seasonal performance can
be estimated approximately. This method can be applied to any line-
axis solar concentrator system. The incidence angle's projection was
evaluated by some authors (McIntire and Reed, 1983; Pinazo et al.,
1992).

3. Results and discussion

3.1. Optical efficiency

The optical efficiency is related to the process in which a spectral
component of incident solar radiation is transmitted through the evac-
uated glass cover, reflected secularly from the reflector's surface and
absorbed by the tubular absorber. A brief examination of Eq. (1) reveals
that, while the concentration ratio of the concentrator tends to infinity,
Fig. 9. The ray tracing on the dual concentrator for the n
ηopt tends to its minimum due to an increased number of reflections.
Hence, an optimal size and a higher value of the optical parameters
with optimal cost are likely to improve the performance significantly.

In the 2D calculations of optical performance, all concentrator spec-
ifications that were considered are given in Table 1. The concentrator
sizes were determined for the absorber's external diameter of 20 mm.
The considered timewas 12:00 p.m. for incidence angles within the ac-
ceptance angle of 23.44°. All rays entering the concentrator aperture
within the acceptance angle θmax reach the absorber either directly or
after several reflections, and all rays with angle of incidence beyond
θmax are rejected.

As a first evaluation, the case of the normal incidence angle was con-
sidered for both concentrators. Only 52% of rays can enter the aperture
of the single concentrator, and as many as 82% of rays can enter the ap-
erture of the dual concentrator. This is likely to yield higher optical effi-
ciency for the dual concentrator as compared to the single concentrator.
The ray loss from the sides of the concentrator is likely to increase as the
angle of incidence approaches the acceptance angle.

Fig. 8 illustrates the dependence of optical efficiency on the inci-
dence angle θ for the dual and single concentrators, under the condition
of spectral solar radiation. The performance of the single concentrator is
more stable as compared to that of the dual one. As the angle of inci-
dence approaches 12°, the performance of both concentrators increases
slightly. In the case of dual concentrator amaximal efficiency of 61.3% is
obtained for the angle 12° at which the efficiency of the single concen-
trator is 39.16%. For angles of incidence higher than 12° performance
decreases gradually and a stronger reduction of performance is ob-
served around 21.4°. Furthermore, when the angle of rays' incidence
reaches the acceptance angle, the number of reflections increases,
thereby resulting in a sharp drop in the optical efficiency. Additionally,
in accordance with the angular alternation of ray acceptance, the effi-
ciency of the dual concentrator decreases more compared to that of
the single one. In other words, the difference between the maximal
and minimal optical efficiencies is about 15% for the dual case, and
that of the single one decreases by 9.3%. The average optical efficiency
of the dual concentrator is about 57%, and that of the single one is 37%.

It is important to state why the concentrator shows the maximum
performance in the case of the incident angle of 12°. Fig. 9 illustrates
the ray tracing on the dual concentrator for the normal incident angle,
the incident angle of 12° and the incident angle of 23°. In the case of
the normal incident angle, a tiny fraction of the solar radiation pass
through the aperture area of the concentrator can reach to absorber di-
rectly, and the major part hit the reflector first. The rays hit the upper
part of the CPC reflector may reflect more than one time on the CPC re-
flector surface (Rabl, 1976b). After first or second reflection from CPC,
some rays reach to the involute reflector while some of them reach to
ormal incident angle, incident angle of 12° and 23°.
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the absorber. As is known, the optical performance decreases depending
of the number of reflection of rays in accordancewith the reflectivity. As
the incident angle of the rays approach to 12°, most of the rays reach to
the absorber after only one reflection from the CPC. On the other hand,
for themaximum incident angle case, almost all rays reach to the upper
part of the involute reflector after one reflection on CPC and the major
part of those rays reflect for second times in the involute reflector.
Thus, the optical performance decreases significantly. In the same
way, as the incident angle of the rays approach to 12°, the number of
rays hit the absorber after only one reflection increases. Therefore, the
maximum performance was achieved around the incident angle of 12°.

3.2. Thermal efficiency

Thermal efficiency is a function of optical efficiency and heat losses
from the absorber. Heat loss can bemediated by convective, conductive,
or radiative heat transfermechanisms. Because heat transfer by convec-
tion and conduction requires transfer media, the associated heat losses
do not exist in vacuum. Evacuated glass tube also protects the reflector's
surface from external conditions and the absorber fromwind effect that
is likely to increase the heat loss. In radiative heat loss calculations, the
surrounding temperature was assumed to be 293 K. The evaluations
were conducted for that efficiency as a function of the angle of incidence
and absorber temperature. The concentration ratio was set as 2.51 for
both concentrators. The incident solar irradiance was assumed to be
1000 W/m2 and its intensity depends on the angle of incidence. The
working fluid temperature in the absorber's outlet depends on the
mass flow rate. However, in the present calculation, absorber's temper-
ature was evaluated as a calculation parameter by using Eq. (7).

Recently, selective coating absorbers have found widespread use in
connection with lower thermal emissivity effect. The concentrator's
performance can be substantially increased by reducing the radiative
heat loss from the absorber. Therefore, the effect of spectral selective
coating on the performance of the proposed solar concentrators was
considered as well, in addition to the effect of gray surface. The efficien-
cy was calculated for a selective coated surface with thermal emissivity
ε of 0.07.

The effect of gray surface and selective coating on the concentrator's
thermal performance is shown in Fig. 10 for different angles of incidence
and absorber temperature of 373 K. While the angle of incidence varies
between the angle of normal incidence and the acceptance angle, the
time represented is 12:00 p.m., as noted in Fig. 4.
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Fig. 10. Thermal efficiency as a function of incidence angle, for different scenarios of
absorber surface.
First, because of its higher ray acceptance, a dual concentrator
operates with higher efficiency than a single concentrator, for both
gray surface and selective coating cases. Regarding the smaller number
of reflections, maximal efficiencies are obtained for the incidence angle
of about 12°. As a general rule, while the angle of incidence increases,
the intensity of the incident solar irradiation wanes (Eq. (8)). It is ex-
pected that, as the angle of incidence approaches the acceptance
angle, the performance will decrease with regard to the decreasing
heatflux. Contrary to this expectation, the reduction of the performance
is observed merely after the maximal efficiency angle of 12°. The effect
of heat flux reduction on performance becomes more evident in the
case of a gray surface as compared to the selective coating case, because
selective surface can reduce its potency on performance with decreas-
ing radiative heat loss.

In the case of dual concentrator with gray surface absorber, an aver-
age thermal efficiency of 33.63% is obtained, while a single concentrator
exhibits average thermal efficiency of only 12.6%. The efficiency of the
single concentrator is increased owing to the effect of selective surface,
and approaches the efficiency of the dual concentrator with gray sur-
face. The average efficiency of a dual concentratorwith selective coating
absorber can reach 56%, while that of a single concentrator reaches 35%.
Furthermore, themaximal thermal efficiency of a dual concentrator can
reach 59.5% while a single concentrator has the maximal thermal
efficiency of 37%. Spectral selective coating significantly enhances
performance.

Fig. 11 shows thermal efficiencies of dual and single concentrators as
a function of absorber temperature, for selective coating and gray sur-
face absorbers. The angle of incidence is considered to be normal.
Absorber's temperature is varied as a calculation parameter. Heat loss
from the absorber does not exist when the absorber temperature is
equal to the ambient temperature. Therefore, at this temperature, the
efficiency is equivalent to the optical efficiency. As the temperature dif-
ference grows, thermal efficiency decreases up to a maximal absorber
temperature.

A gray surface absorber is not suitable for high temperature applica-
tions such as steamgeneration because of the high thermal loss. In other
words, a sharp reduction of performance along with the increase of
absorber's temperature prevents from obtaining high absorber temper-
ature and performing with optimal efficiency. Selective coated ab-
sorbers are essential for heat and steam generation. Thus, a dual
concentrator operates with thermal efficiency of 52.7%, while a single
one can reach the efficiency of 31% even for absorber temperatures as
high as 473 K.
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3.3. Seasonal performance

Another comparisonwas conducted to evaluate the seasonal perfor-
mance. The orientation and design parameters of the concentrator are
discussed in detail in the section that describes the calculation method.

Fig. 12 illustrates the solar projection angle for the proposed concen-
trator during different days and hours. The days are 17th (Jan 17), 47th
(Feb 16), 75th (Mar 16), 105th (Apr 15), 135th (May 15), 162th
(Jun 11), 198th (Jul 17), 228th (Aug 16), 258th (Sep 15), 288th
(Oct 15), 318th (Nov 14), and 344th (Dec 10) days of a year and the cor-
responding characteristic days of eachmonth. The negative value of the
incidence angle indicates that the sun is between thewinter solstice and
equinox day. The values of θ2D onMarch 16 and September 15 are stable
during the day and are very close to the angle of normal incidence, be-
cause these days are close to the equinox days. As the sun approaches
the winter and summer solstice days, the angles of incidence approach
the acceptance angle. Accordingly, the concentrator can utilize the solar
irradiation mostly for the angles of incidence that are close to the angle
of normal incidence.

The angle θ2D is symmetric with respect to the equinox and solstice
days. Therefore, thermal performance of the single concentrator is eval-
uated only for half of the year on selected days. The optical properties of
the concentrator are assumed to be as in Table 1. The absorber is as-
sumed to be coated by the selective surface with thermal emissivity of
0.07. The ambient and absorber temperatures are assumed to be
293 K and 373 K, respectively. The solar beam intensity Iinwas assumed
as 1000 W/m2 as the solar insolation changes with the incident angle
variation depending on the time and location. In this calculation, the ef-
fect of the angle of incidence on performance inNorth–South2Dvertical
plane is evaluated to observe the day characteristicswith the sunmove-
ment. Theperformance is analyzed for every 15min, from6:00 to 18:00.

The concentrator exhibits quite similar performance curves for
Dec 10 and Jun 11 and through half of the year, until May 15 and
Nov. 15, respectively, as shown in Fig. 13. Thereupon, the comparisons
of single and dual concentrators performance as a function of time
were conducted for the shortest solar utilization day (SSD) at which
the lowest efficiency and shortest solar utilization was obtained, the
longest solar utilization day (LSD), and the highest efficiency day
(HED), as shown in Fig. 14. To demonstrate the relevancy between
these similar days, their solar altitudes αs are illustrated. On the other
hand, due to the similar incidence angle characteristics of the SSD
days (Dec 10–Jun 11), LSD days (Mar 16–Sep15), and HED days
(Apr 15–Oct. 15), the performances of just Dec 10, Mar 16, and Apr 15
are considered.

In Fig. 14, the axis on the right side corresponds to the angle of inci-
dence θ3D, the projection angle θ2D, and the solar altitude angles αs. In
order to determine θ2D, it is necessary to evaluate the angles αs and
θ3D. The angles αs on Dec 10 and Jun 11 reach 28.7° and 74.83° at
noon, and these values are considerably close to thewinter and summer
solstice values, while the angles αs on Mar 16 and Sep 15 are close to
each other and to those of the equinox day, and take on the values of
49.33° and 53.96°, respectively. On the HED days, Apr 15 and Oct 15,
the solar altitude values are 61.16° and 42.15°, respectively. These
values clearly show the characteristics of the sun trajectory on the se-
lected days. The angle θ3D becomes the same as θ2D at noon, and the dif-
ference between these two angles becomes larger toward the morning
and evening, and then converge again at 6:00 and 18:00.

During SSD, either concentrator can utilize the sun's radiation for a
short time. This similarity in the performance of dual and single concen-
trators indicates that the utilization time is strongly related to the accep-
tance angle. The angle θ2D decreases until 12:00 and approaches the
minimal value of 23°. The concentrator can generate the heat for 2 h,
because the angles of incidence are beyond the acceptance angle before
11:00 and after 13:00. The thermal performance of a single concentrator
reaches the maximal value of 29% at noon due to the highest solar heat
flux, while that of a dual one can achieve the thermal performance of
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46.53%. The performances remain stable during the solar utilization
time due to the slight variation of solar projection angle. On the other
hand, both single and dual concentrators can generate the heat for a
long time during the LSD. The angle θ2D remains fairly stable for about
10 h and becomes 2.41° at 12:00. The angle θ2D remains within θmax

and near the angle of normal incidence almost for the entire day period.
At noon, a single concentrator can reach thermal efficiency of 36.24%
while a dual one can achieve the efficiency of 57.9%. The concentrators
can utilize solar energy for more than 11 h.
Thehighest performance is obtained duringHED. This slight increase
in performance is due to the angle of incidence. The solar projection
angle becomes 9.4° at noon, while the average angle is about 13° within
the acceptance angle. These angles are quite close to the maximal effi-
ciency angle of 12°; hereby, an improved performance is observed.
The solar utilization time reaches 8 h. The thermal efficiency of a single
concentrator is 36.9% while that of a dual one reaches 58.8%.

Generally, the highest performance is observed at 12:00, resulting
from higher solar heat flux as the efficiency slightly increases for the
angle of incidence that is close to the maximal efficiency angle. In addi-
tion, the difference in the operating time is irrelevant judging by the
day-time characteristic while the key element determining the perfor-
mance is the value of the solar projection angle. Accordingly, because
June 11 is close to the summer solstice day (the longest day), the
operation time, and the performance on that day are similar to those
obtained for Dec 10 (which is close to the year's shortest day). As a con-
sequence of limited insolation time on these days, little seasonal adjust-
ment is required. Average daily insulation time for 1 year is calculated to
be 6 h/day for both concentrators.

The evaluation of concentrators' annual performancewasperformed
to observe the effect of the angle of incidence as a function of time, as
shown in Fig. 15. In order to facilitate the evaluation, several assump-
tions were done. The ambient temperature during the days, the
absorber's temperature, and solar intensity were assumed to be con-
stant and were 273 K, 373 K, and 1000 W/m2, respectively. In order to
calculate the solar insolation qs on the surface of the concentrator, the
incident angle of the solar rays was taken into account for each day at
12:00.

The solar projection angle varies between acceptance angles on two
different sides of a concentrator and remains within θmax throughout
the year. The highest efficiency achieved by the concentrators was
59.36% and 37.2% for dual and single concentrators, respectively,
when the angle of incidence was close to the maximal efficiency
angle. However, the thermal performances decreased significantly at
the end of June and at the end of the year, during which the angle of in-
cidence approached the acceptance angle. Thus, the average efficiencies
decreased to 52% and 33% for dual and single concentrators, respective-
ly. Therefore, a slight increase of the concentrator's acceptance angle or
a little seasonal adjustment of the orientation can improve the perfor-
mance for 12:00.

3.4. The proposed collector system with dual concentrator

The proposed concentrator can utilize the advantages of compound
parabolic and involute reflectors with tubular absorber design. It
achieves highest possible concentration for any acceptance angle and
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utilizes the direct and diffuse radiation. A uniform temperature distribu-
tion can be obtained on the absorber and back side heat loss can be elim-
inated due to the geometry of the involute reflector with tubular
absorber. The convective and conductive heat losses can be eliminated
on account of the evacuated glass cover and can also help protect
the reflector's surface from external conditions and provide easy
maintenance.

Regarding the non-tracking systems, most commonly used collec-
tors areflat plate and evacuated tube collectors. They are usually prefer-
able due to low manufacturing cost. Conventional flat plate collectors
are usually suitable for low-temperature applications and their perfor-
mance is immediately decreased as the absorber temperature is
increased. On the other hand, the performance of conventional evacuat-
ed tube collector is hereby improved by using selective coating absorber
and vacuum tube; this device can be used in higher temperature appli-
cations. However, these collectors have the concentration ratio of 1.
Therefore, a concentrator system can procure advantages by increasing
Pump

Cold water

Concentrator unit

Fig. 17. Dual concentrator
the heat flux, thereby obtaining higher absorber temperature. The heat
loss in the proposed concentrator isminimized and eliminated using se-
lective coating and evacuated glass tube. However, using the evacuated
glass tube in a concentrator systemmay significantly increase the price
of the system. Keeping inmind that the cost of a glass tube increases ex-
ponentially with the tube radius, it becomes very important to deter-
mine the optimal size of the concentrator. One possible approach for
cost-effective design is to determine the glass tube's radius according
to the common tube size on themarket. Hereby, a concentrator collector
unit can be constituted to generate a large quantity of high temperature
steam by using a sufficiently small tube.

Another cost factor may be the use of selective coating. Although the
proposed concentrator with gray surface absorber can produce enough
heat for hot water, as a steam generation system, a spectral selective
coated absorber is essential to improve the thermal performance due
to its reduction of radiative heat loss. The proposed concentrator ex-
hibits high thermal performance even at high absorber temperatures.
Condenser

Turbine

Electric
Generator

Hot water

unit, Rankine cycle.
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On the other hand, using a dual concentrator can help reduce the
material cost for multiple concentrator applications due to a slight in-
crease in the glass tube's size.Moreover, simulations suggest that ray ac-
ceptance is significantly increased; thereby, the performance is
improved compared to a single concentrator and the same amount of
energy as obtained from the single one can be achieved by using smaller
projected area with smaller amount of glass material.

In addition, water flow in the absorber can be provided by using a
U-Type pipe absorber for dual concentrator (Fig. 16). This type of
absorber pipe can be supplied from the market and can be easily used
in construction. Also note that only one endof the glass tube requires in-
sulation to provide vacuum.

Seasonal and annual evaluations were also performed for the
proposed concentrators. A calculation method was adapted for perfor-
mance evaluation byusing a 2-D ray tracingmethod. Dual concentrators
performed better in seasonal and annual evaluations but may require
seasonal adjustment of orientation. An alternative way to achieve lon-
ger heat generation without any orientation adjustment is to enhance
the acceptance angle. Thiswill increase the utilization time significantly,
thus improving the performance. Furthermore, the manufacturing cost
will be reduced due to a significant reduction of the reflector area and
glass tube size. The proposed concentrator can be used for steam gener-
ation by using the optimal reflector and glass tube sizes that are avail-
able on the market in configuration of low heat loss and long-term
durability (Fig. 17). All of these features encourage promoting the oper-
ation of dual concentrators. Additional evaluations will be conducted in
future experimental studies.

4. Conclusions

In this study, the dual concentrator was compared with the single
one to investigate the changes in optical and thermal performance. A
calculation model was proposed to calculate the seasonal performance.
Results are summarized as follows.

(1) Although two combined reflectors were used in the dual concen-
trator, a slight oversizing of 28% occurred on the circumference of
the glass cover. Using the dual concentrator can reduce the
manufacturing costs because of the relatively reduced glass
cover area.

(2) In the case of dual concentrator, ray acceptance significantly in-
creased, thereby enhancing the performance. In the case of nor-
mal incidence, only 52% of rays can enter the aperture of the
single concentrator, while 82% of rays can enter the aperture of
the dual concentrator. The average optical efficiency of the dual
concentrator is about 57%, while that of the single one is 37%.

(3) When the absorber temperature is assumed to be 373 K, the sin-
gle concentrator has the thermal efficiency of 12.6%, while the
thermal efficiency of the dual concentrator reaches 33.63% for
the gray surface absorber.

(4) The effect of selective coating on the performance of the pro-
posed solar concentrator was also analyzed. The dual concentra-
tor with selective coating absorber has average efficiency of 56%
and the efficiency of the single one is 35%. When the absorber
temperature is assumed to be 473 K, the dual concentrator
with selective coating operates with the efficiency of 52.7% and
the efficiency of the single one becomes 31%. Performance evalu-
ation shows that the concentratorswith selective surface absorb-
er can be used with high efficiency in high temperature
applications such as steam generation, because gray surface is
suitable to attain hot water.

(5) Seasonal and annual performance evaluations show that the effi-
ciency of the dual concentrator is better compared to that of the
single one, as the efficiency varies depending on the angle of in-
cidence and solar intensity. In general, the highest performance
is observed at 12:00, resulting from higher solar heat flux as the
efficiency slightly increases for angles of incidence that approach
themaximal efficiency angle of 12°. In addition, the difference in
the operating time is irrelevant judging by the day-time charac-
teristic while the key element determining the performance is
the value of the solar projection angle. A small seasonal adjust-
ment in the orientation or an increase of the acceptance angle
is needed for longer utilization of solar energy during earlymorn-
ing and late afternoon hours for the solstice and the days around
it. Increasing the acceptance angle will improve the performance
in connection with higher ray acceptance and optical perfor-
mance, as the component cost will decrease due to a smaller
reflector size.
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Nomenclature

Ac Aperture area of the concentrator (m2):
Aa Receiver area of CPC, absorber surface area (m2):
C Concentration ratio (−):
Iin Solar beam intensity (W/m2):
n Number of rays captured along with the concentrator's aperture area (−):
Nr Number of rays (−):
Rloss Ray loos from sides of concentrator:
Rn Number of reflection before reaching the absorber (−):
Ta Average absorber temperature (K):
Tamb Maximum absorber temperature (K):
Tc Average glass cover temperature (K):
qs Solar insolation (W/m2):
qr Radiative heat loss (W):
qc Convective heat loss (W):
U Overall heat transfer coefficient (W/m2·K):
Greek symbols

αa Solar altitude angles for summer solstice (dgr):
αb Solar altitude angles for winter solstice (dgr):
αab Absorptivity of absorber:
αs Solar altitude:
β Tilt angle of concentrator:
γs Solar azimuth angle:
γc Surface azimuth angle:
δ Declination:
ε Emissivity of absorber:
ηopt Optical efficiency:
ηth Thermal efficiency:
θ Incident angle of ray in 2D calculation:
θ3D Incident angle of oblique ray in 3D geometry:
θ2D Projection of θ3D in 2D surface:
θmax Maximum acceptance angle:
ρr Reflectivity of the reflector:
σ Stefan Boltzman constant:
τc Transmissivity of the glass tube:
ϕ Latitude:
ω Hour angle:
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