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Abstract: The number of solar photovoltaic (PV) installations has been increasing worldwide
but the high capital cost of installation continues to be the main challenge, particularly in many
developing countries. The solar concentrator, a device that focuses the sunlight onto a small area,
has the potential to minimize the use of expensive PV material while maintaining the system’s
performance, ultimately bringing down its overall cost. This study aims to predict the annual
electrical output of a specific concentrator design called the rotationally asymmetrical dielectric
totally internally reflecting concentrator (RADTIRC). The aforementioned design is assumed to
be installed in Berlin/Brandenburg, Germany. First, a short review of concentrators is provided.
Next, a description of the RADTIRC and the previous research that revolved around it are provided.
Afterwards, the key parameters that are needed to determine the annual electrical output of the
RADTIRC are explained before presenting the results of the simulations. It was found that the
yearly energy yield was increased by a factor of 2.29 when the RADTIRC-PV module was used when
compared with the non-concentrating PV module.
Keywords: photovoltaic; optical concentrator; rotationally asymmetrical dielectric totally internally
reflecting concentrator; annual output; Berlin

1. Introduction
Access to energy is integral to global development in the 21st century [1]. The four dimensions of
the Sustainable Development Goal (SDG) 7 are affordability, reliability, sustainability, and modernity.
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Often, these dimensions could not exist on their own and are seen overlapping, in some cases even
needing each other [1]. The United Nations (UN) states the targets for 2030 as follow [2]:
“..(1) to ensure universal access to affordable, reliable and modern energy services; (2) to increase
substantially the share of renewable energy in the global energy mix; (3) to double the global rate of
improvement in energy efficiency; (4) to enhance international cooperation to facilitate access to
clean energy research and technology, including renewable energy, energy efficiency and advanced
and cleaner fossil-fuel technology, and to promote investment in energy infrastructure and clean
energy technology, and (5) to expand infrastructure and upgrade technology for supplying modern
and sustainable energy services for all in developing countries, in particular in the least developed
countries, small island developing states, and land-locked developing countries, in accordance with
their respective programs of support.”
To mobilize efforts to achieve sustainable energy and the newly adopted SDG 7, the UN
Sustainable Energy for All (SE4ALL) global initiative was launched and the International Renewable
Energy Agency (IRENA) serves as the initiative’s Renewable Energy Hub [3]. In this role, IRENA
has produced the Global Renewable Energy Roadmap (REmap 2030) that identifies various routes to
potentially raise the renewables’ share in the global energy mix by 100% [3].
According to the Intergovernmental Panel on Climate Change (IPCC), solar has “the largest
technical potential” when compared with other renewables [4]. Chen [5] calculated that the sun
produces 5.46 × 106 EJ/year over the earth’s surface; more than 10,000 times the annual energy needed
by the world in 2005–2010. Another calculation by Lewis and Nocera [6] indicated that one hour
of energy from the sun is sufficient to satisfy the world’s energy consumption of 2001. The IEA in
its 2014 report predicted that solar power could become the dominant power source by 2050 [7]. To
harvest solar energy, the solar photovoltaic (PV) system is widely adopted. This technology transforms
the energy from the sun directly into electricity. Based on the analysis by Luque and Hegedus [8], it
was demonstrated that by installing a solar PV system with an efficiency of only 10% in 0.4% of the
earth’s land area could have been sufficed to meet the world’s energy requirement (electricity, heat,
and transportation) in 2010.
In the last 10 years, solar PV has seen a significant growth around the globe. Solar PV added an
additional capacity of 75 GW in 2016, making it reached a new cumulative installation of 303 GW [9].
The majority of the new installations in 2016 were carried out in China, United States of America,
Japan, India, and the United Kingdom—totaling to about 85% of the PV share [9]. China and Japan
now overtook Germany in terms of being a global leader in solar PV installations—this is because of
the introduction of feed-in tariff scheme which stimulates the uptake of solar PV in those countries [9].
With a continuous huge investment in solar technology totaling to $1133.6 billion from 2006 to 2016
(see Figure 1), this technology has created around 3.1 million jobs worldwide, which corresponds to
31% of the renewable energy job markets in 2016 [9].
In spite of the oversupply and decreasing prices of PV modules, the cost to install a PV system is
still perceived as very expensive in many countries. The International Energy Agency Photovoltaic
Power Systems Programme (IEA-PVPS) has presented a summary of the installation cost in 20 countries
in 2015 [10], for the off-grid and on-grid (covering the residential, commercial, industrial and
ground-mounted sectors) connections. According to the report, for off-grid installations, the cost of
installation ranged between $2.23/W and $18.59/W. As for on-grid installations, it varied according to
the sectors: from $0.95/W to $4.96/W for the residential sector (see Figure 2), from $0.89/W to $3.12/W
for the commercial sector, from $1.11/W to $2.03/W for the industrial sector and from $0.74/W to
$2.03/W for the ground-mounted sector.
Based on the IEA-PVPS analysis, the PV module contributed between 40% and 50% of the total
cost of installation [10]. The IRENA [11] reported that the variations of installation cost were due to
many factors, including: (i) the PV module characteristics (module type, installation size); (ii) the
sectors (on-grid or off-grid; residential, commercial, industrial or ground mounted); (iii) the incentives
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the dimension of the solar cell is used instead of the exit aperture). and the reflector/refractor [17].
The entrance aperture enables the solar energy to enter the concentrator, and the reflector/refractor
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the solar energy to the exit aperture. More detailed descriptions on the fundamental concentrator
concepts have already been covered by several authors [8,18–22]. To date, there are various concentrator
designs being developed and tested by various institutions.
Today, the search for a low cost highly efficient CPV system still continues [23]. Interestingly,
besides focusing on devising the best concentrator for a power plant, the research also started to pay
more attention to the usage of concentrators for building integration applications [24–27], researching
specifically on the low concentration concentrator. The combination of a low concentration photovoltaic
(LCPV) structure for building integration is known as building integrated concentrating photovoltaic
(BICPV) system.
There are many advantages and disadvantages of utilizing the BICPV system which are almost
similar to building integrated PV (BIPV) system, and these are summarized in Table 1.
Table 1. The advantages and disadvantages of using a building integrated concentrating photovoltaic
(BICPV) system.
Advantages

Disadvantages

Cheaper panel cost due to the reduction in the use of
expensive PV material, as long as the cost of the
concentrator is cheaper than the cost of displaced PV
material [28].

The concentrator requires precise machining during the
manufacturing process to ensure optimum performance.
This could increase the cost of the panel.

For building integration, other cost saving potential
include: (i) eliminating the additional cost of
infrastructure to mount the panels, which is required for
ground mounted installation; (ii) eliminating the cabling
cost to connect the installation to the grid can be reduced
because almost all buildings are connected to the national
grid, unlike the installation in isolated PV farms; and
(iii) reducing the building material cost can be reduced
since the panel replaces part of the building structure
(e.g., roof, façade and window) [29].

A BICPV system is could also be more expensive than a
standard mass-marketed roof/façade-mounted PV system.
Some of the reasons include: (i) willingness of customers to
pay premium for its speciality function [30]; (ii) difficulties
in creating a good supply chain for BICPV products and
services [30]; (iii) additional materials’ cost in the
modules [31]; and (iv) further labour cost associated with
specialized architectural design, engineering design and
installation [32].

Generate more electrical output when the LCPV is
compared with a non-concentrating design that uses the
same area of PV material. The concentrator increases the
opto-electronic gain under both direct and diffuse
radiations [33].

May operate at higher temperatures than a conventional
rack-mounted PV because they are integrated to the
surface of the building and therefore prevents airflow
between the modules and the host structure [30]. A higher
temperature will lower the electrical output of the panel
and may degrade the PV material of the module.

Eliminate the need for electromechanical sun tracking
system due to its wide half-acceptance angle [34].

Tends to produce less electricity than conventional
rack-mounted PV because it might not be integrated at
optimum angle with respect to the sun and the problem
with shadowing from surrounding buildings [30].

The land area requirement can be eliminated since the
installation is carried out on an existing building
structure [34]. This is beneficial especially for installation
in urban areas.

Require complex design requirement which revolves
around identifying the ‘perfect’ balance between the
output power, the system cost and the aesthetics [35]. This
is different than the conventional roof/façade-mounted PV
system which focuses only on either electricity or aesthetics.
Therefore, any installation of a BICPV system needs to take
into account building process, building physics, energetic
design, aesthetical concept and economical concept [34,35].

The electricity generated can be consumed by the
building, which reduces the electricity bill since the
generation coincide with the electricity demand of the
day. Additionally, the electricity could also be fed back
into the national grid [36].

A BICPV system not only generates electricity, but it also
acts as parts of the building structure. Therefore, it needs to
comply with the codes and standards of both PV and
construction industries [30]. This means that it not only
needs to adhere to the qualification and design standards
of a PV module, it must also meet the criteria of a building
structure, e.g., stability, wind resistance, durability, fire
safety, etc. [37]. This creates a market handicap for the
BICPV system when compared to the conventional
roof/façade-mounted PV system [30].
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Table 1. Cont.
Advantages

The co-generated heat can be used to heat/cool the
building interior, reducing the heating/cooling
requirement of a building [38].

Disadvantages
There is a huge variety of BICPV products, either by façade
type (e.g., curtain walls, windows, roof shingles and
awnings) [30] or by design (e.g., geometries and materials)
[34]. This leads to BIPV market being focused on
custom-design segment which hinders the scalability of
BIPV technology. In addition to that, its limitation of only
being suitable for residential and commercial building
integration eliminates its prospect to compete with
utility-scale and ground-mount space [30].

The arrangement of the PV cells can be designed in such
a way that it could allow natural illumination into the
building, which could reduce the lighting requirement of
a building [38].
The losses due to transmission and distribution of
electricity can be minimized because the electricity is
consumed onsite [34].
A BICPV system can enhance the aesthetic appearance of
a building by introducing innovative ways of integrating
the panel in the building [17].

Abu-Bakar et al. investigated a rotationally asymmetrical compound parabolic concentrator
(RACPC) which could potentially increase the maximum output power by 3.33 times when compared
with a bare cell [39,40]. A small window incorporating the RACPCs was further constructed
and from the experiments, the window achieved a power gain close to 3 when compared with
the non-concentrating window [41]. Singh et al. [42] compared the performance of two line-axis
concentrator, a V-trough and compound parabolic concentrator (CPC) and found that the former
outperformed the latter by producing 17.2% more electrical output. Bojić et al. [43] evaluated three
types of sea-shell trough concentrators and concluded that the optical efficiencies of these concentrators
were highly dependent on the altitude of the sun ray incidence, i.e., each one was best suited for
a specific location. Wu et al. [44] constructed a smart CPV system that included a thin layer of
hydrogel/polymer thermotropic coating laminated onto a window glass sheet. The thermotropic layer
reacted differently depending on the heat that it was exposed to, i.e., it became translucent during
summer and became clear during winter. The system not only generated electricity (i.e., 57 W for the
tested prototype), but it also acted as a shade during summer time and allowed natural illumination
during winter time, hence reducing the electricity requirement of the building. Meng et al. [45]
invented a novel PV/thermal system called the absorptive/reflective crossed CPC (AR-CCPC). The
top part of the AR-CCPC was designed to absorb the heat, which can be used for water and space
heating while the bottom part (to which a PV cell is attached) produced the electricity. Their design
increased the electrical output 3.23 times when compared with a non-concentrating PV cell. The top
part of the AR-CCPC managed to absorb heat with the highest temperature recorded at 321.5 ◦ K.
Slooff et al. [46] demonstrated a luminescent solar concentrator (LSC) made from a polymethylmethacrylate (PMMA) plate doped with two types of dye. When coupled with gallium arsenide
(GaAS) solar cells, their LSC design achieved an electrical conversion efficiency of 7.1%. Lo et al. [47]
created a new algorithm to evaluate the performance of an LSC and concluded that their new method
is “a fast, powerful and cost-effective tool” to design any LSC. Pei et al. [48] showed that the optical
efficiency of a dielectric CPC can be improved by introducing a mirror coating on the sides of the
concentrator, as high as 13.5%. Vu and Shin [49] evaluated a prism-CPC and showed that such system
could obtain an 89% optical efficiency. Tien and Shin [50] on the other hand showed that by adding
a secondary concentrator to the existing Fresnel lens CPV system, the optical power ratio can be
raised by approximately 17.12%. Liu et al. [51] proposed a planar concentrator that is coupled with
Lambertian reflector at the back. Their concentrator design managed to increase the performance by
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1.4 times when compared with the bare cell. Meng et al. [52] created a freeform reflective concentrator
by using a complex algorithm. This design was demonstrated to achieve a uniform flux distribution
on either circular or rectangular target.
Selvaraj et al. [53] utilized a 3D printed CPC to increase the efficiency of dye-sensitized solar
cells (DSSCs) to 5.93% as compared to 2.64% generated by the scale-up non-concentrating DSSCs.
Meanwhile, van Dijk et al. [54] studied an external light trapping device—a 3D printed parabolic
concentrator and a spacer—and showed that this device enhanced the generation of short circuit
current of the thin film cell by 13%. Price et al. [55] suggested a compact microcell CPV with microcell
PVs placed in between an acrylic lenslet array and a reflective acrylic mirror array. With a geometrical
concentration gain of >200, the system was capable of increasing the energy yield by 1.9 times when
compared to the non-concentrating counterpart.
While most of the research only focused on the optical and electrical performances of the
concentrators, some authors also investigated the economic aspect of the system. Abu-Bakar et al. [56]
indicated that the inclusion of RACPC in the PV module could reduce the module cost by 31.75%
as compared to the non-concentrating counterpart. Sarmah et al. [57] showed that their CPV design
which utilized an asymmetrical CPC could cut the solar panel cost per kW by 20% when compared
with a non-concentrating PV panel. Another analysis by Muhammad-Sukki et al. [36] showed that
their optimized concentrator design could minimize the overall cost of installation by 41% when
compared to a non-concentrating system.
The concentrator investigated in this paper is called the rotationally asymmetrical dielectric totally
internally reflecting concentrator (RADTIRC). It focuses on the formulations to predict the annual
electrical output of an RADTIRC-PV system installed in Berlin. Section 2 gives an overview of the
RADTIRC and summarizes the previous works involving this concentrator. Section 3 provides the key
parameters needed to calculate the annual electricity yields. Afterwards, Section 4 presents the results
from the simulations before presenting the conclusions at the end of the paper.
2. RADTIRC—What Has Been Achieved
The RADTIRC was first developed by Ramirez-Iniguez et al. [58] to provide a higher electrical
output, thus minimizing the usage of expensive PV material, and ultimately reducing the PV system
cost [38]. The steps to produce the RADTIRC have been explained in detail by Ramirez-Iniguez et
al. [58]. Muhammad-Sukki et al. [38] wrote a MATLAB code to help visualize and investigate the
geometrical properties of the RADTIRC design. A variety of concentrators from this family have been
created and simulated to evaluate their optical concentration gains [38]. The analysis on the geometrical
properties of the RADTIRC provides information on the physical dimensions (i.e., total height, entrance
aperture area) of the concentrator, as well as its geometrical concentration gain. They concluded that
an RADTIRC with a higher geometrical concentration gain has a smaller half-acceptance angle and
corresponds to a much larger structure, and vice versa [38]. The optical concentration gain, on the
other hand, predicts the electrical output that could be generated by each RADTIRC-PV cell, as well as
examines the light distribution on the cell. Their analysis indicated that an RADTIRC with a wider
half-acceptance angle captures the sun energy for a much longer period of time in a day than the one
designed with a smaller half-acceptance angle [38]. Based on these investigations, they concluded that
a smaller concentrator with a wider half-acceptance angle and a smaller geometrical concentration
gain is more desirable than the ones with a smaller half-acceptance angle and a higher geometrical
concentration gain because [38]: (i) it utilizes less material, which reduces the material cost; (ii) it
collects the sunlight for longer durations during the day; and (iii) the design produces a more uniform
flux distribution which generates less ‘hot spots’ on the PV cell, leads to a lower temperature, and
ultimately enables the RADTRIC-PV structure to operate at its optimum efficiency level.
One particular RADTIRC design was manufactured and tested both indoors and outdoors in May
2012 [59]. It has a geometrical concentration gain of 4.91, a total height of 3 cm, a square exit aperture
with sides of 1 cm and, two half-acceptance angles of ±30◦ along the z-axis (north-south axis) and ±40◦
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along x-axis (the east-west axis) respectively [59]. The first prototype was fabricated from a type of
acrylic known as “6091” (supplied from Renishaw Plc., Wotton-under-Edge, Gloucestershire, UK) with
an index of refraction of 1.515 by using a silicon mold [59]. The experiments include characterizing the
RADTIRC-PV cell, investigating its angular response as well evaluating the effect of temperature on
the structure. The results from the experiments showed the opto-electronic gain reached its peak value
of 4.2 at 0◦ inclination when compared with a bare PV cell [59].
The first prototype suffered from shrinkage during the manufacturing process, as well as
discoloration and photodegradation which showed a reduction of 7.84% in terms of the maximum
output power after 2 years (measured in June 2014). To address these issues, a second optimization was
carried out by Abu-Bakar et al. [28]. The design was optimized by using a better material known as
Altuglas® V825T, a variation of PMMA. The prototype was produced this time using injection molding,
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Another analysis was performed to investigate the effect of diffuse radiation on the RADTIRC.
Freier et al. [33,60] concluded that the RADTIRC has an opto-electronic gain of 2.13 under diffuse
radiation. A solar window that employed 12 RADTIRCs was also constructed (see Figure 3) and tested
indoors, achieving a maximum opto-electronic gain of 4.13 when compared to a non-concentrating
PV window [61]. The panel was also tested outdoors for 4 days in Glasgow, United Kingdom
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Having done all the tests, the data from simulations and experiments could be used to predict
the annual performance of an RADTIRC-PV module. This information is crucial to the stakeholders
since it demonstrates the viability of such system to become a substitute to the traditional nonconcentrating PV system. Such analysis has also been demonstrated by other CPV researchers. For
example, Lamnatou et al. [62] calculated theoretically that a 1 kWp of solar panel incorporating an
array of dielectric CCPC could generate approximately 1140 kWh/year if such system were installed
in Barcelona, Spain. Baig et al. [63] carried out another analysis involving a solar panel that
incorporated a linear dielectric asymmetrical CPCs. This panel is capable of generating 1340

Figure 4. The outdoor experiments in Glasgow, during an almost clear sky day. Adapted from [61].
Figure 4. The outdoor experiments in Glasgow, during an almost clear sky day. Adapted from [61].

Having done all the tests, the data from simulations and experiments could be used to predict the
annual performance of an RADTIRC-PV module. This information is crucial to the stakeholders since
it demonstrates the viability of such system to become a substitute to the traditional non-concentrating
PV system. Such analysis has also been demonstrated by other CPV researchers. For example,
Lamnatou et al. [62] calculated theoretically that a 1 kWp of solar panel incorporating an array of
dielectric CCPC could generate approximately 1140 kWh/year if such system were installed in
Barcelona, Spain. Baig et al. [63] carried out another analysis involving a solar panel that incorporated
a linear dielectric asymmetrical CPCs. This panel is capable of generating 1340 kWh/m2 /year if it is
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installed in Madrid, Spain. Li et al. [64] used the optical-thermal-electric model to predict the output
of their CPV design. They showed that if their design were installed in Glasgow, it could generate up
to
74.48 kWh/m2 /year.
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3. Key Parameters to Calculate the Annual Electrical Output of an RADTIRC-PV Module
3. Key Parameters to Calculate the Annual Electrical Output of an RADTIRC-PV Module
Specifically for building integration, the concentrator design can be integrated into a building,
Specifically for building integration, the concentrator design can be integrated into a building,
either be applied in curtain walls, on roofs, in windows or in skylights. As the RADTIRC is static
either be applied in curtain walls, on roofs, in windows or in skylights. As the RADTIRC is static and
and has a limited acceptance angle for the variation of the position of the sun during the year, the
has a limited acceptance angle for the variation of the position of the sun during the year, the
RADTIRC module needs to be installed at the optimum angle of the equinox which is in March or
RADTIRC module needs to be installed at the optimum angle of the equinox which is in March or
September to capture the sunlight throughout the year. This can be achieved by either: (i) mounting
September to capture the sunlight throughout the year. This can be achieved by either: (i) mounting
the panels at the optimum tilt angle for March or September; or (ii) mounting the panels at a tilt angle
the panels at the optimum tilt angle for March or September; or (ii) mounting the panels at a tilt angle
available and then tilting the concentrators inside the panel to the optimum angle.
available and then tilting the concentrators inside the panel to the optimum angle.
For applications such double glazed windows, the tilting of concentrators inside the window
For applications such double glazed windows, the tilting of concentrators inside the window
frame results in an increase in height of the concentrators and therefore larger frame depths are
frame results in an increase in height of the concentrators and therefore larger frame depths are
necessary. The concentrator was designed to have a height of 3 cm so that it could be easily integrated
necessary. The concentrator was designed to have a height of 3 cm so that it could be easily integrated
in a standard double-glazed window frame. However, as building integrated PV (BIPV) are subjected
in a standard double-glazed window frame. However, as building integrated PV (BIPV) are subjected
to building regulations regarding stability and safety [34], a frame designed specifically for the building
to building regulations regarding stability and safety [34], a frame designed specifically for the
integrated CPV (BICPV) application could be considered.
building integrated CPV (BICPV) application could be considered.
In this work, skylights with PV modules such as the ones illustrated in Figure 5 are taken as an
In this work, skylights with PV modules such as the ones illustrated in Figure 5 are taken as an
example to show where RADTIRC concentrators could be applied. In this paper, an annual prediction
example to show where RADTIRC concentrators could be applied. In this paper, an annual prediction
for such an application is carried out for Berlin/Brandenburg, Germany. The comparison between the
for such an application is carried out for Berlin/Brandenburg, Germany. The comparison between the
CPV and PV modules in this analysis is based on the same area of PV material being used. The standard
CPV and PV modules in this analysis is based on the same area of PV material being used. The
dimensions of a solar panel are 540 mm × 1200 mm. By subtracting the frame of the module, the
standard dimensions of a solar panel are 540 mm × 1200 mm. By subtracting the frame of the module,
approximate active area of the PV module is 0.58 m2 . 2Referring to the manufactured CPV window
the approximate active area of the PV module is 0.58 m . Referring to the manufactured CPV window
sample (as illustrated in Figure 3), which has 7.1 times the area of the PV material used, it leads to a
sample (as illustrated in Figure 3), which has 7.1 times the area of the PV material used, it leads to a
CPV module size of 4.1 m22. However, a skylight PV module is generally larger than a conventional
CPV module size of 4.1 m . However, a skylight PV module is generally larger than a conventional
PV module due to the gaps left between the cells for room illumination. The PV cell efficiency was
PV module due to the gaps left between the cells for room illumination. The PV cell efficiency was
determined experimentally and the measured value under standard test conditions was 14.9% [33].
determined experimentally and the measured value under standard test conditions was 14.9% [33].
For the annual prediction, standard test conditions have been assumed.
For the annual prediction, standard test conditions have been assumed.
In order to do the prediction, several key parameters need to be determined, and these will be
In order to do the prediction, several key parameters need to be determined, and these will be
discussed in the following subsections.
discussed in the following subsections.

Figure 5. Skylight with monocrystalline PV modules [65].
Figure 5. Skylight with monocrystalline PV modules [65].

3.1. Tilt Angle of the Modules
3.1. Tilt Angle of the Modules
The optimum tilt angle for PV modules in Berlin during March/September is 53° from horizontal
◦ from horizontal
The
optimum
tilt angle
PV modules
in Berlin
is 53the
facing
south
according
to thefor
online
tool provided
onduring
[66]. It March/September
is important to install
system for the
facing
south
according
to
the
online
tool
provided
on
[66].
It
is
important
to
install
the
system 23°
for
spring and autumn equinoxes, so that the angle of incidence on the system does not exceed
throughout the year as shown in Table 3. The angles of incidence for each month were calculated
using Equation (1) [67]:
Θtilt = arccos [(−cos (αs) × sin (γt) × cos (αs − αt) + sin (γs) × cos (γt)]

(1)

where γt is the tilt angle of the plane, γs is the sun altitude angle, αs is the azimuth angle of the sun
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the spring and autumn equinoxes, so that the angle of incidence on the system does not exceed 23◦
throughout the year as shown in Table 3. The angles of incidence for each month were calculated using
Equation (1) [67]:
Θtilt = arccos [(−cos (αs ) × sin (γt ) × cos (αs − αt ) + sin (γs ) × cos (γt )]

(1)

where γt is the tilt angle of the plane, γs is the sun altitude angle, αs is the azimuth angle of the sun
and αt is the azimuth angle of the tilted surface [67]. The latter is defined as a derivation from the
south, which is 180◦ . The results are presented in Table 3 and correspond to the maximum change of
the solar altitude angle during the year, which is ±23◦ .
Table 3. Optimum tilt angles and angles of incidence at a tilted plane in Berlin.
Month

Maximum Solar
Altitude Angle, γs (◦ )

Maximum Angle of Incidence at
a 53◦ Tilted Plane (◦ )

June
May/July
April/August
March/September
February/October
January/November
December

60
53
45
37
29
21
14

23
16
8
0
8
16
23

In case a non-tracking PV system is designed for the own-consumption of the building, the tilt
angle needs to be adjusted to the month of the year with the lowest irradiance to meet the electricity
demand during this month. In Berlin that is the case in December and according to the Photovoltaic
Geographical Information System (PVGIS) [68] the optimum tilt angle of the module (γt ) for December
is 68◦ facing south. As in this prediction, the tilt angle of the module is chosen to be 53◦ , the system is
not optimized for own-consumption purposes.
3.2. Optical Concentration Gain of the RADTIRC on Tilted Surface
The analyses were carried out for incidence angles of 8◦ , 16◦ , and 23◦ along the z-axis of the
concentrator. This represents the change in the solar altitude angle during the year, while the light
source is tilted from −90◦ to +90◦ along the x-axis representing the path of the sun during the day. The
optical concentration gain was calculated, and the results are presented in Figure 6. This represents the
effect of direct irradiance on the electrical output of the RADTIRC. The detailed explanation on how to
carry out the simulation to obtain the optical concentration gain has been discussed in the authors
previously in [33].
When both the angle of incidence along the z-axis and along the x-axis are increased, it can be
seen that the optical concentration gain reduces greatly. Especially at angles of incidence of ±23◦
along the x-axis, the optical concentration gain experiences a sharp drop after ±20◦ , with the optical
concentration gain being greater than 1 when the angle of incidence is between ±32◦ . This means that
during the months of June and December the acceptance angle during the day is reduced and captures
less direct light. The angles of incidence with regards to the solar altitude angle given in Table 3 are
based on the maximum angle of the sun’s motion during the day. However, since the solar altitude
angle varies during the day the angle of incidence on the tilted axis varies. The sun position diagram
for Berlin with the designed acceptance angle of ±40◦ is shown in Figure 7.
The sun position diagram (Figure 7) shows that during some hours of the day for the months April
to August the solar altitude angle is smaller than given in Table 2. Thus, concentration gain during
these hours is higher than simulated. On the other hand, the solar altitude angle during some hours of
the day for the months September to March is larger than given in Table 3, thus concentration gain is
lower than simulated. This needs to be considered during the evaluation of the monthly energy yield.
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As for the optical concentration gain for diffuse irradiance, this has also been investigated
previously
Energies 2018, and
11, x the value is Copt = 1.94 [60].
11 of 20
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Figure 7. Solar position Diagram for Berlin, Germany (52.5° N 13.4° E) [69].
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3.3. Irradiation Data
3.3. Irradiation Data
3.3. Irradiation Data
To predict the annual output, the annual irradiance data for the chosen location,
To predict the annual output, the annual irradiance data for the chosen location,
To predict the annual
output,
the annual
irradiance
data for
Berlin/
Berlin/Brandenburg,
Germany
is needed.
The data
was provided
bythe
thechosen
Germanlocation,
Meteorological
Berlin/Brandenburg, Germany is needed. The data was provided by the German Meteorological
Brandenburg,
Germany
is
needed.
The
data
was
provided
by
the
German
Meteorological
Service
Service (DWD) and was recorded in the meteorological observatory in Lindenberg, Brandenburg
Service (DWD) and was recorded in the meteorological observatory in Lindenberg, Brandenburg
(52.6° N, 13.5° S). The global irradiance was measured with a Kipp & Zonen CM 22 pyranometer and
(52.6° N, 13.5° S). The global irradiance was measured with a Kipp & Zonen CM 22 pyranometer and
the diffuse irradiance was measured with the same type of pyranometer combined with a tracker
the diffuse irradiance was measured with the same type of pyranometer combined with a tracker
shading ball. Global and diffuse irradiance were measured every second and was averaged over the
shading ball. Global and diffuse irradiance were measured every second and was averaged over the
course of a minute. The data at hand is for the year 2004 with global irradiation of 1073 kWh/m2 and
course of a minute. The data at hand2 is for the year 2004 with global irradiation of 1073 kWh/m2 and
diffuse irradiation of 579 kWh/m
[70].
2
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(DWD) and was recorded in the meteorological observatory in Lindenberg, Brandenburg (52.6◦ N,
13.5◦ S). The global irradiance was measured with a Kipp & Zonen CM 22 pyranometer and the diffuse
irradiance was measured with the same type of pyranometer combined with a tracker shading ball.
Global and diffuse irradiance were measured every second and was averaged over the course of a
minute. The data at hand is for the year 2004 with global irradiation of 1073 kWh/m2 and diffuse
irradiation of 579 kWh/m2 [70].
Since the optical concentration gain is influenced by the solar azimuth angle, the apex of the
sun’s motion needs to be considered when carrying out the calculation for the energy yield of the
RADTIRC-PV system. Therefore, the prediction is carried out by calculating the electrical output
for an average day over each month and based on this value the energy yield for a whole month is
predicted. The average days were determined numerically and analytically. To validate the acceptance
of this model, the real irradiation of each month and the estimated irradiation used in this work was
calculated and compared. It was found that the estimation of global irradiation corresponds to the real
data. However, the overall estimated diffuse irradiation makes up 58.7% whereas the irradiance data
for the year 2004 gives a diffuse irradiation of 54% of the global irradiation. Moreover the percentage
of diffuse light between 2002 and 2006 averages 51% [70]. As the concentration gain for direct light
is higher than for diffuse, the annual prediction based on this module is more pessimistic than the
real case.
Since the RADTIRC-PV module is installed at a tilt angle, diffuse, direct and reflected irradiances
on a tilted surface need to be calculated using the provided irradiance data for a horizontal surface.
The global irradiance on a tilted surface is the sum of direct irradiance on a tilted surface Edir,tilt , diffuse
irradiance on a tilted surface Ediff,tilt and reflected irradiance on a tilted surface Eref,tilt .
Having determined the sun altitude angle γs and having calculated the angle of incidence on a
tilted plane Θtilt (see Table 3) using Equation (1), the direct irradiance at a tilted surface is calculated
using Equation (2), where Edir,hor is the direct irradiance on a horizontal plane.
Edir,tilt = Edir,hor × [cos (Θtilt )/sin (γs )]

(2)

Diffuse irradiance on a tilted surface is calculated using the Klucher model [71], which is an
anisotropic approach. It implies the circumsolar brightness around the sun and near the horizon and is
more precise than the isotropic approach [67]. The diffuse radiation at a plane with a tilt angle γt is
calculated using Equation (3):
Ediff,tilt = Ediff,hor × 0.5 × (1 + cos (γt ) × (1 + F × sin 3 (γt /2)) × (1 + F × cos 2 (Θtilt ) × cos 3 (γs )) (3)
where
F = 1 − (Ediff,hor /EG,hor )2

(4)

and Ediff,hor and EG,hor is the diffuse irradiance and the measured global irradiance respectively
measured on the horizontal plane. The reflected irradiance was calculated according to Equation (5) [67]
and the coefficient Albedo (A) is set as 0.2 for an unknown surface (i.e., the surrounding environment
of the building could be made from concrete, wood, metal etc.) [67].
Eref,tilt = EG,hor × A × 0.5 × (1 − cos (γt ))

(5)

Since the reflected irradiance on a tilted surface does not depend on the solar altitude angle but
only on the tilt angle of the plane and the global irradiance, the reflected irradiance is added onto the
diffuse irradiance for further calculations. As the concentration gain is calculated for solar azimuth
angles between ±90◦ in 5◦ steps, this corresponds to a change in the suns position in 20 min intervals.
Therefore the irradiance data were averaged over 20 min periods.
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4. Results and Discussion
The ideal energy yield of the CPV module, Eideal , was calculated for 20 min intervals throughout
the day using Equation (6) [67]:
Eideal = Apv × η pv × Hsolar × Copt

(6)

where Apv is the area of the PV material taken as 0.58 m2 (see Section 3), η pv is the solar cell efficiency
of 14.9% (see Section 3), Hsolar is the solar irradiation and Copt is the optical concentration gain. For
H
, and
the sum of Ediff,tilt and Eref,tilt are used to get the energy yield under direct
solar , E
dir,tilt11,
Energies
2018,
x
13 and
of 20
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The performance of the concentrator during the year under direct and diffuse irradiance is
The performance of the concentrator during the year under direct and diffuse irradiance is shown
shown in Figure 8 as well. The calculated energy yield output of the RADTIRC-PV module subject to
in Figure 8 as well. The calculated energy yield output of the RADTIRC-PV module subject to direct
direct irradiance emphasizes that being installed at a 53° tilt angle, the concentrator does not make
irradiance emphasizes that being installed at a 53◦ tilt angle, the concentrator does not make the
the maximum use of the high irradiance during May to July. This is because the angle of incidence
maximum use of the high irradiance during May to July. This is because the angle of incidence on the
on the tilted module during these months is large. However, as discussed in Section 3.2, the
tilted module during these months is large. However, as discussed in Section 3.2, the concentration gain
concentration gain for the period April until August was taken to be lower than the actual value
for the period April until August was taken to be lower than the actual value under real conditions.
under real conditions. Looking at the performance of the concentrator under diffuse irradiance, the
energy yield of the RADTIRC-PV module was nearly doubled throughout the year. In total, the
energy yield from diffuse irradiation is 146 kWh and from direct irradiation it is 120 kWh per year.
Again, it has to be considered that the estimated diffuse irradiation for Berlin is higher in percentage
than the average value shown over the years from 2002 to 2004.
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To illustrate the acceptance of light by the RADTIRC module under direct and diffuse light
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Figure 9. Predicted performance of the RADTIRC-PV module in: (a) March; (b) June; and (c)
Figure 9. Predicted performance of the RADTIRC-PV module in: (a) March; (b) June; and (c) December
December in Berlin/Brandenburg.
in Berlin/Brandenburg.

It can be seen that in March nearly all direct irradiation throughout the day is within the
acceptance angle and is concentrated onto the solar cells. During this month the PV module faces the
sun at the optimum angle and the direct irradiance was therefore concentrated by the maximum
factor.
In June, the angle of incidence on the tilted plane is 23° and the acceptance angle is therefore
limited. It is therefore likely that the direct irradiation during the day can be entirely accepted by the
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It can be seen that in March nearly all direct irradiation throughout the day is within the acceptance
angle and is concentrated onto the solar cells. During this month the PV module faces the sun at the
optimum angle and the direct irradiance was therefore concentrated by the maximum factor.
In June, the angle of incidence on the tilted plane is 23◦ and the acceptance angle is therefore
limited. It is therefore likely that the direct irradiation during the day can be entirely accepted by the
concentrator.
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already discussed in the previous paragraph. An increased acceptance angle along the z- and the xa reduced optical concentration gain and cannot be entirely captured due to the reduced acceptance
axes would result in the capturing of more direct and diffuse light. Thus, the parameters of the
angle. During the winter months, the diffuse irradiance makes up a high percentage of the global
concentrator need to be adjusted to each location individually.
irradiation and is concentrated with the lower concentration factor that was determined for diffuse
Another possibility is to change the arrangement of the concentrators inside the frame. By
irradiance. The overall result shows that for a location like Berlin/Brandenburg, the performance of
placing the concentrators on curves as shown in Figure 10, the acceptance angle for direct light during
the concentrator needs to be improved.
seasonal changes can be increased.
One possibility for performance improvement is to change the parameters of the concentrator
If the shape of a skylight is curved as presented in Figure 10, this technique can be applied to a
as already discussed in the previous paragraph. An increased acceptance angle along the z- and the
modular arrangement of the RADTIRC systems. However, the fabrication and assembly of such
x-axes would result in the capturing of more direct and diffuse light. Thus, the parameters of the
modules is more complicated. Furthermore, each row of concentrators along the horizontal axis is
concentrator need to be adjusted to each location individually.
exposed to a different level of irradiance which leads to a variation of the solar cell temperature of
Another possibility is to change the arrangement of the concentrators inside the frame. By placing
each row. Since the CPV module would benefit from a cooling system to maintain the solar cell
the concentrators on curves as shown in Figure 10, the acceptance angle for direct light during seasonal
efficiency, such arrangement of concentrators would require a more complex cooling system, as it
changes can be increased.
might have to be adjusted for each row specifically.

Figure 10. Concentrator arrangements for a larger acceptance angle of the RADTIRC-PV module.
Figure 10. Concentrator arrangements for a larger acceptance angle of the RADTIRC-PV module.

Depending on the political framework, if a feed-in tariff is granted and if the building is gridIf the shape
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In this
case, considering
diffusethe
irradiation
is low
the months
between November and February, the tilt angle of the module can be set at the recommended tilt
angle, which is 37° for the location Berlin/Brandenburg according to PVGIS [68]. This will lead to a
smaller angle of incidence during the summer months and improve the capture efficiency of direct
irradiation during these months. Additionally, the diffuse irradiation that is dominant during the
winter months is higher at smaller tilt angles and would lead to a higher energy yield for diffuse
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modules is more complicated. Furthermore, each row of concentrators along the horizontal axis is
exposed to a different level of irradiance which leads to a variation of the solar cell temperature of each
row. Since the CPV module would benefit from a cooling system to maintain the solar cell efficiency,
such arrangement of concentrators would require a more complex cooling system, as it might have to
be adjusted for each row specifically.
Depending on the political framework, if a feed-in tariff is granted and if the building is
grid-connected, the electricity generated from the system could be sold and therefore a maximized
yearly energy output is desirable. In this case, considering that diffuse irradiation is low during the
months between November and February, the tilt angle of the module can be set at the recommended
tilt angle, which is 37◦ for the location Berlin/Brandenburg according to PVGIS [68]. This will lead to
a smaller angle of incidence during the summer months and improve the capture efficiency of direct
irradiation during these months. Additionally, the diffuse irradiation that is dominant during the
winter months is higher at smaller tilt angles and would lead to a higher energy yield for diffuse
irradiation. Nevertheless, this leads to a high electrical output during the summer and a low electrical
output during the winter. In this case, LCPV systems which are designed to supply the building
constantly throughout the year would require a larger backup system.
5. Conclusions
The annual prediction of utilizing an RADTIRC-PV module as a skylight installed theoretically in
Berlin/Brandenburg, Germany was calculated and compared with a non-concentrating PV module.
Based on the simulation results, it was found that the yearly energy yield was increased by a factor
of 2.29 when the RADTIRC-PV system was compared with the non-concentrating version. It has
been shown that a tilt angle optimized for the month of the equinox reduces the performance of
the concentrator during the summer months. To improve the performance of the concentrator, an
increased half-acceptance angle of the concentrator or a different tilt angle of the system was suggested.
The concentrator parameters also need to be adjusted to each location specifically depending on the
irradiation and the longitude of the location. However, for a more exact prediction, the change of
the sun altitude angle during the day needs to be considered yielding an improved concentration
gain for each hour of the day. Also, losses must be taken into consideration because they reduce the
performance of the RADTIRC. This includes losses due to manufacturing errors, misalignment during
assembly process, dust and soil accumulation, shadowing, overheating etc. [61,72,73].
As a conclusion, it has been demonstrated that the RADTIRC has the capability to improve
the electrical output when compared with a non-concentrating system containing the same amount
of PV material. Taking into account the savings in PV material, increased natural illumination and
potential heat generation, the attractiveness of implementing BIPV systems is increased. As a result, the
BICPV technology can help achieve the EU target of having more zero carbon buildings, an improved
technology efficiency, and a higher share of energy generated from renewable sources.
Further research could be done to investigate cooling possibilities of the system to reduce the
temperature of the PV cell. An air or water-based cooling system carries waste heat that can be used
for space heating, generating hot water or even cooling. Owing to the fact that the RADTIRC is made
from transparent material, another analysis that could be carried out is the illumination properties of
the designs. Any rays outside the acceptance angle of the concentrator and in-between the entrance
apertures of the concentrators will pass through their side profile into a building, providing natural
illumination in the building interior. This analysis will enable the quantification of the reduction of
the electricity requirements for lighting purposes in a building and an optimization of the design for
optimum illumination.
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