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2 A Short History 
of Photovoltaic-
Powered Products

Angèle Reinders and Wouter Eggink

2.1 THE VERY FIRST PHOTOVOLTAIC-POWERED PRODUCT

It took over a century since the discovery of the photovoltaic (PV) effect—the con-
version of photons to electricity by Becquerel (1839) before solar cells were devel-
oped. In the 1950s, PV solar cells were developed at Bell Telephone Laboratories in 
the USA with the purpose to apply them in products that lacked permanent electric-
ity supply from the mains (Chapin et al. 1954). The solar cells were called silicon 
solar-energy converters, commonly known as the Bell Solar Battery (Prince 1955). 
Furnas (1957) reports “The Bell Telephone Laboratories have recently applied their 
findings in the transistor art to making a photovoltaic cell for power purposes. {….} 
and exposed to the sun, a potential of a few volts is obtained and the electrical energy 
so produced can be used directly or stored up in a conventional storage battery. {….} 
The Bell System is now experimenting with these devices for supplying current for 
telephone repeaters in a test circuit in Georgia. As to cost, one radio company has 
produced a power pack using this type of photoelectric cell for one of its small tran-
sistorized radios.” The Journal of the Franklin Institute (Anonymous 1955) men-
tioned already in 1955 that “these (solar) batteries can be used as power supplies for 
low-power portable radio and similar equipment” (Figure 2.1).

Expectations regarding the applicability of PV cells in products were high; Sillcox 
(1955) reports on predictions by researchers of New  York University “that small 
household appliances like toasters, heaters or mixers using the sun’s energy might 
be in fairly widespread use within the next five years (i.e., 1960).” These predictions 
have not become reality because of the incompatibility of power production by solar 
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cells and the high energy demand of thermal appliances such as toasters, and at 
that time, the cost of silicon PV cells were about $200 per Watt for high-efficiency 
cells (Prince 1959). At  that time, 12% was considered a high efficiency—and the 
costs of a dry cell to operate a radio for about 100 hours would be less than a dollar 
(Furnas 1957). Therefore, it was believed that the solar battery could be an economi-
cal source for all except the most special purposes. As such, by the end of the 1950s, 
silicon PV solar cells were applied as a power supply for satellites (Zahl and Ziegler 
1960). The Vanguard 1 satellite (see Figure 2.2), launched in 1958, was the first sat-
ellite ever equipped with a solar PV power system, and it announced a new area of 
space technology with solar-powered satellites. Still at present, the Vanguard 1 is the 
oldest satellite in orbit.

(a) (b)

FIGURE 2.2 Prototype of the Vanguard 1 satellite that has been used for testing: (a) the 
satellite, and (b) the interior electronics of the satellite. (Courtesy of Larry Kazmerski, photos 
by Angèle Reinders, 2017.)

(a) (b)

FIGURE 2.1 Solar-powered radio originating from the sixties: (a) front view, slightly dam-
aged, and (b) top view with integrated solar cells showing the circular wafers that were used 
at that time. (Courtesy of Larry Kazmerski, photos by Angèle Reinders, 2017.)
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At present, various applications of PV solar cells exist ranging from the previously 
mentioned satellites, stand-alone PV systems, grid-connected PV, building-integrated 
PV (BIPV) systems and very large systems with a power of tens of megawatts. 
The latest category is product-integrated PV (PIPV), which can be applied in con-
sumer products, lighting products, boats, vehicles, business-to-business applications, 
and arts (Reinders and Van Sark 2012).

2.2  THE DEVELOPMENT OF DESIGNED PV PRODUCTS  
IN THE COURSE OF TIME

From the very first solar-powered products to the present day, the designs of PIPVs 
have gradually developed. However, this development started very slowly; for about 
two decades, calculators were the most dominant PV-powered product on the market 
(Figure 2.3).

When we look at the timeline, we can notice that the technical appearance of 
PV-powered products hardly changes for a long time. Only after 2010 we saw 
radically new designs emerge when solar chargers that resemble trees or flowers 
came to the market.

Regardless, the solar calculators were received with great enthusiasm in the 1970s. 
This enthusiasm was mainly based on technical features that were enabled by PV solar 
cells and the effect of making the owner feel modern. For instance, the journal New 
Scientist of July 20, 1978, reported, “The concerned environmentalist can now calcu-
late the downfall of society without eating into the world’s resources in the process. 
A new calculator that is coming on to the market ….{..}…doesn’t need an on/off switch 
because the power comes from a small panel of solar cells.” (Anonymous 1978).

The  reference to the “concerned environmentalist” is, however, not visible in the 
straightforward, rather functionalist—or technical—appearance of the products. When 
we compare these solar designs with other product designs from the same period 
(Figure 2.4), we can observe that the appearance is rather lagging behind. The solar cal-
culators of the 1990s still look like the Braun ET22 calculator from 1976, and the inte-
grated chargers of the 2000s are all alike. One might try to argue that this is due to the 
“timeless” nature of the Braun design language, as is illustrated by the recent rerelease 
of the ET66 calculator from 1987 that is also pictured here (Braun 2019). However, the 
transparent solar charger in the 2011–2015 period mimics the iMAC from the 1990s and 
even the most contemporary tree-like chargers are following the nature-inspired form 
languages of the pictured lamp and chair from ten years before. This indicates that the 
potential to attract the future user of PV technologies is not yet fully capitalized.

The tree-like solar chargers are obviously designed to resonate with the user the 
idea of nature and the associated concept of “sustainability.” In the broader design 
discipline, since the 1970s, it is already common to experiment with such meanings 
and emotions in the design of products (Eggink 2009). For  instance, the concept 
of sustainability is incorporated by the choice of materials—such as in the cork of 
the pictured TV design by Starck, the solar cells in the Solar Chandelier, and the 
recycled fridges of the 3D-printed Endless Chair. In other occasions, the sustain-
ability is represented by the organic shaping of elements of a product—such as the 
Bone Chair by Laarman or the coral-inspired lamp by Grossman. These approaches 
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can be translated to PV products to make them more attractive. Moreover, integrated 
approaches, such as in the design by Howard, are reflected in the solar-powered 
lamps that are also chargers at the same time. This will also decrease the persis-
tent gadget image of PV-powered products and makes them aesthetically pleasing 
as well. In  this context, we like to zoom in to the development of solar-powered 
watches in the course of time.

FIGURE 2.3 Timeline of PIPV designs from the 1970s onward. (From Eggink and Reinders 
2016.)
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2.3  THE DEVELOPMENT OF SOLAR POWERED WATCHES  
IN COURSE OF TIME

In 1971, the world’s first solar-cell-powered watch was made by the US firm Uranus. 
It fancied a distinctive sunburst-like watch face with eight specially developed fan-
like solar cells that showed a resemblance to the semicircle-shaped cells of the solar-
powered radio described in Section  2.1. To emphasize the innovativeness of the 
device, the watch had a small digital led display (Figure 2.5a), a technology that was 
introduced just before by the large watch companies Omega and Pulsar.

FIGURE 2.4 Timeline of comparable product designs from the 1970s onward. (From Eggink 
and Reinders 2016.)
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Unfortunately, the watch stayed just a prototype (Bielefeld 2007). The relatively 
large solar cells that were necessary to power the first generations of digital watches 
caused the designers problems in these days. The Ragen–Synchronar watches that 
were the first to actually come to the market in 1974 solved the problem by reserving 
the whole watch face for the solar cells and placing the display hidden at the side 
(Figure 2.5b). Interestingly, the technologically advanced watches were marketed 
toward a female audience (The Led Watch 2008) (Figure 2.6).

The Nepro “Solar Solid State” produced by Nepro Watch of Neuchâtel, Switzerland, 
which was shown to the general public at the 1975 Basle Watch Fair, also had a strange 

FIGURE 2.6 Two advertisements for the 1974 Synchronar Solar watch by Ragen.

(a) (b)

FIGURE 2.5 The first-generation solar-powered watches: (a) Uranus prototype from 1971, 
and (b) the functionality of the Synchronar solar watch is explained in the advertisement 
(Bielefeld, 2007). It states: “The watch for tomorrow for the people of today.”
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asymmetric housing to incorporate the huge solar cell (Doensen 1994). Only when 
the solar cells were more efficient and the watches moved to more energy-saving 
LCD technology did the designs of solar-powered watches become more mainstream 
(Figure 2.7).

When Pulsar introduced the “2001” in 1984, the cells were even hardly visible 
anymore in the background of the face (Figure  2.8a). Because the cells were no 
longer causing the watch to look different, the innovativeness of the technology was 
emphasized by the name “2001,” a common practice at that time, when everything 
associated with the upcoming new millennium was regarded as futuristic. With the 
introduction of the Junghans “Solar 1” costing just DM149, that same year, the price 
of the solar watch technology was also democratized. In order to still put attention to 

FIGURE 2.7 The advancement of solar cell technology is visible in watch designs: (a) the 
Nepro “Solar Solid State” from 1975 (Doensen 1994), (b) the Sicura “LC Solar” from 1978, 
and (c) the Westime “Quartz Solar” from the same year (Bielefeld 2007).

FIGURE 2.8 Analog solar watches with the cells “hidden” in the dial: (a) the Pulsar “2001” 
(Doensen 1994), (b) and (c) two versions of the Junghans “Solar 1.”
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the rather hidden solar technology, the later model of the “Solar 1” carried the words 
“high tech” (Figure 2.8c).

The popularization of solar watches could be rendered complete when at the end 
of the 1980s, digital watches appeared on the market that mimicked solar cells on 
the face, while underneath they were still powered by coin cell batteries (Bielefeld 
2007) (Figure 2.9).

The increased efficiency of solar cell technology made it possible to implement 
even more electronics and functionality, which led to the introduction of the “Mega 
Solar” with radio-controlled time in 1993 (Figure 2.10a). Meanwhile, the integration 
of solar cells in watches was so widespread that the marketing of solar watches was 
no longer targeted at the advanced technology but only on convenience: no more 
battery changing. The friendly priced Casio watches of the time prominently quoted 
“batteryless” on the dial (Figure 2.10c).

FIGURE 2.9 So-called “pseudo solar” watches from various brands. The watches prompt 
the “solar look” on the dial while still being powered by coin cell batteries.

FIGURE 2.10 Solar watches with increased functionality: (a) and (b) the Junghans radio-
controlled “Mega Solar” from 1993, and (c) a Casio “batteryless” alarm chronograph.
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The development of the design of solar-powered watches over time thus followed 
a recognizable pattern: a convergence toward more “mainstream” designs (Eggink 
2017). Historic case studies of three successful technologies (the automobile, the 
television, and the personal computer) revealed that there is a strong correlation 
between the appearance of the new technology and the aesthetics of the dominant 
design movements. During the diffusion period of new technologies, the conformity 
of these technologies to the looks of the prevailing design movements of these dif-
fusion periods increases (Snippert 2016). In other words, in the same time that these 
technologies became successful, they looked more and more like “normal things” 
(Eggink and Snippert 2017).
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Design Case 2

Luminescent Solar Concentrator PV Designs

Angèle Reinders, Ned Ekins-Daukes, Timothy Schmidt, 
Hanbo Yang, Monika Michalska, Rosina Pelosi, Marcello Nitti, 

Lara Gillan, Dane McCamey, Elham M. Gholizadeh, Parisa 
Hosseinabadi, Blair Welsh, Scott Kable, and Wouter Eggink

2.1 INTRODUCTION: WHY DESIGN WITH LSC PV TECHNOLOGIES?

At  present, the world’s energy system is undergoing a fundamental transition. 
In addition to its emission reduction potential (Fthenakis and Raugei 2016), the 
solar energy supply is increasingly regarded as a source of economic develop-
ment that creates opportunities for innovation. Most of mankind’s energy demand 
arises from densely populated locations such as the built environment. Logically, 
if mankind aims to use more solar energy in the nearby future, the design of 
products, buildings, and cities will adapt to this new form of energy production, 
distribution, and consumption, leading to integrated solutions instead of mere 
technological instances. Luminescent solar concentrator (LSC) PV devices (see 
Figure  DC-2.1) are particularly attractive from a design perspective since the 
solar collector form and color are effectively decoupled. Specifically compared 
to existing conventional PV modules that are dark in color and have a fixed rect-
angular, thin, flat shape, LSCs offer colorful features and form freedom, which 
significantly contributes to design opportunities that can enhance the overall 
functions and experience of PV applications in products and in the built envi-
ronment (Reinders et al. 2018). Therefore, in this chapter two interdisciplinary 

FIGURE DC-2.1 Photo of various stacked luminescent solar concentrators. (Courtesy 
of Center of Excellence in Exciton Science, UNSW.)
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design-driven projects are presented, which cover, besides technological, also 
human, societal, and styling aspects. The first is a design project that was exe-
cuted in 2016 at the School of Design of University of Twente (UT). The sec-
ond project harnesses research advances in the Center of Excellence of Exciton 
Science at UNSW in Sydney, wherein the focus is on science, discovery, and the 
improvement of LSCs. This project took place during a one-week summer school 
in January 2019.

2.2 BACKGROUND REGARDING LSC PV TECHNOLOGIES

The functional principle of LSC PV was originally proposed in the late 1970s 
(Weber and Lambe 1976; Goetzberger 1978; Goetzberger et al. 1979, 1980). An 
LSC is a technology for harvesting solar energy that is comprised of a trans-
parent, thin plate acting as a lightguide. This  lightguide consists of a mate-
rial with a refractive index higher than air containing luminescent pigments, 
called luminophores. Photons originating from solar irradiance that enter the 
LSC are absorbed by the luminophore and are subsequently reemitted at lon-
ger wavelengths. A large fraction of the radiation is trapped in the lightguide 
by total internal reflection at the material’s surfaces. This  is a very effective 
mechanism for capturing and concentrating diffuse irradiance. For an excellent 
overview of existing lightguide materials and luminescent dyes, we like to refer 
to Debije and Verbunt (2012). The primary challenge faced by LSC PV devices 
is increasing their photon-to-electron conversion efficiencies to improve the 
efficiency of the LSC device. At present, a significant amount of research is 
underway to develop novel luminophores, including organic dyes, such as fluo-
rescent dyes, and inorganic dyes such as phosphors and quantum dots (QDs). 
Traditionally in LSC PV devices, PV technologies such as crystalline silicon or 
gallium arsenide solar cells are used; however, this short list is not limited to 
these PV technologies, and potentially, perovskite materials, amorphous sili-
con, and copper indium gallium deselenide (CIGS) solar cells could be applied 
as well. Currently, two types of characteristic LSC PV device configurations 
can be distinguished: LSC PV devices with cells attached to the back of the 
LSC and those with cells attached to the edges of the LSC. The highest effi-
ciency achieved so far for prototypes with cells attached to the back of LSC PV 
modules is 5.8% (Reinders et al. 2017) and for LSC PV’s with cells attached to 
the edges 7.1% (Slooff et al. 2008).

Apart from the use of perylenes as an organic dye in LSCs, recent devel-
opments with the application of QDs and new types of organic dyes in LSC 
PV devices show a far greater potential for concentration of incoming irradi-
ance and the efficiency of these devices. Namely, Bronstein et al. (2015) showed 
that LSCs doped with CdSe/CdS QDs can exhibit a 30-fold concentration of 
absorbed irradiance. This was achieved by coupling of a wavelength-selective 
photonic mirror to an LSC to form an optical cavity where emitted luminescence 
is trapped. This type of LSC PV device contained a microsilicon solar cell. Li 
et al. (2016) showed that large area devices with QDs can yield good results. 
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They have demonstrated relatively low-loss, large-area (up to about 90 × 30 cm2) 
LSCs with colloidal core/shell QDs resulting in efficiencies of more than 10% 
for dimensions of tens of centimeters. This is higher than the record efficiencies 
listed in part B, and as such this sort of breakthrough in LSC PV research is 
expected to result in future high-efficiency applications of LSC PV technologies.

2.3 APPROACH BY “THE POWER OF DESIGN”

The  application of PV systems beyond primary electricity generation is still 
limited. Earlier work revealed that the design potential of PV solar cells and 
PV systems is often overlooked; therefore, in these projects the opportunities 
and challenges of designing with LSC PV devices are explored in the con-
text of five aspects that are relevant for successful product design. These five 
aspects (Reinders et al. 2012) are: (1) technologies and manufacturing, (2) finan-
cial aspects, (3) societal context, (4) human factors, and (5) design and styling. 
In Reinders et al. (2012), these five aspects, shown in Figure DC-2.2, are dis-
cussed extensively. Here, we briefly focus on the least-known aspects, namely, 
“human factors” and “design and styling.”

The aspect of human factors deals with the use of PV technologies, the percep-
tion of consumers, and their interaction with PV technologies. This is especially 
important in shaping a consumer’s willingness to use PV technologies. For instance, 
from a prior study, it was concluded that respondents were quite positive about PV 

FIGURE DC-2.2 Scheme representing five aspects that are important for design with 
LSC PV technologies. (Courtesy of Angèle Reinders et al. 2019.)
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products that have an environmentally friendly or a social character. The aspect 
design and styling deals with the appearance of PV technologies. An  interest-
ing and contemporary appearance can have a major influence on the desirability 
of PV-integrated products but can also play a role in making PV systems more 
acceptable to its users or in its environment of use. For instance, in the case of 
BIPV systems, well-designed objects tend to encounter less resistance and also 
have an increased functionality because of a positive and forgiving attitude of the 
user. As Donald Norman stated, “Attractive things really do work better” (Norman 
2004). Moreover, the communication function of design (Crilly et al. 2004) can 
help to improve, in particular, the human factors and stimulate the acceptance of 
innovative technologies (Eggink and Snippert 2017).

2.4 UT’S PROJECT DESCRIPTION (2016)

A design study on possible applications for LSC PV technologies was executed 
within the scope of the master course “Sources of Innovation.” This course is 
part of the Master in Industrial Design Engineering of the University of Twente. 
The  course is especially targeted at developing novel designs for innovative 
technologies (Eggink and Reinders 2013). In previous years this approach was 
also applied to Concentrating PV and other PV technologies (Reinders 2008; 
Reinders et al. 2009, 2011, 2013). A series of theories about innovation processes 
from the book The Power of Design  [2] is applied in an accompanied design 
project. In  the academic year 2016–2017, about 40 students executed a design 
project in groups of two or three. The end results that they had to attain were a 
feasible concept design worked out to the level of a scaled prototype and a report 
that describes the design process and the application of the innovation methods.

The project resulted in a total of 16 prototyped concept designs. Due to the 
course’s emphasis on innovation and creativity (Verganti 2009; Eggink 2011; 
Eggink and Rompay 2015), the student design projects were very diverse. In ran-
dom order, the designed objects consisted of a tourist shelter, a garden fence, 
greenhouse panels, safety staircases, parking assistance in the form of trees, out-
door tables, a casing to charge cell phones, a labyrinth for parks, an illuminated 
bicycle frame, an LSC-powered boat, outdoor furniture, a sundial, a festival tent, 
and a colorful bike parking with integrated LSC PV technologies.

In the following subsections, we will highlight a subset of all the results that 
represent the broad application possibilities of the LSC technology on different 
dimensions. These dimensions are scale (from big to small), application pur-
pose (for professional use or for leisure and entertainment), and user experience 
(either active or more passive). The presented designs are also illustrative exam-
ples of the use of the design features of the LSC material: colorful, transparent, 
relatively cheap, and bendable.

2.4.1 AlliSee lsc Boat

This project presents a product design for leisure activities. The design consisted 
of a modular platform for a small electrically powered boat for outdoor activities 
such as snorkeling and fishing (Figure DC-2.3).
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The design makes use of one of the discerning design features of LSCs, which 
is the possibility to realize three-dimensional shapes. The curved form of the 
hull would be molded from one large sheet of LSC material. The transparency 
of the material adds to the user experience because the underwater world will 
be visible through the hull. In the design concept, the solar cells that are needed 
to harvest the light that is collected in the LSC hull are located in the reinforced 
gangway of the dinghy. Because the total LSC surface area is rather big, seg-
mentation with an additional PV cell grid would be applied to minimize the 
self-absorption of the photons by the material (Figure DC-2.4).

FIGURE DC-2.3 “AlliSee” transparent boat concept by Jullian Claus, Rosan Harmens, 
and Hieu Nguyen.

FIGURE DC-2.4 LSC transparent sculpted hull design with PV cell grid.
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2.4.2 Bike parking shed With integrated lscs

The  second example is a somewhat larger object for professional use. 
In  this concept, LSC material is integrated in the roof of a bicycle parking 
(Figure DC-2.5).

The LSCs generate electrical energy that can be used to illuminate the stand-
alone unit during the night. An integrated lantern will shed a colorful shadow 
pattern on the floor. This type of use of the color of the LSC material again adds 
to the consumer’s experience in two ways. During the day it draws attention to 
the sunlight as an energy source, and during the night it is supposed to support 
the feeling of safety (Figure DC-2.6).

Apart from the safety-enhancing lighting during the night, the LSC PV pan-
els could also be used to generate power for charging e-bikes. However, the 
charging station should be connected to the grid then as well, to ensure enough 
power supply during all seasons.

2.4.3 lsc taBle For outdoor charging oF devices

This concept, on a smaller scale, uses the LSC material to harvest energy in an 
outdoor table for use at festival sites. The energy is then used to charge the cell 
phones of festival visitors. The cables that are provided to connect the cell phones 
with the table are deliberately kept short, so the visitors are unable to use their 
phones during the charging. This should trigger them to have real-life conversa-
tions with other visitors of the festival instead of keeping them busy with their 
phone (Figure DC-2.7).

The table design consists of an LSC material tabletop and four legs with a 
cell-phone charger integrated in each of them. The PV modules that harvest 
the energy are located in the leg units that surround the table surface. During 
the evenings, the transparent tabletop can also be lit by integrated LED strips 

FIGURE DC-2.5 Bike parking concept with integrated LSC material and lantern by 
Ruben de Noord, Eduard Tudor, and Sem Vossebeld. During daytime (left) and during 
the night (right).
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FIGURE DC-2.6 Colorful effect of the LSC material in the bike parking concept dem-
onstrated in the prototype.

FIGURE DC-2.7 LSC-PV charging table concept by Niek Eggink, Gydo Nijensteen, 
and Mark Zwart in a typical festival environment. The  charging functionality should 
stimulate personal contact among the visitors.
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(Figure DC-2.8). The distinct color of the LSC material and the design of the 
table should attract people and tickle their curiosity, in order to enhance the 
social function.

2.4.4 illuMinating saFety strips

This  concept consists of a modular system for illuminating outdoor surface 
edges, in particular stairs and steps (Figure DC-2.9).

The design is self-sufficient. With the use of LSC material in combination 
with solar cell strips, energy will be converted during daytime and stored by the 

FIGURE DC-2.8 Table with LSC PV tabletop for charging cell phones. The tabletop 
can be lit-up by LEDs during the night (inset right).

FIGURE DC-2.9 Application example of LSC illuminating safety strips concept by 
Ashley Hogt.
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power controller. In  the evening, the energy will be used to activate the LED 
module inside the casing (Figure DC-2.10).

Because one of the proposed design methods of the course is platform-driven 
product development  [2], a lot of projects pay attention to a modular design. 
Also, in the case of the LED strips, several platform possibilities were explored. 
Apart from the more obvious options of altering the size and color of the strips, 
the incorporation of additional sensors to provide more functionalities was 
discussed. The safety strips can provide safety in a passive manner, as delinea-
tors of a “dangerous” edge, warning people to step back. However, they could 
also function in a more active way to create a feeling of safety by illuminating 
places in a playful manner, for instance, while walking public stairs when it is 
dark. To increase the engagement of the user, sensors will be used to make the 
experience interactive by responding to the users’ movements (Figure DC-2.11).

FIGURE DC-2.11 Active engagement of the user by responding to the movements of 
people ascending and descending the staircases.

FIGURE  DC-2.10 Impression of the construction of the modular LSC safety strips 
with the LSC material (magenta) surrounded by solar cells.
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2.4.5 lsc-pv garden Fence

This design uses the LSC material to create a multifunctional garden fence with 
a modular setup. The system consists of hexagonal panels with integrated light 
strips that can be put together to create a fence with the desired dimensions 
(Figure DC-2.12).

The students report that from the application of the innovation journey (one 
of the innovation methods provided in the course) it was shown that in previous 
time the LSC technology was mostly used in the public environment or applied 
for public utilities, so their design is an attempt to expand the use of the LSC 
material toward private architecture. Unlike conventional PV modules, the LSC 
panels can easily be cut into different shapes. The students therefore explored 
various possibilities with different building blocks to give the consumer the 
opportunity to build their own appearance (Figure DC-2.13).

FIGURE DC-2.12 Modular garden fencing system by Yanxin Wang and Biying Zhang. 
Scale prototype (left) and nighttime effect (right).

FIGURE DC-2.13 Exploration of basic shapes for the garden fence module with square, 
rhombus, pentagon, and hexagon. In the prototype, the hexagon was used.
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2.4.6 parking lot With lsc-pv “trees”

The parking lot design with solar-powered artificial trees is intended to support 
drivers with finding an empty parking spot. The tree-like structures incorporate 
a large LSC panel on top in the shape of a leaf that harvests the energy from the 
sun. The energy is used to power a system of sensors and arrows that can direct 
the drivers to the proper place. The trees can also be used to light the parking 
lot in the dark. The arrows are inserted in the tarmac and light up to show the 
correct direction (Figure DC-2.14).

The  interactive prototype showed the functionality of the system 
(Figure DC-2.15). The shapes of the LSC-PV energy sources are resembling a 
tree to add to the idea of sustainability of solar power.

2.4.7 lsc-pv laByrinth

The labyrinth that is built from large LSC-PV panels is one of the more explicit 
examples of the benefits of the relative cheapness of the material. The labyrinth 
is meant for public parks and can easily be modified, enlarged, or altered to stay 
interesting for the public (Figure DC-2.16).

The  design concept uses the energy that is produced by the solar panels 
to make the labyrinth interactive. A  number of rotating panels will dynami-
cally change the route through the labyrinth in reaction to the people inside. 
The changes can either direct the user to the exit or conversely make the route 
more difficult.

2.4.8 lsc-sustainaBle Festival tent

The largest concept in terms of scale is the sustainable festival tent. This con-
cept uses LSC PV modules to generate a part of its own electricity con-
sumption. In terms of design features of the LSC material, the color of the 
luminescent dyes in the LSC panels is used to create a special atmosphere 

FIGURE DC-2.14 LSC-PV “trees” concept for an interactive parking lot, by Samantha 
IJkhout and Jennifer van Zeil.
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inside the tent. Because most festivals are held both during day and night, 
the lighting effect is both special when the sunlight comes through the 
surface and when the tent is lit with artificial lighting (Figure  DC-2.17). 
The students made a working prototype at scale to demonstrate the lighting 
effect (Figure DC-2.18).

The  tent surface consists of triangular modules. When the night falls, the 
LSC panels are lit with the use of LED strips that are placed at one edge of the 
triangles. At the other two edges, solar cells are attached to catch the energy of 
the light that is trapped (Figure DC-2.19).

FIGURE DC-2.15 Prototype of the interactive parking lot. If a parking spot is occupied 
(mimicked by the hand on the left), drivers are directed to the other spots by the lighted 
arrows.

FIGURE DC-2.16 LSC-PV Labyrinth by Natasha Tanushevska, Renée Schrauwen, and 
Eline de Wall.
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The  students calculated that the tent could not  provide enough energy 
when powered by LSC-PV panels only and therefore suggested to incor-
porate both LSC-PV modules and conventional PV modules in a complete 
festival setup.

2.4.9 lsc-pv urBan street Furniture

In  this project, the students designed multifunctional street furniture 
(Figure DC-2.20). The playful modules of the furniture contain LSC panels that 

FIGURE DC-2.18 Scale model of the sustainable festival tent, demonstrating the light-
ing effect.

FIGURE DC-2.17 Impression of the sustainable festival tent by Rolf van der Toom, 
Steven Oonk, and Kasper Schriek.
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provide energy for integrated cell-phone chargers, similar to the festival table 
described earlier. The colorful units represent the different block shapes of the 
popular Tetris game and can be combined in several ways. This invites the users 
to build their own “urban landscape.” To enhance the association with the game, 
the students named their system “Letris.” Because the blocks are meant to be 
positioned to the users wish, they contain LSC panels at each side of the cubes. 
The panels also incorporate a grid to minimize the internal loss through self-
absorption of the photons by the material (Figure DC-2.21).

FIGURE DC-2.19 Impression of the construction of the modular LSC tent segments, 
with both LSC and conventional PV panels. On the bottom right is the setup of an LSC 
PV panel with solar cells and an LED strip around the edges.

FIGURE DC-2.20 Street furniture concept by Canxuan Li, Théo Sauzon, and Jules 
Troia.
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2.5 UNSW’S PROJECT DESCRIPTION (2019)

To further explore the design potential of LSC PV applications, a summer school 
was organized on the topic of “Exciton Solar + Design” in January 2019. This sum-
mer school, which was hosted by the ARC Centre of Excellence in Exciton Science 
and the School of Photovoltaic & Renewable Engineering at UNSW Sydney, aimed 
to engage both scientists and designers and included formal lectures and hands-
on sessions. Topics covered at this five-day summer school were: Excitonics and 
Solar Cells, Next-Generation Photovoltaics, Luminescent Solar Concentrators, 
Photovoltaic Design and Product Development, Building-Integrated PV Production, 
and Design and Practical Measurements on LSC PV devices.

The  summer school was attended by 15 participants with backgrounds in 
science, ranging from chemistry, physics, and electronic engineering. Besides 
better insights of the field of LSC PV, the summer school resulted in several con-
ceptual designs from the participants. In this section, we will present the most 
prominent conceptual design projects with a short explanation by their creators 
who are both scientists and designers.

2.5.1 solar lilies By hanBo yang and Monika Michalska

Aesthetics and perceived versatility gave birth to Solar Lilies. This product con-
cept reimagines LSCs into petal shapes that fit onto a replaceable base where 
solar cells are attached (Figure DC-2.22). The changeable base allows the lilies 
to decorate various environments from a garden pool to trees. Furthermore, the 
lilies, when connected in a series, can charge air pods or any small electronic 
device in cloudy weather or indoors, which provides an attractive complement to 
traditional solar solutions that require direct sunlight.

FIGURE DC-2.21 Details of the Letris urban furniture concept with charging inter-
face, connections, and LSC grid surfaces.
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The colors of the petals are entirely self-configurable in the color range of 
yellowish to reddish colors. Fluorescent dyes that cover different regions of the 
solar spectrum are designed to generate higher-power outputs. The established 
polymer host materials are also extremely lightweight and can be manufactured 
in flat or bent shapes to create various geometries for the design of a solar lily.

Figure 4 shows a solar lily in a Computer Aided Design (CAD) model. Each of 
the eight petals made of poly methyl methacrylate (PMMA) doped with 150 ppm 
of Lumogen Red 305 dye consists of a pentagon with a thickness of 1 cm and 
length of 8.5 cm. The entire Solar Lily spans across 21 cm in length. Solar cells 
(W = 0.03 cm, L = 3 cm, and H = 1.1 cm) are attached to the petal edges, which 
are connected to the purple base, which has a diameter of 5 cm. The other four 
edges of the petal are covered with mirrors to increase total internal reflections 
and to reduce reabsorption losses.

To estimate the performance of a solar lily, ray-tracing simulations have been 
executed for the design shown in Figure DC-2.4 using the advanced software 
package LightTools (Synopsis 2019). Under direct AM 1.5G solar irradiance of 
1000 W/m2 with a diffuse share of 200 W/m2, the average solar irradiance power 
collected by the surface of each top petal is 0.021 W with an error estimate of 
4%, whereas this value is 0.036 W for a bottom petal. To further improve the 
power output, a higher concentration of luminophores can be used. The geom-
etry of the Solar Lily will also affect the amount of power collected as such the 
initial design shown in Figure DC-2.23 can be further optimized.

2.5.2  arctic Fire Bottle By lara gillan, dane MccaMey, tiMothy 
schMidt, elhaM M. gholizadeh, parisa hosseinaBadi, 
rosina pelosi, Blair Welsh, and scott kaBle

This  LSC innovation in a bottle, called Arctic Fire Bottle, as shown in 
Figure 2.24, is designed to heat and cool liquids without a plug-in. From steam-
ing hot chocolate on Mt. Kosciuszko to a chilled beer at Bondi, you won’t need a 

FIGURE DC-2.22 Visual representation of the Solar Lilies design project. (Courtesy 
of Hanbo Yang and Monika Michalska.)
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campfire or a cold-box, known in Australia as an esky. The temperature control 
on top of this bottle is set externally, so you can sit back and relax while Arctic 
Fire gets to work.

The LSC body absorbs direct and diffuse light and funnels it to the attached 
solar cell. The direct current (DC) power production is then regulated and stored 
in a battery (Figure DC-2.25). On selecting the heating function, the induction 
heating plate draws on the batteries’ power to warm liquids. Cooling is achieved 
by thermodynamic adiabatic cooling. By selecting the cooling function, com-
pressed gas is released, thereby rapidly cooling the surrounding chamber and 
any liquid contained within it.

(b)

(a)

FIGURE DC-2.23 CAD presentation of a solar lily. On top (a), side view, and at the 
bottom (b), transparent view from above. (Courtesy of Hanbo Yang.)



53A Short History of Photovoltaic-Powered Products

2.5.3  colorFul, custoMizaBle Building eleMents By ned ekins-daukes, 
Marcello nitti, and angèle reinders

Bifacial solar cells offer some additional design flexibility since they permit illu-
mination on both sides. Therefore, the first LSC PV device with bifacial solar 
cells is presented in Figure DC-2.26. Each unit cell in this device, see Figure 2.8, 
consists of a squared lightguide that is covered at each side by four solar cells, 
which are surrounded by other cubes, which are also acting as lightguides.

In this example, each cube measures 1 × 1 × 1 cm; however, the optimal siz-
ing would vary depending on the luminophore and host material used. In this 
conceptual design, the dispersed luminophore in the PMMA lightguide matrices 

FIGURE  DC-2.24 Visual representation of the Arctic Fire bottle design project. 
(Courtesy of Blair Welsh.)

FIGURE DC-2.25 Schematic of the heating and cooling bottle shown above.



54 Designing with Photovoltaics

is the organic Lumogen Orange 240 dye. In practice, the choice of different dyes 
can lead to customizable color schemes for this sort of new LSC bifacial PV 
modules, which would make them, in particular, suitable for BIPV applications.

To estimate the performance of this design of a bifacial PV module, ray-tracing 
simulations have been executed of the unit cell shown in Figure DC-2.27 using 
the advanced software package LightTools (Synopsis 2019). In  the simulation, 
the total irradiance was set at 1000 W/m2 on top of the middle lightguide surface. 

FIGURE DC-2.26 A conceptual design of a PV building element with LSC bifacial PV 
technologies showing the customizability features of color. (Courtesy of Reinders and 
Ekins-Daukes.)

FIGURE DC-2.27 CAD presentation of a unit cell in the LSC PV module shown in 
Figure DC-2.26. (Courtesy of Marcello Nitti.)
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The  irradiance is divided in 70% (700  W/m2) direct irradiance and 30% 
(300 W/m2) diffuse irradiance. The direct source is located front facing the device 
far away from the device itself, thus acting as the Sun; while the diffuse irradi-
ance source is surrounding the whole device. The ray-tracing simulations have 
been performed while changing the dye concentration in the PMMA lightguide.

These simulation results are depicted in Figures DC-2.28 and DC-2.29, where 
internally faced surface and externally faced surfaces of cells are separately 

FIGURE DC-2.29 Generated power by solar cells of a unit cell of a bifacial LSC PV 
module at 15% cell efficiency under 1000 W/m2, see Figures DC-2.27 and DC-2.28, ver-
sus the concentration of Lumogen Orange 240 dye.

FIGURE DC-2.28 Incident irradiance on solar cell surfaces for a unit cell of a bifacial 
LSC PV module under 1000 W/m2 irradiance, see Figure DC-2.27, versus the concentra-
tion of Lumogen Orange 240 dye.
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represented. As can be seen, the incident irradiance power on the solar cell sur-
faces (of 1 × 1 cm) increases with increasing dye concentration, while it reaches 
a maximum value and then starts to decrease due to the occurrence of, among 
others, reabsorption losses.

The total incident irradiance power on the top surface of each cube is 0.082 W. 
In  this situation, the maximum average irradiance is 0.015  W on each inter-
nally directed surface of the solar cells at a dye concentration of 150 ppm; while 
the externally directed surfaces receive a maximum irradiance of 0.017 W due 
to greater exposure to light. Subsequently, when assuming a modest cell effi-
ciency of 15%, the externally directed solar cells will yield a maximum power 
of 0.0026 W per cell, and the internal cell surfaces will produce 0.0022 W per 
cell. A simple calculation of the effect of interconnecting many unit cells in a 
PV module in which all solar PV cells will be internally directed results in a 
performance estimation of 0.009 W per 1 cm2, which is similar to 90 W/m2 under 
irradiance of 1000 W/m2 and cells with an efficiency of 15%. As such, by this 
design the performance of the LSC PV technology not only looks aesthetically 
pleasing but will also generate a competitive efficiency of 9%. By optimizing the 
cell efficiency, the geometry of the unit cells and by adding semitransparent mir-
rors this initial efficiency could be increased. Assuming cell efficiencies of above 
20%, the module efficiency of this sort of transparent LSC bifacial PV elements 
could easily exceed 10%.

2.5.4 other designs using lsc pv technologies

In addition to the three examples shown in this paper, the design project resulted 
in several other innovative conceptual designs: intelligent safety helmets, color-
ful poultry housing, and a very useful design of a self-watering plant pot.

2.5.5 outdoor experiMents With lsc pv saMples

Following the conclusion of the design phase, the summer-school participants 
spent a day at Coogee Beach evaluating the performance of LSC devices under 
real outdoor conditions around noon with high irradiance and high temperature. 
Using only a standard multimeter and a basic LSC device consisting of sili-
con cells and dye-doped PMMA (Figure DC-2.30), they estimated the absorbed 
solar flux in the dye-doped PMMA sheet and made an estimate for the flux gain 
achieved at the edge of the sheet.

The aim of the exercise was to help students understand the often-confused 
measures for LSC performance. The geometrical gain G is the ratio of the sur-
face area of the collector to the surface area of solar cells employed and is a 
principle figure  of merit for conventional concentrator systems. The  students 
could readily calculate the geometrical gain simply by measuring the relevant 
dimensions of their PMMA sheet and the PV cell supplied. The flux gain F is 
the ratio of the measured short-circuit current density (Jsc) of the PV cell when 
integrated into an LSC and the PV cell short-circuit current when illuminated 
directly without any LSC. The ratio of F/G provides a useful figure of merit for a 
solar concentrator. If G provides the potential for solar concentration, F provides 
the extent to which concentration is actually achieved over the spectral range of 
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the PV cell. Since luminescent solar concentrators generally do not absorb the 
same bandwidth of sunlight as the PV cell, there is a further figure of merit: the 
absorbed flux gain E, which is the ratio of the Jsc of the solar cell in the LSC and 
the absorbed flux in the LSC. The students could determine this by measuring 
the Jsc above and below the LSC material. These figures of merit can then be 
used to calculate the optical efficiency of the system Φopt = E/G that indicates 
the efficiency that light absorbed by the LSC is directed to the PV cell. For the 
purpose of overall solar-power generation, the flux efficiency of the system is 
more useful ηφ = F/G, since this figure of merit compares how efficiently light 
that could be absorbed by the PV cell is guided through the LSC. To date, LSCs 
typically have F/G values <0.4  indicating that there is considerable room for 
improvement in the flux efficiency ηφ of the system.

Students were given an LSC, a PV cell (as shown in Figure  2.30), a mul-
timeter, some UV-cured epoxy glue, masking tape, electrical tape, aluminum 
foil tape, and provided with a worksheet that we reproduced below with typical 
values obtained by the students. 

 1. Measure the dimensions of your solar cell. Typical values: 6 × 0.3 cm
 2. Measure the dimensions of your LSC. Typical values: 10 × 10 × 0.3 cm
 3. Measure your cell’s Isc in full sunlight. The  result will fluctuate, so 

record the maximum value you see. This result is A Unfiltered Current. 
Typical value: 75 mA

 4. Measure the cell’s Isc filtered by the collector, that is, place the solar cell 
under the LSC and measure the current. Again, measure the maximum 
value. This value is B Filtered Current. Typical value: 55 mA

 5. The absorbed current in the LSC is C = (A−B). Typical value: 20 mA

FIGURE DC-2.30 Photograph of the LSC collector and the PV cell used in the experi-
ments. The cell was premounted on a piece of PMMA to aid the construction of the LSC 
during the practical session.
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 6. Fit your solar cell into the notch cut in the collector. Observe if there is 
a large air gap. If so, you may need to use a filler strip.

 a. If a filler strip is required, glue this first to the solar cell using the 
UV-cured epoxy glue. Be careful not to get this onto your hands! 
Use the applicator.

 b. Glue the solar cell into the notch using the UV-cured epoxy glue. 
Be careful not to get this onto your hands! Use the applicator.

 c. Be careful to make these joins as optically transparent as possible. 
Photon scattering here is a loss!

 7. Place black electrical tape across the join between the solar cell and the 
collector to prevent spurious excitation of the solar cell.

 8. Measure the LSC device’s Isc. This value is D, LSC Current. Typical 
value: 76 mA

Analysis: 

 1. The absorbed flux gain is E = D/C. Typical value: 3.8
 2. The flux gain is F = D/A. Typical value: 1.0
 3. Calculate the geometric gain, G. This is the ratio of the collection area 

to the area of the solar cell(s).
 Typical value: 47

 4. Calculate the optical efficiency, Φopt = E/G. Typical value: 8%
 5. Calculate the flux efficiency, ηφ = F/G. Typical value: ηφ = 2%

Summarizing, students typically found that their dye-doped PMMA achieved 
a geometrical flux gain over the absorbed photon flux in the dye-doped 
PMMA sheet but not an overall energy gain. In agreement with almost all pub-
lished results so far on large-area LSC PV devices with cells attached to the 
edges, a photon flux gain relative to the LSC absorbed solar flux is commonly 
achieved, yet an overall, broadband optical energy concentration remains elu-
sive. Nevertheless, the enthusiastic participants chained a few of their collectors 
together to successfully power a small electromotor.

2.6 DISCUSSION AND CONCLUSIONS

The LSC PV is an alluring technology that affords a freedom in design that is 
not easily achieved with other PV devices. Therefore, it can play a major role 
in creating PV applications, which will be easily accepted by many users. By 
following a formal design process offered by the methods of “The  Power of 
Design” (Reinders et al. 2012), the participants of both design projects at UT and 
UNSW generated some ambitious ideas for attractive, solar-powered products, 
some of them showing a new form of aesthetic. In the first project, the focus was 
clearly on design only, while in the second project, the “Exciton Solar + Design” 
summer school, the students’ interests were either on aesthetics, such as by the 
beautiful design of the Solar Lilies, or on an enhanced efficiency, such as the 
bifacial LSC PV module. This project was supported by experimental field stud-
ies and by simulations to verify the expected performance of the new LSC PV 
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designs. In  many cases, the power density of sunlight would be sufficient to 
generate the necessary energy, but the present performance of LSC technology 
should be improved in the nearby future to realize the more diverse applica-
tions. Therefore, LSC research and development underway at the ARC Centre 
for Exciton Science will provide the necessary technology push. Also, the use 
of simulation tools for ray-tracing appeared to be useful for evaluating the theo-
retical optical performance of conceptual LSC PV designs and for design opti-
mizations under conditions of use. On the basis of the simulations it seems well 
possible that LSC PV devices can achieve efficiencies above 10% (Aghaei et al. 
2020) and hence become a serious alternative for existing PV technologies while 
at the same time creating an immense design potential.
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