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The conjugate refractive reflective homogeniser (CRRH) is experimentally tested within a cassegrain con-
centrator of geometrical concentration ratio 500� and its power output compared to the theoretical pre-
dictions of a 7.76% increase. I–V traces are taken at various angles of incidence and experimental results
showed a maximum of 4.5% increase in power output using the CRRH instead of its purely refractive
counterpart. The CRRH utilises both total internal reflection (TIR) within its core refractive medium (syl-
guard) and an outer reflective film (with an air gap between) to direct more rays towards the receiver.
The reflective film captures scattered refracted light which is caused by non-ideal surface finishes of
the refractive medium. The CRRH prototype utilises a 3D printed support which is thermally tested, with-
standing temperatures of up to 60 �C but deforming at >100 �C. A maximum temperature of 226.3 �C was
reached within the closed system at the focal spot of the concentrated light. The material properties are
presented, in particular the transmittance of sylguard 184 is shown to be dependent on thickness but not
significantly on temperature.
Utilising both TIR and standard reflection can be applied to other geometries other than the homoge-

niser presented here. This could be a simple but effective method to increase the power of many concen-
trator photovoltaics.

� 2016 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Concentrator photovoltaic (CPV) designs have been pushing
higher concentration ratios to achieve higher conversion efficien-
cies and cost effectiveness. As the concentration ratio of an optic
is increased, the acceptance-angle decreases, making it more diffi-
cult to manage the design deviations and uncertainties (optical tol-
erances) (Baig et al., 2012; Canavarro et al., 2013). A homogeniser
optic is typically needed to match beam shape and size to the
receiver and improve the optical tolerance of the overall optical
system (Baig et al., 2012; Canavarro et al., 2013). Final stage optics
within a CPV commonly take the form of a compound Parabolic
Concentrator or V-trough but other shapes are being investigated
such as the dome lens (Hatwaambo et al., 2008; Shanks et al.,
2016c, 2015; Victoria et al., 2009; Winston, 1970). There are
homogenising optical designs with varying advantages already
available but as designs progress and perhaps become more com-
plex the material, surface quality and solar cell coupling method
needs to be further investigated.

One key consideration in all of the above named designs is the
material to be used and the resulting surface quality (Fend et al.,
2003; Yin and Huang, 2008). Previous simulation work has been
carried out to show the importance of considering the surfaced
roughness and subsequent light scattering during the design and
simulation stages of development (Shanks et al., 2016a). This pre-
vious study investigated a cassegrain concentrator design similar
to that of SolFocus (Gordon et al., 2008) but focused on the surface
quality of the refractive homogenising optic. The system presented
here and in the previous work was optimised for acceptance angle
(Shanks et al., 2016b). There are many cassegrain concentrators
which have been investigated in the past (Chen and Ho, 2013;
Chong et al., 2013; Dreger et al., 2014; McDonald et al., 2007;
Roman et al., 1995; Terry et al., 2012, 1996; Victoria et al., 2013;
Yehezkel et al., 1993) but further insight into the material and
manufacturing choices is needed. Cassegrain set ups are known
for having slightly lower acceptance angles than their Fresnel lens
counterparts but can reach higher concentration ratios and hence
why this type of system was chosen to not only understand the
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design constraints but see if a new homogeniser would improve
the performance, especially for future designs of higher solar con-
centration levels. The surface roughness of refractive optics which
utilise total internal reflection (most homogenisers) causes scatter-
ing of incoming light and incomplete TIR despite incident light ful-
filling the acceptance angle criteria of the optic. Surface
imperfections will also increase the reflection upon entering the
refractive optic. The degree of this surface inhomogeneity depends
on the manufacturing process and material used with higher qual-
ity optical finishes and coatings costing more (Yin and Huang,
2008).

As indicated in the previous theoretical study (Shanks et al.,
2016a), high quality glass homogenisers and similar refractive
optics which utilise TIR will not suffer much optical loss due to
poor surface quality. Glass is the preferred choice of material to
achieve very smooth and accurate optical finishes and the inverted
pyramid glass homogeniser and CPC optics can be bought off the
shelf at reasonable costs. However, more complex prototypes are
costly to fabricate using glass and even if glass is used these optics
then need to be attached optically to the solar cells using an encap-
sulate. When coupling a homogeniser to a solar cell as a secondary
step, the lateral spillage of the silicone causes significant optical
losses from leakage through it. If to avoid spillage the joint is
under-filled, the joint could be weaker and possibly result in an
air gap also producing optical losses (Benítez et al., 2010). These
losses cannot be quantified until full production is achieved. In
the present study we have eliminated the step of the optical cou-
pling the solar cell separately with the solar cell by preparing a
mould, which allows this.

In this way we can manufacture the V-trough homogeniser,
simultaneously join it to the solar cell and reduce alignment errors
by using this mould. To do this we use the refractive material Syl-
guard 184 which is predominantly used as an encapsulate and has
the advantage of setting at room temperature. This is important as
we should not subject the cell to any unnecessary heating before
use and because typical high temperature mould setting can
involve expansion and contraction of the material which could
damage the solar cell when part of a closed mould such as this.

As already discussed, using an alternative material to glass will
most likely result in more surface scattering. To compensate for
this we add an outer reflective casing with an air gap to ensure
both TIR and standard reflection can occur, trapping scattered rays.
This hence becomes the Conjugate Refractive Reflective Homogeni-
ser (CRRH).

Identifying the losses within a homogenizer of a high concen-
trating photovoltaic system, quantifying them and applying simple
solutions towards improving them will improve the performance
of the full system. Within the growing area of solar concentrator
research there needs to be a clearer understanding of how theoret-
ical designs will perform in real conditions with real optics. For this
reason this paper is the experimental counterpart to a previous
theoretical study on the CRRH within a cassegrain concentrator
(Shanks et al., 2016a). Hence, one of the focuses of this study is
to confirm how much of the theoretical predictions could be rea-
lised (7.76% theoretical power increase), what materials and man-
ufacturing methods are feasible and their performance in a high
temperature environment.

At present, manufacturing processes for optics include precise
grinding, milling, polishing, and a variety of coating methods for
a smooth finish (Xu et al., 2013). Most current manufacturing pro-
cesses struggle to produce acceptable priced prototype optics of
new specific shapes and reliable accuracy (Kaushika and Reddy,
2000; Tsai, 2013). Here, we have tested plastic mirrors for their
advantages in cost, weight and smooth surface quality. One of
the challenges of CPV technology is its increased initial investment
in comparison to flat plate PV due to the added optics and tracking
required (Fraas, 2014). Computer-controlled diamond turning
machines, as well as other modern materials and moulding tech-
niques, have significantly improved the design and accuracy of
refractive optics such as Fresnel lenses (Leutz and Suzuki, 2001).
In this study we have utilised 3D printing and tested a structure
for its heat tolerance within a CPV system. 3D printing is a very
powerful prototyping tool which needs further testing for use
within CPV research. The 3D printed support structure also com-
pensates for the possibly weaker coupling joint of the 1 step
moulding. This study, though specific in design and material, high-
lights a general issue in optics and prototyping and suggests simple
but effective methods of compensating for losses due to surface
roughness.
2. Theoretical work

A previous study has been undertaken which optimised a casse-
grain concentrator design of 500� geometrical concentration
(Shanks et al., 2016b). This design was optimised for acceptance
angle by investigating the ray displacement at 1� incidence angle
for a range of focal length and separation distance parameter of
the two reflector dishes in the system. Use of a homogeniser was
required to improve the acceptance angle of the cassegrain set
up and a refractive homogeniser was chosen instead of a reflective
one to take advantage of total internal reflection (TIR). As already
discussed this TIR is however only fully effective if the homogeni-
ser surface quality is very smooth. In the previous study, this tall
homogeniser optic was found to lean when the system was tilted
to track the sun (Shanks et al., 2016b). For all these reasons a
new homogeniser optic utilising an outer reflective casing was pro-
posed and investigated also (Shanks et al., 2016a). This previous
study focused on the theoretical concept of compensating for sur-
face roughness in the homogeniser by catching refracted rays with
a reflective film. Various materials and surface structures were
investigated (Shanks et al., 2016a). Manufacturing the optic how-
ever needed to be done in a reliable and effective manner. Hence,
the reports here utilising 3D printing.

The cassegrain concentrator and its final dimensions can be
seen in Fig. 1 (Shanks et al., 2016b). The design aimed to simul-
taneously obtain a high optical efficiency and a good acceptance
angle. The concentrator consisted of a parabolic primary reflec-
tor, inverse parabolic secondary reflector and a refractive crossed
V-trough homogenising tertiary as shown in Fig. 1. In compar-
ison to the SolFocus design (Gordon et al., 2008), the primary
parabolic dish has a higher focal length (270 mm) and a taller
homogeniser (75 mm). Everything has also been cut to a square
shape to allow compact arrays. Manufacturing uncertainties
were considered and various material surface scattering profiles
of the optics in the system were simulated (Shanks et al.,
2016a). A 3–42% drop in optical efficiency was shown to occur
(Fig. 2) depending on the material and scattering profile of the
homogeniser.

Hence, the new conjugate refractive-reflective homogeniser
(CRRH) was proposed as a solution to improve the homogeniser
optical losses. The CRRH utilises the addition of a straight reflective
film to the dielectric homogeniser with a 1 mm air gap kept
between the dielectric medium and reflective film. The reflective
sleeve ensures total internal reflection is maintained for the major-
ity of light rays and the previously lost scattered light is also
caught. This simple but effective method to recover rays which fail
TIR has been used elsewhere (Baig, 2015). Baig et al. (2015, 2014)
discuss the optical losses caused by the encapsulation medium
used in connecting low concentration optics to solar cells. Light
rays incident in this overlap region do not reflect towards the solar
cell but continue through the encapsulation medium until lost.



Fig. 1. Cassegrain design with large primary parabolic reflector and secondary parabolic reflector with dimensions in mm. The primary paraboloid has a focal length of
270 mm and the secondary paraboloid a focal length of 70 mm. Both parabolic reflectors are afocal in relation to each other and cut to square shapes for compact array
placement.

Fig. 2. Theoretical contribution of optical losses from different optical stages/surfaces calculated from ray trace simulations (Shanks et al., 2016a).
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Baig et al. overcame the encapsulation issue by adding a strip of
reflective film to the bottom edge of the 3D cross compound para-
bolic concentrator designed for building integration (Baig et al.,
2015, 2014). We have expanded on this method by applying reflec-
tive film with a 1 mm air gap to all of the TIR active walls of a
homogeniser in a high concentration cassegrain concentrator.

The effects of the air gap size and reflective film angle andmate-
rial was investigated in the previous study (Shanks et al., 2016a).
Ultimately, the findings confirmed that the addition of the reflec-
tive film did improve the optical efficiency of the optic but its angle
and the size of the air gap made little difference. As small air gap as
possible is optimum but an air gap is essential to ensure TIR still
takes place or there is a significant reduction in optical loss due
to multiple standard reflections. Other shapes such as an outer
compound parabolic concentrator reflective film could also be
investigated. Although the optical efficiency may not improve
much by using a CPC shaped reflective casing, the acceptance angle
may benefit. A reliable method of manufacturing would still be
necessary to ensure the added complexity of a CPC CRRH did not
result in excessive cost. The flat reflective film sleeve was chosen
in this study due to its simplicity and low cost especially for the
prototyping stage of a concentrator. Once proven and manufac-
tured effectively with the best materials, more complex curves
can be investigated more effectively.

We have also eliminated the homogeniser to solar cell coupling
stage and minimised the encapsulate spillage by moulding every-
thing together at once using the same refractive material. Hence,
the conjugate refractive reflective homogeniser (CRRH) as shown
in Fig. 3.

In the theoretical study carried out previously (Shanks et al.,
2016a), the CRRH (Fig. 3a) increased the overall optical efficiency
by a maximum of 7.75% in comparison to that of a standard refrac-
tive homogeniser (Fig. 3b) simulated within the same concentrator
system. This value depended on the material used and surface
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Fig. 3. (a) Diagram of the conjugate refractive reflective homogeniser showing a light ray which eventually does not undergo TIR but is still reflected by the layer of reflective
film. (b) Photo of refractive homogeniser attached to 10 mm � 10 mm multijunction solar cell. (c) Photo of refractive homogeniser with reflective film sleeve on one side
(making the CRRH) for initial validation results given in (Shanks et al., 2016a). The effect of no air gap (where the reflective film is sticking to the refractive medium half way
down the side) which voids TIR and causes non ideal standard reflection can also be seen.
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roughness of the refractive part of the homogenisers in use (Shanks
et al., 2016a). The CRRH (Fig. 3c) was also validated via practical
measurements and a 6.7% power increase was measured under a
1000 W/m2 solar simulator at normal incidence for the experimen-
tal test (Shanks et al., 2016a). This test however used a Fresnel lens
set up of a different focal length and wavelength dispersion than
that of the simulated cassegrain concentrator. Although the result
still validates the benefit of the CRRH, further experimental inves-
tigation is required to compare the theoretical to the experimental,
especially for varying incidence angle. The reliability of the mate-
rials must also be tested experimentally. As mentioned earlier
the acceptance angle becomes increasingly important as the con-
centration ratio increases. Fig. 4b illustrates the different losses
within the cassegrain system when the module is misaligned with
the sun. The red numbered circles in Fig. 4b highlight the main
areas of loss which are otherwise optimised as shown by the let-
tered red circles in Fig. 4a. These lost rays in Fig. 4b are responsible
Fig. 4. (a) Diagram of light ray propagation through the cassegrain concentrator when in
the sun. Key design features at normal incidence are highlighted with lettered red circ
highlighted with numbered red circles. (For interpretation of the references to color in
for the reduced optical efficiency in Fig. 2 at increased solar inci-
dence angles when the optical materials are simulated as ideal
but the geometry still loses light.

The CRRHminimises the optical losses at site no. 4 in Fig. 4b but
other areas of loss are inevitable with increased solar incidence
angle due to the acceptance angle limitations of the design.

High and ultrahigh concentrator designs rely heavily on high
accuracy which often leads to high expense. Here, we compare
the experimental performance of the CRRH within a 500� casse-
grain concentrator to the same system with a standard refractive
homogeniser (Fig. 3b). Measurements are taken over a range of
solar misalignment angles to show the effect on acceptance angle
for this type of system. The experimental results obtained are also
compared to the theoretical predictions in the previous study to
show how much of the theoretical gain with the CRRH is actually
realistically achievable – an important factor sometimes over-
looked in theoretical design proposals.
coming light is normal to the system and components are aligned perfectly towards
les. (b) Diagram of lost light rays due to misalignment with sun. Areas of loss are
this figure legend, the reader is referred to the web version of this article.)
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3. Materials and manufacturing

Prototypes are difficult to manufacture cost effectively. As men-
tioned earlier there is always at least some loss with each addi-
tional optical stage and component material interface introduced
(Fig. 2). Unless very accurate and also expensive manufacturing
procedures are employed, these losses increase in the prototyping
stage. 90% efficient primary and secondary reflectors in particular
were difficult to obtain for this prototype. The low iron glass cover
was measured as being �90% transparent (Fig. 5a), but this can be
improved with more expensive glass materials. For this prototype,
the manufacturing company ‘HLH prototypes’ provided very good
plastic primary and secondary reflectors but after some initial test-
ing the secondary’s had to be swapped for hand polished alu-
minium reflectors. This was due to the plastic secondary’s
melting due to the concentrated light incident on them and hence
higher temperatures. The reflectance spectra of the primary and
secondary materials were measured and shown in Fig. 5b. The pri-
mary plastic mirrors have the advantage of being far lighter than
their metallic counterparts and also manufactured accurately using
CNC machining with no need for repeated post-polishing that is
necessary for CNC’d metal. Depending on the polishing method,
the specific curvature of the reflective dish can also be lost. The
reflective film used in the CRRH was Reflectech’s mirror film
(Digrazia and Jorgensen, 2010; ReflecTech.Inc, 2014), this reflective
film has a very high reflectance as shown in Fig. 5b and is reliable
over many years of UV exposure (Digrazia and Jorgensen, 2010;
ReflecTech.Inc, 2014). The operating temperature of this film is
however recommended to be a maximum of 60 �C, which would
be too low if the film was subject to highly concentrated light. In
this system the reflective film is used as part of the CRRH and so
Fig. 5. (a) Cover glass transmittance and atmosphere AM1.5 direct incident irradianc
Transmittance spectra for varying thicknesses of sylguard. (d) Transmittance through
maximum distance the light will travel through the homogeniser. All measurements apar
at the University of Exeter, Penryn Campus.
should only capture scattered light but experimental testing was
carried out to confirm this.

The refractive material used for the homogeniser was Sylguard
184, the transmittance of this was measured for different thick-
nesses as shown in Fig. 5c and d. As expected the increased thick-
ness of the refractive material reduces the transmittance of the
light. For the CRRH, the minimum length the light rays could travel
from entrance to exit is 75 mm and the maximum is estimated at
�96 mm (Tang and Wang, 2013). The maximum distance also
incurs the maximum no. of reflections within the homogeniser
without being reflected back out of the homogeniser entrance
aperture (Tang and Wang, 2013). With increased incidence angles
and more reflections of the side walls of the homogeniser, more
distance will be travelled within the refractive medium and hence
more absorption will take place. The first prototype of the CRRH
involved careful placement of a reflective film sleeve over the orig-
inal refractive homogeniser (Fig. 6b and c). This method of manu-
facturing is not practical and there is no way of ensuring the air gap
is maintained without checking by eye. In Fig. 6c, it can be seen
where the reflective film is in contact with the refractive material
causing a puddle like image midway down the homogeniser side
wall and voiding TIR. 3D printing was hence employed to manufac-
ture an outer structure which the reflective film could be adhered
to as shown in Fig. 6a. In this way, the air gap thickness could be
controlled and sustained.

The 3D printed structures were designed using solidworks to
leave a 1 mm gap on the inside between the refractive medium
and reflective film. The 3D structure was printed as two halves
which were then screwed together as shown in Fig. 6a. The nodes
at the top opening of the 3D printed structures are to keep the
refractive homogeniser centred. The refractive core of the homoge-
niser was moulded directly onto the solar cell in 1 step to reduce
e spectrum. (b) Reflectance of the primary and secondary reflector materials. (c)
refractive homogeniser as a function of thickness with estimated minimum and
t from the AM1.5d were taken with a Perkin Elmer lambda 1050 Spectrophotometer



Fig. 6. (a) 3d printed structures with reflective film placed on the inside. A protective blue layer covers the reflective film and is peeled off before use. (b) Standard refractive
homogeniser with no reflective film. This is the view from the entry aperture of the homogeniser. (c) Conjugate refractive-reflective homogeniser with 3d structure and
reflective film in place. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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encapsulate overlap and optical loss, as well as ensuring alignment.
This method however also weakens the joint and stability of the
homogeniser. When the system is tilted to track the sun during
use, the homogeniser may lean to one side and would perhaps stick
to the reflective film, voiding TIR or even peeling away from the
solar cell itself. These nodes ensure this does not happen and
reduce the strain on the joint to the solar cell.

The material used for the 3D printed homogeniser support
structure was ABSplus-P430. This is a durable thermoplastic which
undergoes heat deflection at 96 �C under 66psi and at 82 �C under
264 psi respectively (Stratasys, 2008). Fig. 6b is a top view of the
purely refractive homogeniser and the 1 solar cell reflected in the
homogenisers’ sides. Due to the reversibility of light paths, the
more area seen to be covered by the solar cell and its reflections
the more incident light from the sun would reach the solar cell.
In this way the improvement can be visually seen when using
the CRRH (Fig. 6c) where there is less reflected light and more solar
cell coverage. When Fig. 6b and c photos were taken the camera
and apparatus was kept in the same place and the only change
made was the addition of the reflective sleeve casing (making it
CRRH). Visually it can be seen that more light is being absorbed
and less reflected back. There is also more solar cell area seen in
Fig. 6c near the edges of the refractive medium. This is particularly
noticeable at the bottom of Fig. 6c where the reflection of 3 solar
cells is seen but at the bottom of Fig. 6b there are only 1 and a half
solar cells being reflected. This was confirmed by an increased flux
reading from the solar cell.
Fig. 7. Transmittance spectra through sylguard at varying temperatures.
4. Temperature testing of materials

A complete prototype of the cassegrain set up with the CRRH
was subjected to increased temperatures inside a thermal heater
to test the ABS plastic of the primary reflector and the CRRH sup-
port structure. The full prototype was placed inside a vacuum dry-
ing oven (with vacuum mode off) and left for at least 3 h at set
temperatures of 60, 70 and 80 �C (not including the time it took
for the oven to reach the desired temperature). Higher tempera-
tures were not tested due to the attachment of the solar cell to
the CRRH which could be damaged if exposed to higher tempera-
tures. No visual deformation was seen on the CRRH components.
When retested under a solar simulator of 1000 W/m2 there was
also no change to the power output after this heat exposure.

The bulk of the homogeniser is made of sylguard which has rec-
ommended operational temperature range from �45 �C to 200 �C
(Dow Corning Corporation, 2013). The optical transmittance of sil-
icone and encapsulation materials degrades with length of exposer
to UV light and excessive heating and cooling (Dow Corning
Corporation, 2013; Mcintosh et al., 2009; Miller et al., 2015;
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Randall Elgin et al., 2007). The transmittance of the sylguard at
varying temperatures was measured and the results shown in
Fig. 7. There is only a slight difference between these results which
is most likely due to soiling and slightly different entrance and exit
positions during testing. With curved refractive optics or grooved
refractive lenses, the temperature has an effect on the optical prop-
erties due to the expansion of the material. In the concentrator
tested here the homogeniser has flat refractive surfaces and so
the temperature has a negligible effect during operation. It would
be expected however that with years of exposure and use, the
transmittance quality would decrease.

A 3 by 3 array prototype of the cassegrain concentrator was also
built and then tested at the Indian Institute of Technology Madras
(IITM) in Chennai as shown in Fig. 8. Under these increased ambi-
ent temperatures of around �30 �C (Nov-Feb), the air temperature
inside the 3 by 3 module was measured to be between 50 and 60 �C
depending on DNI and duration in sunlight. When the prototype
was misaligned with the sun, causing the light to focus on the
CRRH 3D printed support structure (Fig. 8a), the plastic material
began to melt as shown in Fig. 8b and c. This does not happen
when the system is kept aligned within its working range but an
improvement to the design would be to fix reflective film or a sim-
ilar protective layer to shade the 3d printed material from the
direct concentrated focusing point. This would ensure the systems
components are not at risk of damage if for whatever reason the
Fig. 8. (a) Photo of complete 3 by 3 prototype with side walls in place (closed) moun
concentrated light focusing off-centre onto plastic material of 3d printed support structu
light incident on CRRH plastic support structure.
solar tracker stops working accurately and the system becomes
misaligned for >5 min.

As you can see from Fig. 8b, the deformation is localized, con-
firming that it is only the focal area which is capable of melting
the 3d printed plastic. This localization can also be seen in the
infrared images shown in Fig. 9. A different plastic cannot be cho-
sen at this time for the 3d printed structure due to the 3d printing
process and requirements. Other manufacturing processes could
be employed to make the support structure but the accuracy must
be within ±0.5 mm. The tapered wall, nodes and feet of the support
structure would be difficult to manufacture with a different pro-
cess and no doubt cost more, especially for small batch prototype
orders.

The focal area of the concentrated light was measured to be a
far higher temperature than the inside of the module, reaching a
maximum of 149 �C with an open (no walls) system and a maxi-
mum of 226.3 �C with a closed system (no air ventilation). Thermo-
couples were used instead of the infrared camera to take all
temperature measurements including the focal area temperature
as shown in Fig. 9b. The infrared images however also show the
overall temperature dispersion within the module and one casse-
grain primary was removed to show the difference in temperature
when no light concentration takes place (Fig. 9a). From
Fig. 9a and b you can see that the temperature of the secondary
reflectors, the tops of the homogeniser and the bottom of the
ted on a 2 axis automatic tracker at IIT Madras, Chennai. (b) Photo of CRRH with
re and causing burn marks. (c) Close up photo of melting due to >20 min of focused



Fig. 9. (a) Infrared photo of 3 by 3 concentrator prototype with side walls off (open) mounted on solar tracker at IIT Madras, Chennai. The bottom right primary reflector has
been removed so there is no concentration of light on the secondary or homogenizer, hence the cooler temperature coloring shown in this corner. (b) Close up of homogenizer
situated bottom left of Fig. 8b) with thermocouple used to measure focal area temperature.
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homogeniser, near the solar cell, were the higher temperature
areas of the system. The high absorption of the homogeniser
(Fig. 5c and d) suggests the homogeniser optic to be the most
heated part of the system. Prolonged use at these temperatures
could damage the sylguard material and transparency over time.

The solar cells themselves were measured using a calibrated
K-type thermocouple attached with thermal adhesive to the
underside of the cell. Three solar cells were measured, the central,
bottom corner and left centre solar cells in the 3 by 3 array. The
measured temperatures of the central solar cell varied between
54 and 61 �C for the closed (no air ventilation) system and between
43 and 48 for the open (no walls) system. The left centre cell and
corner cell were slightly lower than the central cell temperature
but similar to each other and varied between 51 and 57 �C in the
closed system. In the open system the middle left and the bottom
corner cell temperatures separated more and a temperature of
between 40 and 44 �C was measured for the middle left and of
38–40 �C for the bottom corner. These measurements although
done with a thermocouple attached to the solar cell assembly are
not measuring the direct temperature on the top of the cell which
as indicated by the infrared images to be higher. There may be a
significant difference even between the top of the solar cell and
the bottom of the solar cell due to the concentration of light, insu-
lating homogeniser material and large cooling heat sink on the bot-
tom. As previously suggested, the homogeniser is absorbing most
of the thermal radiation but will also be insulating the solar cell.
Further detailed thermal analysis would need to be conducted to
ensure the operating temperature of the solar cell was not signifi-
cantly reducing its conversion efficiency. From the difference in
temperatures between the open and closed systems, the different
cell positions and the rate of heating and cooling of the system it
was assumed that the large aluminium heat sink was working
effectively at cooling the solar cells, especially with the aid of air
movement around the system. The primary reflectors were at a
safe lower temperature; hence their bulk plastic material did not
melt. With each stage and increase in light concentration, an
increase in temperature can also be expected and so 2nd or 3rd
stage optics should have a higher working temperature range than
the 1st. The location and function of the concentrator system will
however have an effect on this.
5. I-V output and incidence angle

The estimated irradiance reaching the solar cell for this proto-
type is shown in Fig. 10 below. This is resulting from the measured
efficiencies of each component being applied to the AM1.5 direct
irradiance spectrum (Fig. 5). The low reflectance of the hand polish
aluminium secondary reflector over the range �200–900 nm from
Fig. 5 can be seen in Fig. 10 to drop the irradiance over that range
down significantly. The main loss however is due to the absorption
within the dielectric material used for the CRRH. The transmittance
spectra of the homogeniser is shown in Fig. 5c and the average
transmittance over 300–1800 nm shown in Fig. 5d. The average
transmittance is less than 50% at a thickness of >75 mm. The
homogeniser reduces the efficiency significantly in the wave-
lengths >1100 which the secondary reflector does now. Overall
the thick sylgard is the greatest source of loss within the system
due to absorption. From Fig. 10 it can be estimated that the optical
efficiency is as low as �35%. Shorter CRRH designs or CRRH optics
made of different refractive mediums could have a substantially
higher optical efficiency.

The multijunction solar cell used was the 3C42A 10 � 10 mm2

CPV TJ Solar Cell from Azur Space (Azure Space Solar Power
GMBH, 2014). This cell has a wavelength range of �300–
1700 nm and a peak efficiency of 41.5% depending on sun concen-
tration and temperature as shown in Fig. 11.

The solar concentration of the system will be less than 500�
which is its ideal geometrical concentration ratio. As can be seen
from Fig. 11b, the cell efficiency has a relatively flat relationship
with sun concentration at below 500� so the defining parameter
for efficiency in this case will be the operating temperature of
the solar cell. The temperature of the cell was measured experi-
mentally during operation to vary between 40 and 60 �C which
would give a theoretical cell efficiency of �40.5% but as already
suggested a more thorough thermal analysis would be required
to know for sure.

The cassegrain concentrator was tested under a continuous type
WACOM 1000W/m2 class AAA indoor solar simulator (Wacom
Electric Company Ltd., 2014) at the university of Exeter Penryn
campus with the CRRH and with the standard refractive homoge-
niser counterpart. I-V traces were taken for a range of alignment
angles against the simulated incident light as shown in Fig. 12
below.

The CRRH consistently improved the power output in compar-
ison to the purely refractive homogeniser as shown in Fig. 12.
The CRRH increased the Pmax by 3.5% at normal incidence and
by 4.5% at 0.5� misalignment. This makes sense as at an increased
incidence angle, more light rays should be lost through the side
walls of the homogeniser (site 4 in Fig. 4b) and hence the CRRH
captures more light and a greater improvement in optical effi-
ciency is seen. At 1� misalignment (the theoretical acceptance



Fig. 10. Graph of irradiance as it filters through the optical stages within the prototype concentrator.

Fig. 11. Graph of conversion efficiency vs. sun concentration for the 10 by 10 mm Azure Space solar cell 3C42 at varying operation temperatures(Azure Space Solar Power
GMBH, 2014).
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angle of the system), more light is now missing the secondary
reflector (site 1 in Fig. 4b) and so the power increases by only
3.7% with the CRRH. At 2 and 3� misalignment the percentage
increase in power is 11.3% and 48.7% but this is due to more light
being captured at the entrance surface of the CRRH. The CRRH has
an entry aperture of 32 mm by 32 mm due to the extra 1 mm air
gap added to each side of the original refractive homogeniser of
30 mm by 30 mm entrance aperture. The set-up of the complete
cassegrain concentrator is such that light is focused to the centre
of the homogenising optic and hence this increased entry aperture
effect would only be noticeable when the light began to focus at
the edge of the entrance aperture (at 2 or 3� misalignment angles)
as shown in Fig. 12b. Any increase in power output is however an
advantage. This explains why the power increase of the CRRH in



Fig. 12. (a) Comparison of I-V plots for the cassegrain concentrator with a standard refractive homogenizer and with the CRRH at various solar misalignment angles. (b)
Power output against full system misalignment angle with normal axis incident light for both homogenizer types.
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Fig. 12b stays fairly constant from 2 to 3� despite there being less
light incident on the homogeniser optic overall.

The acceptance angle technically does not increase very much
from the results shown in Fig. 12b due to the normal incidence
power also increasing and hence 90% of that value results in
roughly the same acceptance angle as the lower performing pure
refractive homogeniser. However, it is clear from Fig. 12a and b
that the CRRH outperforms the purely refractive homogeniser.
The shape of the CRRH power output in Fig. 12b is slightly unusual
but emphasis the stages of loss already discussed in the previous
paragraph and in Fig. 4. The optical tolerance of a system is a very
important part of a design especially as concentration levels
increase for future designs. More complex reflective sleeves con-
sisting of conic curves, grooves or truncated tiling may improve
the acceptance angle more significantly. Misalignments in tracker
systems are still very common and for high concentration designs
can significantly reduce their output from their full potential.

The fill factor for the set up with and without the CRRH was
around 0.85 at normal incidence and 0.87 at 1� misalignment
and 0.84 at 2–3� misalignment. The absolute efficiency of the sys-
tem was significantly lower than anticipated due to the low reflec-
tion and high absorption of the optics as discussed previously. The
temperature of the solar cell could also be reducing the overall effi-
ciency but by how much is not known without a more thorough
investigation into the exact temperature of the cell. There are
many papers which try to predict the conversion efficiency of solar
cells depending on incident irradiance, temperature distribution
across the cell, hours of operation and rate of temperature changes
during operation.
6. Comparing theoretical predictions to experimental and CAP
analysis

The maximum acceptance angle for a 500� geometrical concen-
tration design is 3.59� assuming a refractive index of 1.4 for the
homogeniser. The maximum acceptance angle is never attainable
due to a variety of non-ideal contributors such as manufacturing
errors, temperature effects and material properties. The
concentration-acceptance product (CAP) does however give a value
of how good the design is in comparison to its theoretical limits.
The higher the CAP the more fulfilling the design is for that specific
geometric concentration level. A summary table of the optical effi-
ciency, resulting concentration ratio, acceptance angle and the
associated CAP is given below (see Table 1).
For this system, the CAP is roughly a third of its ideal if we only
look at the optimised design detailed in the previous theoretical
studies. This is relatively standard in comparison to other designs
of similar concentration ratios. The addition of the CRRH instead
of a purely refractive homogeniser slightly increases the CAP. Once
the realistic optical efficiency is introduced the CAP falls signifi-
cantly, especially due to the high absorption of the homogeniser
as shown in Fig. 5. Using a different material such as Glass or
PMMA should reduce the absorption and improve the performance
significantly.

The maximum theoretical optical efficiency increase due to the
CRRH was 7.76% in the simulations carried out previously by
Shanks et al. (2016a). Experimental measurements with a Fresnel
lens set up produced 6.7% but it was suspected that some light
entered the air gap in this experiment at normal incidence due
to the slightly larger focal area using the Fresnel lens. The maxi-
mum experimental increase in power measured from these studies
was 4.5% using the cassegrain set up which had a tighter focal spot
incident only on the refractive core of the CRRH. The simulated
optical efficiency from before assumed a lower absorption for the
homogeniser refractive material. In this study sylgard 184 was uti-
lised and had significant absorption losses as shown in
Figs. 5c and d and 10, especially in the infrared range. This results
in overall a lower optical efficiency of the system and a lower con-
centration incident on the cell than theoretically suggested. The
benefit of the CRRH is expected to increase with concentration
ratio as there is more light for it to recapture.

The absorption losses are more significant in the infrared range
and in theory these wavelengths would benefit most from the
CRRH due to their slightly higher critical angle requirements. This
slight increase in critical angle (+0.5� between 589 nm and
1554 nm) as wavelength size increases may or may not be negligi-
ble depending on how close to the critical angle the light rays are
originally. It is well known that temperature can alter the refrac-
tive index and shape of a dielectric optic which in turn can push
an optimised design over or under its peak performance parame-
ters. The same could be occurring to some degree in this design
as there are such high temperatures present on the homogeniser
in particular. A fully optimised homogeniser would just fulfil TIR
conditions and no more, achieving the maximum concentration
ratio and acceptance angle before optical efficiency decreased too
low. In which case anything that could risk changes to the refrac-
tive index, angle of incidence or shape of the optic would again
alter the optics performance and optical efficiency.



Table 1
Cap analysis of cassegrain concentrator for different optical efficiencies.

Design scenario Optical efficiency Effective concentration ratio Acceptance angle (�) CAP

Ideal (maximum values possible) 100% 500� 3.59 1.4 (n)
Geometric design (no reflection or absorption losses) (Shanks et al., 2016b) 100% 500� 1.2 0.468
Standard (not conjugate) Refractive Homogeniser (theoretical losses)

(Shanks et al., 2016a)
68% 340� 1 0.322

CRRH (theoretical losses) (Shanks et al., 2016a) 71% 355� 1 0.329
CRRH (measured) �40% 200� �0.8 0.197
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The simulations carried out for this design also did not take into
account the conversion efficiency of the solar cell or temperature
effects. All of the above contribute to the difference between the
theoretical and experimental results. From this study a 4.5%
increase in power output is the maximum realistic benefit of the
CCRH within a cassegrain concentrator set up of similar concentra-
tion and manufactured with similar materials and methods.
7. Discussion and future outlook

The CRRH optic is a simple but effective method to improve the
power output of a concentrator system utilising a receiver/
homogenising optic. How much the CRRH will benefit the system
depends on the input energy to the homogenizer (whether this
be due to a higher concentration ratio or optical efficiency of the
system) and the manufacturing quality of the homogenising optic.
High accuracy manufacturing with very smooth surface finishes for
the purely refractive homogenizer should see minimal improve-
ment with the addition of a reflective sleeve to make the CRRH.
In this study, the refractive homogenizer was manufactured using
sylgard material and a mould made of polished aluminium which
is a common method for small optics such as this.

The theoretical analysis suggested a possible increase in power
output of 7.76% and the experimental testing carried out in this
study gave a maximum of 4.5% power increase. The difference in
these values is most likely due to high absorption by the thick
homogenizer and possibly the high operating temperature of the
solar cell. Small misalignments within the system; and the lower
reflectance of the primary and secondary reflectors also reduces
the amount of light available to recover if scattered. As previously
discussed other effects such as temperature and refractive index
change could be altering the optical efficiency and acceptance
angle of the homogenizer. It is suggested for future work in high
and ultrahigh concentration levels to not only design for manufac-
turing tolerances but also temperature tolerances. This may mean
choosing design variables which actually precede the optimum
performance design at room temperature but will continue to ful-
fill TIR or similar parameter conditions at high operating tempera-
tures where the refractive index has decreased. From this and
previous analysis of the CRRH (Shanks et al., 2016a), it would seem
the CRRH’s benefit to optical efficiency increases with an increase
in input light, such as for higher concentration ratio designs. This
also makes sense as higher concentration systems are also more
prone to diverging focal spots and a wider range of light ray angles
incident on the secondary and tertiary optics. It can also be
deduced from these experimental results that roughly 40% of a
simulated performance increase, due to the CRRH or a similar con-
jugate refractive reflective optic in comparison to a purely refrac-
tive counterpart, can be realized in experimental testing.

The structure of the CRRH could be improved by using a differ-
ent material for the support structure such as aluminium or similar
which can handle the very high temperatures of the focused light.
This type of structure however may be heavy depending on the
design. A skeletal support structure may not be strong enough to
hold the reflective film in place. Sheets of polished aluminium
could be used to surround the refractive medium but manufactur-
ing would have to be accurate to ensure the �1 mm air gap
between the two materials. Some kind of node seems to be bene-
ficial to maintain alignment. Perhaps the refractive homogenizer
and its matching reflective casing could be manufactured together
and then separated slightly. A simple solution to avoid the 3D
printed structures melting in this study would be to add a protec-
tive layer to the top edge of the CRRH plastic material to diffusely
reflect the focused light safely away. Improving the alignment and
focusing capabilities of the system would also reduce the risk of
the focused light hitting the 3D printed plastic structure. Another
improvement would be to have a refractive medium with a higher
transmittance or to perhaps try a lens walled approach to reduce
absorption losses through the thick homogenizer. Overall this con-
cept of conjugate refractive reflective optics should be researched
further for other shapes and their benefit analyzed.

The use of plastic core optics appears to be a valuable option,
especially for the prototyping stage of CPV. From these results they
are however limited to low concentration optics, primary optics in
higher concentration set ups or as support structures not subject to
focused light. Their durability with time should however be tested
further.
8. Conclusion

The Conjugate Refractive Reflective Homogeniser has been
experimentally tested within a 500� geometric concentration cas-
segrain design. A prototype of the complete system was built and
experimentally tested. Measurements showed a 4.5% increase in
power. This was �40% of the theoretical improvement calculated
by simulations (7.76%). Temperature testing was also carried out
on the components and the 3D printed support structure for the
CRRH was found to be inadequate at coping with the direct focused
sunlight. However, the resulting deformation in the structure only
occurs when there is a misalignment of 2–3� in the system. The
high operating temperature should not affect the transmittance
of the homogenizer since flat refractive surfaces are used and
hence expansion of the refractive medium should not alter the
direction of light. Improving the design by using a protective layer
on the 3d printed support structure should easily solve this issue.
The experimental tests confirmed the CRRH can improve the
power output of a cassegrain concentrator of this design and
500� geometric concentration ratio.
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