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Abstract

Solar technology offers great potential in terms of supplying the world’s energy needs.
However, its current contribution to the world is still limited. The main factor is related to
high initial cost of building the system. This paper will provide an up-to-date review of
solar concentrators and their benefits to make solar technology affordable. It will also
analyse on some of the existing solar concentrators used in the solar technology for the
past four decades. The design and performance of each concentrator will be explained
and compared.
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1. INTRODUCTION

Over the last few decades, there have been significant changes in the way people use the world’s energy
resources. There has been an increasing effort from governments, industry and academic institutions to
find alternative sources of energy and to improve energy efficiency. This, plus an ever growing pressure
from different sectors of society to reduce carbon dioxide emissions, has motivates the development of
emerging technologies to reduce the dependency on fossil fuels and the optimization of existing systems
in order to minimize energy consumption.

A lot of countries are now focusing more on renewable energy. In the US, for instance, President Barack
Obama has chosen a group of people to run his Energy Department, hailed by the media as the “Green
Team”. Besides tackling the climate change, the team is also responsible to venture into new
technologies. In 2008 alone, it is reported that the total global investment in renewable energy has
reached approximately USD120 billion, led by the US, Spain, China and Germany [1].

Solar energy is one of the alternative energies that has vast potential. It is estimated that the earth
receives approximately 1000W/m? amount of solar irradiation in a day [2]. Abbot [3] shows that this
amount of irradiation could generate around 85,000TW and estimates that the current global energy
consumption is about 15TW. Taking into account the power obtained from all renewable resources as
illustrated in Table 1, he concluded that the solar energy alone has the capability to meet the current
energy demand. This is confirmed theoretical calculation of Liu et al. [4] who estimates that by harnessing
the solar energy from eight different solar power plant sites throughout the world, the energy generated
from these plants has the capability to supply more than enough electricity to satisfy the present global
energy utilization. These sites are located in the deserts in Southwest Asia, China, Australia, Southern
South America, United States and Mexico.

There are two ways to produce electricity from the sun [5]. First is by using the concentrating solar
thermal system. This is done by focusing the heat from the sun to produce steam. The steam will drove a
generator to produce electricity. This type of configuration is normally employed in solar power plants.
The other way of generating electricity is through a photovoltaic (PV) cell. This technology will convert the
sunlight directly into electricity. This technique is now being widely installed in the residential house and at
remote places. It is also contributing to the significant increase in the development of Building Integrated
Photovoltaic (BIPV) system.

Energy Source Max. Power (TW)
Total surface solar 85 000
Desert solar 7650
Ocean thermal 100

Wind 72
Geothermal 44

River hydroelectric
Biomass
Open ocean wave

Tidal wave

w A~ NN

Coastal wave

TABLE 1: Power available from renewable resources [2]

However, despite numerous efforts done by the government and private sectors, solar energy only
contributes to less than 1% of world’s energy demand [6]. Some of the main drawbacks for the solar
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technology are due to the high investment cost and long payback period [7]. For an example, for an
installation of a simple solar PV system, around 55%' of the total cost comes from the PV module [8]. In
terms of efficiency, only 15% to 30% of the sunlight is converted to electricity, depending on the type of
semiconductor used in the PV. The highest efficiency recorded so far is by the Fraunhofer Institute for
Solar Energy Systems, at 41.1% [9].

If we could reduce the cost of the PV module, or minimise its usage in the solar cell, while maintaining the
same amount of output, it is feasible and affordable to use the solar technology.

Solar concentrator is the most favourable solution to this problem [10].

2. SOLAR CONCENTRATORS

2.1 Overview

Solar concentrator is a device that allows the collection of sunlight from a large area and focusing it on a
smaller receiver or exit. A conceptual representation of a solar concentrator used in harnessing the power
from the sun to generate electricity is shown in Figure 1.

The material used to fabricate the concentrator varies depending on the usage. For solar thermal, most of
the concentrators are made from mirrors while for the BIPV system, the concentrator is either made of
glass or transparent plastic. These materials are far cheaper than the PV material. The cost per unit area
of a solar concentrator is therefore much cheaper than the cost per unit area of a PV material. By
introducing this concentrator, not only the same amount of energy could be collected from the sun, the
total cost of the solar cell could also be reduced. Arizona Public Service has concluded that the most
cost-effective PV for commercial application in the future will be dominated by high concentration collector
incorporated by high-efficiency cell [11].

sUn rays suUn rays

211222222

Solar Concentrator

-

YYYYVYVYVYVYVYY

PV Cell
PV Cell
ELECTRICITY |
v
ELECTRICITY

FIGURE 1: Generating electricity from the sun, with and without a solar concentrator.
Some of the benefits and drawbacks of using the solar concentrators are summarise below.

Benefits:

! This numerical number is based on the installation done for research environment in New Zealand. In reality, the cost varies
depending on the type of PV material used, labour, maintenance etc.
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1. Reduce the dependency on silicon cell [12],[13],[14]
2. Increase the intensity of solar irradiance, hence increase the cell efficiency [12],[14]
3. Reduce the total cost of the whole system [12],[13],[14]

Drawbacks:

1. Degrade the PV cell lifespan [15]
2. Require mechanical tracking system [16],[17],[18]
3. Need to cool down the PV to ensure the performance of the PV is optimum [19],[20]

2.2 Design of Solar Concentrator

For the past four decades, there have been a lot of developments involving the designs of the solar
concentrators. This paper presents some of the distinguish designs which have shown significant
contribution to the solar technology. They are:

Parabolic Concentrator

Hyperboloid Concentrator

Fresnel Lens Concentrator

Compound Parabolic Concentrator (CPC)

Dielectric Totally Internally Reflecting Concentrator (DTIRC)
Flat High Concentration Devices

Quantum Dot Concentrator (QDC)

These concentrators can also be categorised according to their optical principles. In this paper, they are
categorised into four groups, which is shown in Table 2 [12],[21]:

Type Description
Reflector Upon hitting the concentrator, the sun rays will be reflected to
the PV cell

Example: Parabolic Trough, Parabolic Dish, CPC Trough,
Hyperboloid Concentrator.

Refractor Upon hitting the concentrator, the sun rays will be refracted to
the PV cell.
Example: Fresnel Lens Concentrator

Hybrid Upon hitting the concentrator, the sun rays can experience

both reflection and refraction before hitting to the PV cell.

Example: DTIRC, Flat High Concentration Devices
Luminescent The photons will experience total internal reflection and

guided to the PV cell.

Example: QDC

TABLE 2: Types of Solar Concentrators

2.2.1 Parabolic Concentrator

The two dimensional design of a parabolic concentrator is equals to a parabola. It is widely used as a
reflecting solar concentrator. A distinct property that it has is that it can focus all the parallel rays from the
sun to a single focus point, F as shown in Figure 2. It is not necessary to use the whole part of the

International Journal of Applied Sciences (IJAS), Volume (1): Issue (1) 4



F. Muhammad-Sukki, R. Ramirez-Iniguez, S.G. McMeekin, B.G. Stewart & B. Clive

parabola curve to construct the concentrator. Most of the parabolic concentrator employs only a truncated
portion of the parabola.

Currently, there are two available designs of parabolic concentrator. One is by rotating the two
dimensional design along the x-axis to produce a parabolic dish, and the other way is by having a
parabolic trough. Both of the designs act as reflectors and are used mostly in concentrating solar power
system in big solar power plant [22]. The EUCLIDES-THERMIE Plant in Tenerife, Canary Island employs
the parabolic trough concentrators in the 480kW concentrator project [12],[23].

Although this concentrator could provide a high concentration, it requires larger field of view to maximise
the sun energy collection. To obtain maximum efficiency, it needs a good tracking system, which is quite
expensive. That is why this type of concentrator is not preferred in a small residential house.

T simn

Axis of
SYIMELry
I

Focal

-9_10:
"]
b

A
JANNEE
N\

Mormal Rays

FIGURE 2: The sun rays are focused at the focal point of the parabola [22]

2.2.2 Hyperboloid Concentrator

The general design of a hyperboloid concentrator is shown in Figure 3. It consists of two hyperbolic
sections, AB and A’B’. The hyperboloid concentrator can be produces by rotating the two dimensional
design along its symmetrical axis. The diameters of the entrance and exit aperture are labeled as d; and
d, respectively. If the inside wall of the hyperbolic profile is considered as a mirror, the sun rays entering
the concentrator from AA’ will be reflected and focused to the exit aperture BB'.

The advantage of this concentrator is that it is very compact, since only truncated version of the
concentrator needs to be used. Because of this factor, it is mainly used as a secondary concentrator. An
example of application of this concentrator has been developed by SolFocus, with the intention of
reducing the cost of solar electricity. The design with Cassegranian-like architecture managed to produce
250W peak in a single Generation 1 solar panel [25].

However, in most applications, it requires the usage of lenses at the entrance diameter AA’ in order for
the concentrator to work effectively [24].
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FIGURE 3: Hyperboloid Concentrator [24]

2.2.3 Fresnel Concentrator

Fresnel lens function is similar to the conventional lens, by refracting the rays and focusing them at one
focal point. It generally has two sections; a flat upper surface and a back surface that employs canted
facets. The facet is an approximation of the curvature of a lens (see Figure 4). A good linear Fresnel lens
could employ around 100 facets per millimeter [22].

There are two ways to use this concentrator; a point focus Fresnel lens or a line focus Fresnel lens. An
application of this concentrator can be seen in the Sacramento Municipal Utility District, where the
Fresnel lenses are used in the 30kW utility grid-connected plant [12].

The advantage of a Fresnel lens over a conventional lens is that it is thinner and requires a lesser amount
of material to fabricate [21]. It also has the capability to separate the direct and diffuse light, making it
suitable to control the illumination and temperature of a building interior [26]. One of the disadvantages of
this concentrator will be due to the sharpness of the facet. An error in the manufacturing process could
create a rounder shape at the edges of the facets, causing the rays improperly focused at the receiver

EREIREEE

Facet

Focal point

FIGURE 4: Fresnel Lenses [22]

International Journal of Applied Sciences (IJAS), Volume (1): Issue (1) 6



F. Muhammad-Sukki, R. Ramirez-Iniguez, S.G. McMeekin, B.G. Stewart & B. Clive

2.2.4 Compound Parabolic Concentrator (CPC)

The basic concept of compound parabolic concentrator (CPC) has been developed and explained
thoroughly by Welford and Winston in [24]. The geometry of a two dimensional CPC is shown in Figure
5(a). It consists of two segments of parabolas, AC and BD. A CPC can be divided into three parts; a
planar entrance aperture, a totally internally reflecting side profile and an exit aperture.

The entrance aperture of this CPC is of length CD. The CPC will have an acceptance angle of 26 and will
concentrate all the solar radiation at the exit aperture AB (see Figure 5(b)).

Parabola Parabola
axis // 1, axis /' ry
focus B focus A
/
\-. /
\ /

(b)

FIGURE 5: Compound Parabolic Concentrator: (a) Geometry of a CPC, and
(b) Trajectories of the edge rays inside the CPC [27]

The total length of a CPC depends both on the exit aperture and the acceptance angle of the
concentrator. By reducing the acceptance angle, the size of the concentrator will increase.

The CPC can either be used as a three dimensional rotational symmetry concentrator or as a CPC trough
concentrator [24]. The later design is normally employed as a reflector in a solar power plant. SHAP S.p.A
Solar Heat and Power [28] is one of the companies that utilises the CPC trough design as its main
commercial product in harnessing the solar power.

The main advantage of using a CPC is that it could offer a higher geometrical concentration gain with a
narrow field of view [29]. The disadvantages of the CPC trough concentrator will be the same as parabolic
trough concentrator; it requires a good tracking system to maximise the collection of sun radiation.

2.2.5 Dielectric Totally Internally Reflecting Concentrator (DTIRC)

The first concept of DTIRC was introduced by Ning et al. in 1987 [30]. This new class of optical element
has the capability to achieve concentrations close to the theoretical maximum limits. There are two ways
to produce the DTIRC; maximum concentration method and phase conserving method. Although both
methods will create almost identical structure, the first technique offers slightly higher concentration and
therefore more suitable for solar application.

DTIRC consists of three parts; a curved front surface, a totally internally reflecting side profile and an exit
aperture (see Figure 6). When the rays hit the front curved surface, they are refracted and directed to the
side profile. Upon hitting the sidewall, they will be totally internally reflected to the exit aperture. The front
aperture can be a hemisphere, but different designs such as parabola and eclipse have been developed
recently [31].
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Py

FIGURE 6: General design of a DTIRC [30]

The geometrical concentration gain of a DTIRC depends on both acceptance angle and also the front arc
angle. From Figure 7, it is concluded that the geometrical concentration gain is inversely proportional to
the acceptance angle. Also, the front arc angle only gives very minimal effect on the geometrical gain.
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FIGURE 7: Variation of the geometrical gain of a DTIRC with acceptance angle for a variety of front
surface arc angles (for an index of refraction = 1.5) [29]

The advantage of DTIRC over CPC is that it offers higher geometrical concentration gain and smaller
sizes. The disadvantage of a DTIRC is that it cannot efficiently transfer all of the solar energy that it
collects into a lower index media [32]. As a result, not all the sun rays are transmitted to the cell area.

The DTIRC is available either as a three dimensional rotational symmetry concentrator or as a two
dimensional optical extrusion, although the earlier design is more favourable. One of the examples is in
the NASA flight demonstration program [32], where a DTIRC is used as the secondary concentrator for
the solar thermal application in space.
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2.2.6 Flat High Concentration Devices

Instituto de Energia Solar, Universidad Politecnica de Madrid (UPM) in Spain, Minano and Benitez in
particular, have successfully produced a different class of nonimaging concentrators. The concentrators
are able to achieve theoretical maximum acceptance-angle-concentration. Currently, Light Prescription
Innovators (LPI) is working closely with UPM to further develop and market these concentrators [12],[33].
Since 1995, there are five available designs; RR, XX, XR, RX and RXI [2],[34],[35],[36]. In this design, ‘R’
represents refraction, ‘X’ denotes reflection and ‘I’ means total internal reflection. Basically, an XR
concentrator means that the rays in this concentrator will first experience a reflection followed by
refraction, before reaching the receiver of which a PV cell is attached [34].

For simplicity, we will restrict the discussion on the RXI design. Figure 8 shows a typical diagram of an
RXI concentrator. It is devised using the Simultaneous Multiple Surface, also known as the Minano-
Benitez designh method [27]. An RXI concentrator has three sections; an upper surface with a mirror at the
centre, a lower surface made from mirror, and a receiver.

Minano et. al. [36] has shown that by using an RXI with rotational symmetry and the refractive index of
the dielectric is 1.5, a concentrator with an acceptance angle of +2.7° could achieve a concentration
factor of 1000x.

These concentrators have two major benefits; they are very compact and offer very high concentration.
However, there are some disadvantages of this design. Due to the cell’s position, it is difficult to create
electrical connection and heat sinking. The cell dimension must be designed to be as minimal as possible
to reduce shadowing effect [16].

concentrator
front mirror &

hack mirror heat sink

FIGURE 8: Flat high concentrator device - RXI Concentrator [36]

2.2.7 Quantum Dot Concentrator (QDC)

Quantum dot concentrator, (QDC) is a planar device that consists of three parts; a transparent sheet of
glass or plastic made doped with quantum dots (QDs), reflective mirrors mounted on the three edges and
back surface, and an exit where a PV cell is attached (see Figure 9) [37].

When the sun radiation hits the surface of a QDC, a part of the radiation will be refracted by the
fluorescent material and absorbed by the QDs. Photons are then reemitted in all direction and are guided
to the PV cell via total internal reflection. The total geometrical concentration will be the ratio of the large
surface area of glass to the area of PV cell.

QDC major advantage is that it does not requires any tracking as other conventional concentrator. It can
also make full use of both direct and diffuse solar radiation [38]. However, the drawback of the QDC is
that the development of QDC is restricted to high requirements on the luminescent dyes; i.e. high
quantum efficiency, suitable absorption spectra and redshifts, and stability under illumination [[39]].
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Evident Technologies [40] is one of the companies that sees the huge potential in this concentrator and

has been marketing the quantum dot products to the consumers.
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FIGURE 9: Principal of Quantum Dot Concentrator (QDC) [37]

To summarize the various design of the concentrator, Table 2 shows the comparison of each

concentrator, showing the advantage and disadvantage of each design respectively.

Type of Concentrator

Advantage

Disadvantage

Parabolic Concentrator

High concentration.

Requires larger field of view.
Need a good tracking system.

Hyperboloid e Compact e Need to introduce lens at the

Concentrator entrance  aperture to  work
effectively.

Fresnel Concentrator e Thinner than conventional e Imperfection on the edges of the

lens. facets, causing the rays improperly

Requires less material than
conventional lens.

Able to separate the direct
and diffuse light - suitable to

control the illumination and
temperature of a building
interior.

focused at the receiver.

Compound Parabolic
Concentrator

Higher gain when its field of
view is narrow.

Need a good tracking system.

Dielectric Totally
Internally Reflecting
Concentrator

Higher gain than CPC.
Smaller sizes than CPC.

Cannot efficiently transfer all of the
solar energy that it collects into a
lower index media.

Flat High
Concentration Devices
(RR, XX, XR, RX, and
RXI)

Compact.
Very high concentration

Difficulty to create electrical
connection and heat sinking due to
the position of the cell.

The cell dimension must be
designed to a minimum to reduce
shadowing effect.

Quantum Dot
Concentrator

No tracking needed.
Fully utilise both direct and
diffuse solar radiation

Restricted in terms of development
due to the requirements on the
luminescent dyes.

TABLE 2: Summary of the Advantage and Disadvantage of the Concentrators
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2.3 Performance of Solar Concentrator

There are numerous projects regarding the implementation of the solar concentrators. These projects
have been done by research centres, universities and companies to investigate and analyse the reliability
and the performance of the concentrator. Table 3 shows some of the projects which have been
conducted throughout the world, showing the principal investigator's name and the location of the project.

It presents the estimated output obtained as well as the overall efficiency of the system.

Focus Sun . Efficienc
Name Location ~Concentrator (Point/ Output . centration Trac'/""g of the Y Ref
type Linear) (kW) (X)? (yes/no) system
Pahrump, [41]
Alpha Solarco, Nevada, fresnel lens point 15 n/a yes n/a [42]
USA
AMONIX and Arizona
Arizona Public USA ’ fresnel lens point 300 250 yes 24.0% [43]
Service
Australian Spring .
National Valley, pirab""c linear n/a 30 yes 15.0%  [44]
University Australia rough
PETAL Sede Bager,  parabolic point 154000 400 yes  165%  [45]
BP Solar and the Tenerife
Ii’Jontechnical Canary! parabolic linear 480 38 yes 13.0% [23]
niversity of Island. USA trough [46]
Madrid sand,
Entech Inc TZL.aZ?\G%A fresnel lenses linear 100 20 yes 15.0% [47]
Fraunhofer- Freiburah parabolic linear
Institute for Solar Germa% ’ trough and and n/a 214 yes 77.5% [48]
Energy Systems y cpPC? point
Polytechnical Madrid flat
University of Spain’ concentration point n/a 1000 no n/a [49]
Madrid devices (RXI)
. Sacramento
| PhOtO.VOHa'CS California, fresnel lens linear 30 10 yes 12.7% [12]
nternational, LLC USA [50]
Solar Research
Corporation, Australia  parabolic dish point 0.2 239 yes 22.0% [51]
Pty. Ltd.
Ben Gurien araboloid and point
SolFocus University, ph boloid® and 0.25 500 yes 81% [25]
Israel yperoolol point
CSunPovyer USA fresnel lens point n/a 250 - 400 n/a 27.0% [10]
orporation

TABLE 3: Worldwide projects related to solar concentrators. Adapted from [10]

From the table, it is evident that the solar concentrator has the capabilities to increase the efficiency of the
system by concentrating the sun rays from a large area into a smaller area, hence reducing the usage of

% One sun concentration, 1X = 1000W/m?

® This is a two-stage concentration process. The first stage uses the parabolic trough and the second stage is using the CPC. The
focal point of the concentrator is line and point focus respectively.

* This is a two-stage concentration process. The first stage uses the paraboloid concentrator and the second stage is using the
hyperboloid concentrator. The focal point of each concentrator is point focus.
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silicon cell. The reduction in silicon cell will lower the cost of the solar cell. It is then possible to say that
the concentrators are capable of lowering the cost of the system, hence delivering a competitive energy
market to the consumers.

3. CONCLUSION & FUTURE WORK

The main conclusions of this paper are summarised hereunder.

1. Solar energy has vast potential, but its contribution to the world’s energy market is still
very limited.
2. Solar concentrators could bring down the total cost of the solar cell, thus making the solar

technology cheaper and affordable, but at the same time does not compromise the
overall performance of the solar technology.

3. There are a lot of designs of solar concentrators. Each design has its own advantages
and disadvantages.
4. In spite of the advance designs achieved so far, there are still a lot of improvements that

can be done especially on the concentrator designs [52].

Future Work
The team is currently working on optimizing the solar concentrator in the SolarBrane [13], a BIPV system
developed by SolarEmpower Ltd.
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