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Abstract: Convergence of global economic inequalities and greenhouse emissions makes it imperative that fossil-
fuel dependence be replaced by renewable energy revolution. Sunlight is the only truly free and abundant global
energy resource capable of replacing fossil fuels. Historically, thermal and electrical forms of energy have been
generated through Concentrated Solar Power (CSP) systems. A major disadvantage of existing CSP systems lies in
their long lead times, large start-up costs and integration with an advanced electricity transmission grid. Research
work reported here is focused on evaluation of reflective and refractive optical concentration systems in tropical
climate with the aim of developing small scale distributed electricity generation systems linked to micro grids.
Evaluation of seven optical concentrators in reflection and refraction modes in tropical Malaysian climate has been
carried out. The experimental methodology was based on measurement of temperature at the focal point of the
optical systems as a function of time and solar irradiance. Highest temperatures achieved with reflective systems
were in 200-300°C range, in contrast, Fresnel-lens based refractive systems approached temperatures in excess of
~1300°C. For the Fresnel lenses investigated, an approximate logarithmic temperature dependence on lens diameter
was determined. For the Malaysian climate, sunlight to thermal energy conversion of refractive systems was
determined to be significantly superior to reflective systems.
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INTRODUCTION

With rapidly rising greenhouse emissions coupled
with growing economic inequalities, the business as-
usual model of fossil-fuel based electricity, Bazmi and
Zahedi (2011) supplied through large scale transmission
grids has become unsustainable (Levin and Thomas,
2012). The current world coal consumption is about 4.3
billion tons with china alone consuming 3.8 billion tons
in 2011 (E.LA., 2012). Such high levels of coal
consumption have significantly degraded global
environment. For example, in October, 2013, the
visibility due to greenhouse gas emissions in industrial
parts of china was reduced to 10 m due to an air
pollution levels 30-45 times above recommended
safety levels (http://rt.com/news/china-biggest-coal-
consumption-086/, 2013). There is clear and compelling
evidence for transition from fossil fuels to sustainable
and renewable resources. The global distribution of
primary energy generation resources by fuel reveals
that almost 80% originated from fossil fuels with only
about 1% originating from renewable resources
(geothermal, solar, wind and heat) (I.LE.A., 2013).

Almost 66.4% of global energy consumption is
attributed to fossil fuels, biofuel waste accounted for
about 12.5%; electricity accounted for 17.7% with 68%
of it generated from fossil fuels. Similarly, almost 68%
of global electricity generation is attributed to fossil
fuels, 12% nuclear, 16% hydro; only 4% to renewable
sources (I.LE.A., 2013). Distribution of global green
house gas emissions illustrates that carbon-based fossil
fuels are the principal source of greenhouse gas
emissions responsible for approximately 99% of the
total global emission. The energy generation and
consumption data unambiguously demonstrate the
relationship between the dependence on consumption of
carbon-based fossil fuels and their adverse impact on
global environment; this is unsustainable for long-term
human survival on Earth. Clearly, there is an urgent
need for transition from carbon-based fuels to
renewable resources. An energy source that meets such
sustainability — requirements is  “solar  thermal
technology”, which requires harnessing limitless solar
energy for thermal and electrical energy generation (El-
ladan et al., 2013).
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Fig. 1: Schematic diagram of (a) refractive and (b) reflective optical concentrators

Sunlight is the only free, global renewable energy
resource. Sunlight has been harnessed for thermal,
thermal electricity and direct electricity generation
using photovoltaic effect (Bassam et al., 2013). Work
reported here has focused on harnessing of sunlight
directly for thermal and electricity generation.
Historically, sunlight concentration methods have been
used for a wide range of applications, a typical example
being irrigation in Maadi, Egypt (Butti and Perlin,
1980). As early as 1695 in Florence, melting of
diamond by solar energy had been demonstrated (Levin
and Thomas, 2012). In the mid 1770’s, the renowned
chemist Antoine Lavoisier, considered as the father of
modern  chemistry, demonstrated  spontaneous
combustion by focusing sunlight over flammable
materials, LLC  (http://www.solarpoweredthermal.
com/historical.shtml). A century later in 1878, the first
solar power generation system based on focusing of
sunlight with parabolic reflectors was developed LLC
(http://www.solarpoweredthermal.com/historical.shtml)
. It is likely that continued scientific developments in
this field were delayed due to discovery of carbon-
based fossil fuels far more efficient than steam LLC
(http://www.solarpoweredthermal.com/historical.shtml.
Almost a century later in 1968, Francia (1968)
commissioned the first large scale Concentrated Solar
Plant (CSP) in which the focused sunlight receivers
were placed at the centre of an array of sunlight

reflectors (or collectors). This CSP plant was able to
generate | MW using superheated steam at temperature
of 500°C and pressure of 100 bar (~1459 Ibs/inch)
(Butti and Perlin, 1980).

Charles et al. have investigated parabolic trough
for reflective optical concentration in order to
determine thermal efficiency at indoor conditions where
wind, ambient and sky temperatures were controlled;
collector efficiency of 0.773 was demonstrated
(Kutscher et al., 2010). However for refractive Fresnel
lens collector optical concentrators, a higher value for
efficiency was demonstrated in comparison with the
evacuated CPC with the same type of receiver (Sorigal
and Neaga, 2012).

This study reports on an investigation of reflective
and refractive optical concentration systems in tropical
climates typical of equatorial-belt countries such as
Malaysia. Figure la schematically describes an
example of refractive optical concentrator such as a
Fresnel lens. Incident light enters the lens through the
aperture area A, and is focused onto a small area A, at
its focal point. Figure 1b is an example of the reflective
optical concentrator in which incident light is multiply-
reflected from the highly reflective sidewalls onto a
smaller absorber area at the focal point. Principal
objective of this study is to evaluate reflective and
refractive optical concentration systems operating in
tropical environment. The long-term goal of this
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research effort is to develop small scale CSP systems to
form an integral component of the distributed energy
resource matrix connected to micro-grids. Such an
approach to energy generation and distribution
eliminates costly and wasteful large scale power plants
and transmission grids (Henri et al., 2012). This study
reports on seven optical concentrators in reflection and
refraction modes. Dimensions of optical components
have been kept comparable for ease of performance
evaluation (Fig. 1).

MATERIALS AND METHODS

Figure 2 describes the experimental methodology
employed for the work presented here. Experimental
work was based on automated measurements of
temperature at the focal point of the optical system and
solar irradiance as a function of time. Reflective
systems studied included parabolic trough, cone
frustum and hexagonal frustum configurations.
Refractive-based optical systems were based on
spherical and linear Fresnel lenses. Fresnel lens is a flat
optical component made from (PMMA
Polymethylmethacrylate) with its surface made up of
many small concentric grooves with each groove
behaves like an individual prism. There are several
advantages of Fresnel lenses over other concentrators

L

11

including lightweight, lower cost compared to highly
reflective mirror surfaces, mechanical strength, high
temperature resistance, ability to generate higher
temperatures and scalable to very large (tens of meters)
areas.

For comparative analysis, dimensions of reflective
and refractive systems were kept comparable in order to
achieve objective comparison. Figure 3 shows pictures
of the optical concentration systems setup on the 7"
floor rooftop of the Solar Energy Research Institute
(SERI) laboratory; seven different concentrators of the
approximately comparable dimensions are shown.
During data acquisition, all the concentrators were
arranged in a row to avoid shading. Manual adjustments
after every 5 min were carried out in order to maintain
direct sunlight tracking. A Lab VIEW-based automated
data acquisition computer program was used to acquire
temperature and irradiance data using type K
thermocouple and apogee Silicon cell Pyranometer
(SP110), respectively. Some error in temperature
measurement is introduced in the maximum stagnation
temperature due to high convection losses of the
receiver since it was not protected from exposure to the
wind. However, this measurement uncertainty is
cancelled out since the same procedure is employed for
all optical concentrators.

L=}

1

Fig. 2: Schematic diagram for the experimental data acquisition configuration
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Fig. 3: Concentrators lined up for experiment and data
collection

Theoretical  considerations: To  access the
performance of the optical concentrator in the context
of work reported here, thermal efficiency of the
collector is a better indicator of its thermal performance
and is defined as the ratio of the thermal energy
delivered to the collector by the solar flux incident at it.

Using “Carnot limit” the Maximum conversion
efficiency for thermal systems has been mathematically
determined as:

E=1-T./Tp (1)

where,

E = The efficiency of the concentrator
T, = Ambient temperature

Tp = Plate temperature, S.T.G

The optical concentration ratio, C, is defined as the
ratio of the collecting lens area (A,) to the receiver area
(Aups). The absorber concentration ratio determines the
stagnation temperature, where stagnation temperature
refers to the absorber temperature, efficiency and
performance of all concentrators, its value varies from
unity (flat plate collector) to several thousand such as
for parabolic dish or a large Fresnel lens with small
focusing spot:

C = AJ/Auws =1 R R =R, Y/ R, )

where, R, is the radius of the optical element and R, is
the absorber radius. In the case of truncated frustum the

following mathematical expression was used to
calculate C (Emam, 2012):
C = (2 cosb+1)’ 3)

where, 0 is the acceptance angle.

In the experimental configuration described in
Fig. 2, concentrators have been identified by numbers 1
through 7 with (1) for 50-cm diameter conical frustum,
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Fig. 4: Optical concentration ratios for the seven optical
elements measured

(2) for 50-cm diameter hexagonal frustum, (3) for 50-
cm diameter parabolic trough reflector, (4) for 100-cm
diameter spherical Fresnel lens, (5) for 50-cm diameter
spherical Fresnel lens, (6) for 130x80 cm® linear
Fresnel lens and (7) for 25x25 ¢m® spherical Fresnel
lens; the remaining three components are for data
acquisition (8) pyranometer for solar insolation (W/m?)
measurement, (9) K type thermocouple for temperature
(°C) measurements, (10) Lab View-based data logger
and (11) the personal computer.

RESULTS AND DISCUSSION

Optical concentration ratios as well as the
measured receiver temperature for both reflective and
refractive optical elements as a function of time and
solar insolation have been plotted in Fig. 4 to 8. The bar
graph in Fig. 4 plots the calculated concentration ratios
of all optical elements. Highest concentration ratios in
~200-300 range are achieved with Fresnel lenses;
reflective concentrators were defined by much lower
(~10) ratios. Figure 5 plots measured stagnation
temperature for the three spherical and one line linear
Fresnel lens refractive concentrators. Largest diameter
spherical Fresnel lens was (4) 100-cm diameter,
followed by (5) 50-cm diameter, (6) 130x80 cm” linear
Fresnel lens and (7) 25%25 cm’ spherical Fresnel lens.
The temperature measurements follow the solar
insolation and exhibit rapid increase in temperature as a
function of lens diameter. This is clearly seen in Fig. 6
which plots the highest temperature (black line) for
each refractor diameter for spherical Fresnel lenses
only. The red line represents a logarithmic fit to the
measured temperature variation as a function of
diameter x given by:

T (x) =To+T*In (x) “4)
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Fig. 5: Stagnation temperature (°C) as a function of time for
refractive concentrators at fixed solar insolation
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Fig. 6: Highest stagnation temperature (°C) variation as a
function of spherical Fresnel lens diameter (black
line); and logarithmic fit to temperature variation (red
line)

where, To=-2345.78, T, = 793.48 and x represents lens
diameter in centimetres. Comparison of concentration
ratios and temperatures achieved reveals that larger lens
diameters are able to achieve much higher temperatures
probably due to their large areas which is explains why
the concentration ratios are comparable for all Fresnel
lenses.

Figure 7 plots measured temperature variation for
the four reflective concentrators. For these reflective
optical elements, the highest temperature is achieved by
the (1) conical frustum followed by (2) hexagonal
frustum concentrator and (3) parabolic trough; all are of
approximately comparable geometrical configuration in
terms of the 50-cm diameter of the aperture.
Comparison of the temperature data in Fig. 5 and 7
reveals that higher concentration ratios lead to higher
stagnation temperatures. Nonetheless, the refractive
Fresnel lens is able to achieve a stagnation temperature
that is approximately three times higher than the
reflective concentrator.

Figure 8 plots the temperature data from all seven
optical concentrator in three-dimensional contour
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Fig. 7: Stagnation temperature (°C) as a function of time for
the reflective concentrators at fixed solar insolation
(W/m?)
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Fig. 8: Three-dimensional contour plot of stagnation

temperatures for seven optical concentrators at fixed
solar insolation of 945 W/m?
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Fig. 9: Three-dimensional contour plot of average thermal
efficiency for seven optical concentrators
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format with vertical axis representing temperature and
horizontal axis individual optical elements 1 through 7
according to the description given earlier. This kind of
data presentation is visually easy to understand. It is
observed that the 100-cm diameter spherical Fresnel
lens (4) generates the highest stagnation temperature of
1300°C followed by a 50-cm diameter spherical lens
(5) with 746°C, however the linear lens 130x80 cm (6)
larger than the 50-cm diameter generates lower
stagnation temperature 517°C with respect to its size
and 25%25 cm lens (7) generates the lowest temperature
at 236°C. In contrast, for the reflective concentrators,
the conical concentrator (1) generates the highest
temperature 250°C, followed by the hexagonal
concentrator (2) at 165°C; the lowest is generated by
the parabolic trough (3) at 130°C. Therefore, refractive
concentrators have been demonstrated to be far more
efficient in converting sunlight into heat.

Figure 9 plots thermal efficiencies for all seven
optical concentrators. The highest efficiency is
demonstrated by the 100-cm lens (4) followed by 50-
cm lens (5), linear lens (6), conical frustum (1),
hexagonal frustum (2), 25-cm lens (7) and lastly the
parabolic trough (3). However the 25-cm lens
efficiency was determined to be low in comparison with
its concentration ratio that might be attributed to
logarithmic dependence of temperature on lens
diameter Eq. (4).

CONCLUSION AND RECOMMENDATIONS

Seven reflective and refractive optical concentrator
systems were investigated. Highest temperatures
achieved with reflective systems were in 200-300°C
range while Fresnel lens based refractive systems
approached temperatures in ~1000-1300°C range. For
the spherical Fresnel lenses investigated, temperature
increase followed logarithmic dependence on the
diameter. In all cases concentration ratios have direct
effect on the temperature generated at the focal point,
which has a direct bearing on system efficiency. In a
tropical climate typical of Malaysia, frequent cloud
coverage results in large scattering and sky temperature
fluctuations directly impacting optical response of the
refractive and reflective systems. The experimental data
reported here illustrates sunlight to thermal energy

conversion for refractive optical systems as
significantly ~ superior to  reflective  systems.
Concentration ratio, sunlight to thermal energy

efficiency n (Carnot), figure of merit F and optical
efficiency were determined for potential thermal and
electricity generation applications. Parabolic
concentrator, considered as the most matured
concentrated solar power systems technology, exhibited
the lowest conversion efficiency. In contrast, the
Fresnel lens of similar dimension exhibited higher

conversion efficiency and figure of merit. For larger

Fresnel lens, even higher respective conversion
efficiency and figure of merit values were
demonstrated.

Therefore, for tropical climatic conditions,

refractive optical concentration systems based on
Fresnel lenses were determined to be the most desirable
candidates for thermal and electricity generation.
Fresnel lenses are also attractive due to their favorable
material properties including; low weight, mechanical
strength, temperature resistance and inexpensive
manufacturing (Newton, 2006). Though up till now no
full-scale thermal systems using Fresnel lenses are
known to be in operation as commercial power plant
around the world, they are finding extensive
applications for indoor cooking and extremely high
concentration PV systems (E.L.A., 2012).

NOMENCLATURE

A, : Collecting aperture area
A, : Absorber area

C : Concentration ratio

E : Concentrator efficiency
F, : First figure of merit

I, : Solar insolation

R, : Absorber radius

Tp : Plate temperature
T, : Ambient temperature
U, : Heat lost factor

N, : Optical efficiency

0 : Acceptance angle
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