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Abstract

Luminescent solar concentrators (LSCs) provide indirect light concentration by

absorbing both direct and indirect incident light, and have applications in building-

integrated photovoltaics (BIPV). Fibre LSCs were found to have a linear relation-

ship between photon concentration and fibre lengths in scales suitable for LSC

modules. Using raytrace modelling, cylindrical LSC arrays were found to exhibit

light trapping properties at certain angles of incidence, which can pave the way for

more efficient BIPV applications.

Novel optics for a double-illuminated water splitting reactor were introduced, for

the objective of solar hydrogen for energy storage and sustainable transport fuels.

A reflective cone embedded in a waveguide reflects incident concentrated light into

the waveguide. Raytrace modelling and practical high concentration measurements

demonstrate the viability of the optical system as well as necessity for a perfectly

smooth reflective cone. It was also shown that replaced the reflective cone with a

quantum well solar cell (QWSC) in order to harness the photoluminescence (PL) is

not a viable concept with current QWSC structures.

Another form of sustainable transport fuels is to use biofuels produced by algae.

Algae have evolved to absorb excess amounts of energy, even when it is detrimental

to their own growth and survival. This causes inefficiencies when growing algae in

raceway ponds. The luminescent solar diffuser (LSD) is an optical funnel, optimis-

able by use of a genetic algorithm, that can be retrofitted into an algae raceway

pond in order to better distribute incident light into the pond depths. This was

calculated to increase algae growth rates in the pond, thereby increasing the yield

of an algae farm.
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Chapter 1

Introduction

1.1 The Need for a Sustainable Future

The world’s addiction to fossil fuels can be represented by the infographic of the

estimated energy use in the U.S. in Figure 1.1. In 2011 80% of the energy used in

the U.S. was fossil fuel-based [1]. Fossil fuel use has also continued to rise year on

year with the fears of peak oil yet to materialise on the world stage. It is undeniable

that fossil fuels give rise to anthropogenic climate change [2].

Humankind therefore has a triple-barrelled energy problem: Energy demands

are ever increasing and have to be met whilst oil reserves are dwindling and atmo-

spheric forcing by greenhouse gas emissions are causing significant and detrimental

changes to the global ecosystem and environment. Despite the fact that the damage

to a country due to climate change can cost around 3.5% of its GDP [3], the main

obstacles to amending this issue in the past have been primarily social and political

[4].
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Governments around the world however have started to react. The European

Union (EU) formed a policy framework in January 2014 which outlines a target of

reducing domestic greenhouse gas emission by 40% below the 1990 level by 2030 as

a stepping stone to reaching an 80% emission reduction by 2050. Part of the policy

included a further objective that also by 2030, at least 27% of the EU’s energy con-

sumption has to be renewable energy based [5]. The European Commission (EC)

had already issued a directive in 2010 that by 2020 all new buildings have to be

nearly zero-energy [6].

On a global scale, the 2015 UN Climate Change Conference in Paris has been

seen to be a huge leap forward in global climate change policy, where a consensus

between 196 nations was established on reducing anthropogenic causes of climate

change and keeping global warming to within 2◦ C of pre-industrial temperatures.

From this the Paris Agreement was created. On 22nd April 2016 175 nations put

pen to paper and signed the agreement [7]. For all its pomp and circumstance, get-

ting a consensus was the easy part. The much harder part of this lies ahead: The

application of science, technology and lifestyle changes to curb CO2 emissions and

utilise all global resources sustainably. Looking at Figure 1.1, the energy streams

from natural gas, coal and petroleum need to disappear, with the other streams

increasing to take their places.

One of the many solutions that will play a part in curbing CO2 emissions will

be solar power. Sunlight is the ultimate sustainable energy source: abundant, free

to harness, can be done so anywhere in the world, and whereas an oil spill causes

ecological devastation, a sunlight spill causes families to have barbecues. The spec-

trum of sunlight is close to that of a black body at a temperature of 5800K, and

at the top of the atmosphere delivers a power of 1366.1Wm−2. Actual intensities

on the surface of the Earth depend on the amount of atmosphere which sunlight

has to pass through, as well as weather conditions. The atmosphere absorbs and
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Figure 1.2: International standard light spectrum ASTM G-173-03 for direct and
diffuse components of light. The integrated power defined as 1 sun is 1000 Wm−2.

scatters part of the sunlight, giving rise to two types of light incident on Earth: di-

rect planar light from the sun, and isotropic diffuse light from the atmosphere. The

international standard light spectrum ASTM G-173-03 [8] is shown in Figure 1.2.

The direct component from the sun contributes to 90% of incoming light and con-

sists of the sun’s blackbody spectrum minus the spectral regions absorbed by ozone

and water. The diffuse light, more blue rich than direct light due to it being gen-

erated by Mie scattering in the atmosphere, contributes to 10% of incoming light.

Together they have an integrated power of 1000 Wm−2, a value defined as “1 sun”.

Photovoltaic (PV) cells harness sunlight and convert it to electricity. The PV

industry is rapidly growing, with global installed PV capacity reaching at least

227.1 GW at the end of 2015, which amounts to over 1% of the world’s electricity

generation capacity [9], and is being predicted to hit 321 GW by the end of 2016 [10].

With this current drive towards increasing building sustainability and zero net-

energy policies, building integrated PV (BIPV) is a growing market [11], especially

for countries where free space is at a premium. The potential for BIPV has been

demonstrated by the fact that in around 1995, the growth rate of the PV global

market started to increase more than ever due to greater interest in roof-top PV
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[12]. Buildings can even turn from energy consumer, to energy producer [11]. BIPV

is discussed in greater detail below in section 1.2.

An important characteristic of photovoltaics is their intermittency in ability to

generate electricity, which complicates the assessment of their economic viability

[13]. Furthermore the power output of a solar panel due to weather/day cycles is

partly decoupled from public demand. For periods of high supply and low localised

demand, especially for BIPV and building applied PV (BAPV), where solar panels

are retrofitted onto conventional housing, the extra energy can either be stored or

distributed further afield to areas of demand without supply [14]. Wind power also

suffers more from intermittency than solar power, due to the inherent unpredictable

fluctuating nature of wind speeds [15], so with the increase in wind and solar ca-

pacity, must also come an increase in energy storage or energy distribution capacity.

Currently, we globally only have capacity to store around 1% of the energy

consumed. Conventional large scale energy storage is implemented almost entirely

(98% globally) as pumped hydro [16]. Energy storage capacity will need to rise as

we increase the number of photovoltaic and wind power stations. New pumped hy-

dro projects however have increasingly high capital costs, and so currently endure

difficulty in obtaining funding [17].

There is a plethora of next generation large scale energy storage technologies

under investigation[18, 19], with the most likely contenders being: cutting edge bat-

tery technology such as metal-air; power-to-gas which revolves around electricity-

powered hydrogen production and storage, or around methane which is 3-4 times

more energy dense, but also more complex to produce, than hydrogen [20]; power-

to-liquid which involves liquefying air by electrical means; and solar fuels, on which

part of this thesis focusses on. All of these technologies have the capacity for rapid

ramping up (or down) the rate of energy storage or generation [21].
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The only current large scale commercial technology is compressed air. Barriers

to its deployment appear in the form of difficulty in finding favourable locations

that can accommodate gas turbine systems, as well as environmental issues due

to the combustion of fossil fuels still being a necessity. Battery technology is still

unsuitable for large scale energy storage due to high cost, as well as an inability

to find a technology that is cheap, has long term performance lifetime, with high

energy density and using abundant materials [22]. Thermal energy storage is used

in hot countries, but current technologies in the form of molten salt suffer from

issues such as cost, slow response times since phase change transformation can be

involved, and a limited cycle life due to material thermal cycling resistance [23].

Battery manufacturing is taking off recently with the help of the rise of electric

vehicles, but this technology is far from being suitable for air transport, with the

main issue being insufficient energy densities in energy storage, alongside suitably

powerful electrical propulsion. The energy density is around 42MJ/kg for Jet A-1

fuel [24] and around 0.54MJ/kg for state-of-the-art, as yet uncommercialised lithium

ion batteries [25]. For this reason hydrocarbon fuels for the foreseeable future will

continue to be necessary for air and marine transport.

Solar fuels in the form of solar hydrogen and biofuels provide solutions for both

large scale energy storage to mitigate intermittancy, and sustainable fuels for trans-

port. It has been stated that the “Holy Grail” of solar energy storage is to use

a semiconductor as both a light absorber and energy converter in photo-assisted

water splitting, also known as photoelectrolysis, to store solar energy as hydrogen

[26]. A detailed discussion of photoelectrochemistry is beyond the scope of this

thesis, and a thorough background of the area can be found elsewhere [26, 27,

28, 29]. Renewable, carbon neutral transport fuels are needed for carbon reduc-

tion in this infrastructure sector. Biologically produced fuels, or biofuels, can be
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a solution to this because the biomass absorbs atmospheric CO2 in order to grow,

raising the possibility of a carbon neutral fuel [30]. Not only does liquid biofuel

allow solar energy to be stored, it can also be used directly in existing combustion

engines and transport infrastructure. Green fuels which can be directly inserted

into existing infrastructure and technology whilst proviinge a means of removing

the natural gas, coal and petroleum streams in Figure 1.1 are called “drop-in fuels”.

This thesis is aimed at the idea of reducing the fossil fuel energy streams by

augmenting the contribution of renewable energy sources to help solve the triple-

barelled energy problem. It aims to improve knowledge on three topics of sustain-

able energy as discussed above: BIPV, and energy storage and sustainable fuels in

the form of solar hydrogen and biofuels.

1.2 Building Integrated Photovoltaics

Building integrated photovoltaics (BIPV) are photovoltaics that replace con-

ventional building materials, that are considered as functional part of a building’s

structure, or are architecturally integrated into a building’s design [12, 31, 32, 33].

They are often used in sustainable building initiatives, with solar panels being

placed on tops of houses as well as non-residential buildings such as offices and

schools [34]. BIPV is also considered one of four key factors of cost reduction, ef-

ficiency increase, building integration and storage capability, to ensure the success

of the PV industry [35].

BIPV systems provide opportunity for architectural design and can be used

purely for aesthetics. They can act as shading devices [12] and also form semi-

transparent forms of fenestration [36]. Silicon cells can be used to make a BIPV

roof look similar to a conventional roof, or as part of a glass ceiling to provide

shading [12, 37].
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It has been stated however through a review of papers on life cycle analysis

(LCA) of BIPV that most studies do not have comprehensive life cycle and impact

coverage of such systems, often omitting crucial factors such as end-of-life disposal

[40]. As a response, thorough methodologies for life cycle cost assessments have

been proposed [41].

There are also barriers hindering the rise of BIPV. These barriers can be clas-

sified into four main groups: institutional, public, economic and technical [42]. For

institutional barriers, governments are critically responsible to prepare supportive

laws, policies and financial aids such as feed-in tariffs to aid BIPV. Feed-in tariffs

especially, are one of the most, if not the most, important factor in a BIPV project

[43]. This in turn would provide a drive to improve cost:efficiency ratios of BIPV,

a major economic and technical barrier. Other technical barriers exist, such as

non-optimal angling of a photovoltaic, if for example it becomes a building façade,

and the performance drop caused by it. Lastly, the success of a BIPV project de-

pends on the public’s cooperation to support such an technical endeavour. Indeed,

it has been shown that public knowledge on the subject is vital to achieve social

acceptance, something which requires more effort than is expected [42].

A recent UK poll carried out by Solarcentury, a leading PV provider and in-

staller, confirmed the importance of public opinion on BIPV with 86% of homeown-

ers wanted new home additions to “look stylish” whilst 65% said if they installed

solar panels, they would have to be less visible and not stand out [44]. Public

buildings however have potential for interesting aesthetics in order to stand out.

This has already been demonstrated by luminescent coloured façades on the Musac

museum in Léon, Spain and the Palais des Congrès in Montreal, Canada, as shown

in Figure 1.3.

Unconventional PV can be used to try and overcome some of these BIPV bar-
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(a) The Musac Museum, in Léon Spain. (b) The Palais des Congrès, in Montreal
Canada.

Figure 1.3: Two buildings with coloured façades. (a) Taken by tagago [45], licensed
under CC0 1.0. (b) Taken by Emmanuel Milou [46], licensed under CC BY-SA 2.0.

riers whilst integrating some of the aesthetic aspects demonstrated in the colourful

buildings. Perovskite solar cells, which are solution-based, semi-transparent thin-

film PVs, form the basis of new solar cell company OxfordPV [47]. This company

claims high efficiency, low cost solar power, yet successful commercialisation or even

a large scale showcase of this technology has yet to be demonstrated. Another type

of high efficiency, low cost PV in the form of dye-sensitised solar cells have been

demonstrated practically to work in the real world, with the EPFL convention cen-

tre having a dye-sensitised solar cell coloured façade since 2013 [48].

This is where luminescent solar concentrators (LSCs) can be used as an alterna-

tive to current technologies that are not fully testing. LSCs can be made of different

colours, are cheap to produce and the amount of conventional PV needed to couple

with the LSCs is much less than the whole façade surface area.

1.2.1 Luminescent solar concentrators and their potential for BIPV

The concept of the luminescent solar concentrator (LSC) was conceived in the

1970s [49, 50, 51, 52] as a practical way to reduce the cost of solar energy. This

was an attractive idea on two fronts, the first being the ability to convert roughly

similar electrical output with a reduced solar cell area, and secondly the ability to

9



Figure 1.4: A collection of luminescent solar concentrators under illumination. The
emission wavelength can be changed by way of using different luminescent material.

collect sunlight from all angles, thereby taking away the necessity for solar tracking

as is needed for conventional concentrating setups [53].

In its most basic form, the LSC consists of a transparent waveguide homoge-

neously doped with, or coated with, luminescent material. Luminescence is the

spontaneous emission of light not caused by the heating of a material, but rather

from an electronically excited material [54]. This can be caused by light absorption,

chemical reactions or electrically biasing the material. In the case of the LSC, the

luminescent material absorbs incident solar light and re-emits it, with a proportion

of the re-emitted light trapped within the transparent medium due to total inter-

nal reflection (TIR), thereby guiding it to the edge of the LSC. The light is then

collected optically by a PV cell, usually optically matched onto the edge using re-

fractive index-matching liquid. One advantage of using an LSC is that the emission

spectrum of the luminescent light can be manipulated, by way of changing the lu-

minescent material (see Figure 1.4), so that the peak emission wavelength matches

the peak absorption wavelength of the PV cell in use.

After an initial flurry of research activity, interest waned in the 1980s with a

combination of limitations with luminescent materials [55], the increasing interest

in silicon, and decreasing oil prices [56]. Rather a lot of interest has been picking
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up in the past decade [53] due to new global renewable energy policy, as well as a

renewed desire for BIPV. LSCs at a module scale cannot compete with standard

silicon PV modules in terms of absolute power or standard installation costs [57],

but for BIPV applications, LSCs do not directly compete with cheap photovoltaics

as they can be incorporated into buildings or other structures in variety of designs

and colours [58]. This can satiate the needs for both the public’s desire for aes-

thetically pleasing yet hidden photovoltaic energy generation and the architectural

desire for eye-catching building designs and net zero-carbon capabilities.

Whilst being outperformed in absolute terms by PV in module scale, they have

a few positive characteristics. LSCs are less adversely affected by lowered light in-

tensity levels, and the relative efficiency of an LSC can actually increase in diffuse

light conditions, due to more favourable incident light absorption spectra [59]. An

LSC has also been demonstrated to perform closer to its standard test conditions

in real life than standard silicon PV modules. Using a performance ratio figure of

merit which measures the deviation between the actual performance of a PV mod-

ule and that which is theoretically achievable working at standard test conditions

(STC), Aste et al. found that the power generated by an LSC relative to the solar

irradiance is 20-40% closer on sunny days and 30-45% closer on cloudy days to its

STC power output than standard polycrystalline and monocrystalline PV modules

[57].

The LSC in question, which was homogeneously doped with a 2-dye yellow lumi-

nescent mixture, was used as a south-facing window in an office and LSC integration

into windows was determined to be compatible, and even advantageous, in terms

of of visual comfort. A similar study using a LSC with red luminescence quanti-

fied maximal visual comfort to be when the LSC made up 25% of a window [60].

Emulating the aesthetics of the two buildings in Figure 1.3, 3D raytrace modelling

has been undertaken on LSC stained-glass window designs. Raytrace simulation
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results for multi-coloured LSC “stained glasses” were found on average to agree to

within 5% of the experimental results, thus paving the way for raytrace modelling

to be used as an effective tool to determine LSC windows in a BIPV setting [61]. A

year later in 2015, ray-tracing was again used by Grée et al. [62] to determine ap-

propriate values for thickness and dye concentration of a roof-tile LSC design. The

authors wrote in their paper conclusion that results from this raytrace experiment

were going to be used for an real world roof-tile LSC experiment. Results from this

practical experiment have yet to be published.

LSCs have been used as part of luminescent lighting devices in a concept known

as daylighting [63, 64, 65]. This concept is where incident light is collected by a LSC

building’s roof, and the luminescent light is waveguided into a room in a building.

It has been measured that a 1.44m2 fibre LSC array, when illuminated at 1 sun,

illuminates a room at around 60Wm-2 [66]. The same authors go on to say that the

intensity output could have been higher had larger fibre diameters been used [67].

Not only can LSCs be used for buildings alone, but they can provide aesthetic

and electricity generating aspects to other structures like sound barriers on mo-

torways, atrium panels [53] and curved LSCs even be wrapped around lamp posts

[68].

1.2.2 Thesis motivation - Cylindrical LSC arrays

All LSC investigations that are focussed on building integration utilise planar

geometries, with the exception of the cylindrical LSC array used for daylighting

[66, 67], or the flexible planar LSC investigated at different bend curvatures [68].

These cylindrical arrays were not compared with planar LSCs of equal dimensions.

Cylindrical geometries are being investigated because of their increased ratio of

incident light collection area to luminescent emission area, albeit as standalone de-

vices. Cylindrical LSCs would be implemented in the real world as arrays, however
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Edelenbosch et al. [69] are the only authors to publish on the optical effects of

having cylinders as arrays. This work focussed on the middle cylinder out of five

being illuminated by incident light at normal incidence, and understanding its light

recycling processes.

There is an absence of knowledge of how a large scale cylindrical array would

work in real world conditions, where incident light is only normal to the array at

one point during a day. One of the thesis objectives was to therefore investigate

the optical behaviour of neighbouring cylinders at realistic angles of incidence. As

a result, incident light trapping effects which are not seen in planar LSC geometries

were found. This encourages the investigation of cylindrical array tilt optimisation

to take advantage of this light trapping.

Whislt one can optimise BIPV for better integrated solar electricity generation,

it still does not take away the current issue of the intermittency of solar power

generation. Energy storage technologies are needed to fill the gaps for when the

sun is not shining. The following section introduces using solar hydrogen as a

renewable form of energy storage.

1.3 Renewable Hydrogen as a Solar Fuel

Renewable hydrogen was introduced in section 1.1 as a solution for energy stor-

age to deal with both renewable intermittency issues, and for transport. Surplus

electricity generated by renewable sources can be used by an electrolyser to split

water into hydrogen and oxygen, and storing the hydrogen as a fuel. This hydrogen

can then be used by a fuel cell either during times of high electricity demand and

low renewable supply [70], or in a vehicle [71]. The combustion of hydrogen yields

only water, and so alongside electric vehicles, is seen as an attractive fuel especially

in urban areas due to the absence of toxic substances such as carbon dioxide, ni-

trogen oxides and sulphur oxides [70].
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Hydrogen however is already used in great quantities around the world, with a

desperate need for a more sustainable form of production. Most of the hydrogen

produced in the world today is currently used for ammonia production in the fertil-

izer industry and in oil refineries at the rate of 400-500 billion Nm3/year (N relates

to “normal” conditions of standard temperature and pressure) , and of this, 99% of

it is produced from fossil fuels and natural gas [70]. Whilst sustainable hydrogen

production still has unavoidable pollution due to infrastructure development and

precious metals involved in building the reactors, it is still less polluting even in

small-scale production compared to fossil fuel produced hydrogen [71].

Hydrogen can be produced sustainably in a few ways. Conventional electrolysis

can be driven by renewable energy sources such as PV and wind. It can be produced

via fermentation of biomass as well as a form of excretion by certain cyanobacteria

[72]. Solar hydrogen can be produced by water splitting, either by high-temperature

processes [73], or by photoelectrochemical means [74].

1.3.1 Solar hydrogen by photoelectrochemical means

There is great attention in hydrogen production through photoelectrochemical

means. First demonstrated by Fujishima and Honda in 1972 [75], it uses incident

sunlight to generate charge carriers that can split water photocatalytically at spe-

cialised semiconductor interfaces.

The premise of photo-water splitting is to use sunlight to transfer excited charge

carriers from a conductive electrode into water at a larger potential bias than the

potential to split water into gaseous hydrogen and oxygen. Sufficient potential

difference is applied across the water in order to drive two half-reactions happening

on two electrodes [76]:
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2H2O(l) 
 O2(g) + 4H+ + 4e− (1.1)

4H+ + 4e− 
 2H2(g) (1.2)

Equation 1.1 is the oxidation reaction happening on the anode (+), whilst Equa-

tion 1.2 is the reduction reaction happening on the cathode (-). In electronic

(semi)conductors, charge carriers are electrons and holes. In water however, the

charge carriers are ionic species such as H+
3 O and OH− as there are no free elec-

trons in solution. The free energy needed to split water into hydrogen and oxygen

corresponds to a minimum semiconductor bandgap of 1.23 eV. In reality, a larger

bandgap of at least 1.9eV is needed [77] due to losses associated with charge carrier

separation, charge transport and photocatalytic efficiency [78].

A photoelectrochemical device has an anode and a cathode in contact with an

electrolyte. The anode’s valence band edge must be lower than the oxidation energy

level of the electrolyte, and the cathode’s conduction band edge must be higher than

the reduction energy level of the electrolyte. This is shown in Figure 1.5. When a

semiconductor comes into contact with an electrolyte, Fermi levels equilibrate lead-

ing to band bending and the creation of a space charge region. Upon illumination

of the semiconductor, electron-hole pairs are created and the Fermi level increases

with the internal photovoltage ∆Vphoto. As stated above, several loss mechanisms

then decrease the voltage to an externally measured photovoltage.

Having no free electrons for charge transfer, water is limited by mass transfer

of ionic species produced at the electrodes. As such, many reactor systems operate

with a pH bias with acid or alkaline solutions. For example, adding sodium hy-

droxide (NaOH) to water causes it to dissociate into mobile ions Na+ and OH−.

Having free mobile charge carriers causes the water mixture, or electrolyte, to be-

come more conductive. When using an alkaline electrolyte, with pH levels higher

15



Figure 1.5: Band diagram for a PEC cell where an n-type semiconductor anode and
a metallic cathode are used in an electrolyte, in dark conditions (left) and in illu-
minated conditions (right). The space charge region for charge carriers is depicted
as W. Illumination raises the Fermi level by an internal photovoltage ∆Vphoto and
creates electron-hole pairs. Holes and electrons enter the electrolyte for oxidation
and reduction respectively.

than neutral (7), equations synonymous to equations 1.1 and 1.2 can be expressed

using OH− ions for oxidation and reduction half reactions [77]:

4OH− + 4h+ 
 O2 + 2H2O (1.3)

4H2O + 4e− 
 2H2 + 4OH− (1.4)

where the self-ionization of water can be expressed as:

H2O 
 OH− +H+ (1.5)

1.3.1.1 Reactor designs

Traditionally speaking there are two designs for water splitting reactors. One

involves using conventional PV to power conventional electroylsis reactors, called

PV-electrolysers [79]. The other involves a PV or other photo-active structure em-

bedded within the reactor and encapsulated against the water using transparent,
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conductive and chemically robust materials. These are called photoelectrochemical

(PEC) cells, or more glamorously by some, artificial leaves [80, 81]. These are tra-

ditionally monolithic structures, meaning they are front-illuminated with one side

of the cell directly contacted with the water, whilst the other end is not in contact

with the water but instead linked to a counter electrode. Both designs are shown

pictorially in Figure 1.6.

(a) PV electrolyser setup. (b) Photoelectrochemical (PEC) cell
setup.

Figure 1.6: Water splitting with a PV electrolyser (a) and a photoelectrochemi-
cal (PEC) cell (b). The PV electrolyser system uses conventional PV to power
conventional electrolysis for water splitting. The PEC cell has an integrated photo-
active device within the reactor itself. In the case of the reactor in (b), the cathode
(coloured blue) has the embedded PV which provides the potential bias to split
water.

For single semiconductor devices, not only do they have to have large bandgaps,

but their band edges must be suitably matched to the reduction and oxidation

potential of water. Several photoabsorbers could also be connected in series to in-

crease the potential bias between the anode and the cathode, but the photocurrent

density decreases by a factor equal to the number of connected cells [82]. There

is therefore a distinct move into using 2- and 3- junction solar devices to power

PEC water splitting, and the most efficient systems are PV-electrolyser types [76].

Some integrated 3-junction PEC designs are reaching solar-to-hydrogen efficiencies

of 14%, a number more closely matching that of PV-electrolysers [83].
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PV-electrolyser systems have been called “brute force” approaches due to the

simple requirement of applying enough voltage to split water. Benefits include

the ability to independently optimise the photovoltaic and photoelectrochemical

technologies, and the problems related with photo-corrosion of semiconductors and

blocking of light sensitive surfaces with hydrogen-evolving or oxygen-evolving cat-

alyst materials are automatically avoided. PEC systems however are considered

to be the brighter future prospect as they are more practical, efficient and cheaper

methods of hydrogen production because they integrate both light energy collection

and water splitting into one device [84]. It has been argued that both designs are

one and the same electrochemically, with the only difference being the engineering

decision of where to place the photo-active devices [78]. The same authors that

claim this have a device design which is halfway between the two conventional ap-

proaches, where an encapsulated photovoltaic cell is placed inside the solution, but

the half-reactions for water splitting occur on two electrodes that protrude behind

the cell [82]. These authors claims are correct only for device designs where the

electrode surfaces are not photo-active.

A technological frontier, concentrating optics have been investigated for PV-

electrolyser systems. This is where conventional CPV is utilised to power electrol-

ysis [85, 86]. This includes a system with the highest solar to hydrogen conversion

efficiency record to date of 24.4% [87]. There is also a hybrid concentrator PV-

electrolyser/PEC system, whereby spectrum splitting occurs to light a PEC cell

and solar cell simultaneously. The solar cell is used to provide further bias to the

reactor as well as power to other auxiliary equipment [88, 89]. A computational

paper [90] has been published on the effects of yearly irradiance and temperature

variation effects on concentrated PEC reactors to bring into focus real-world deploy-

ment strategies for PEC technology. Results showed that annual weighted average

solar-to-hydrogen efficiencies in excess of 9 to 11% can be achieved in cloudy and

18



sunny locations respectively. The PEC reactors, however, were deemed likely to in-

cur damage due to both overheating and freezing without modifications for module

cooling and the antifreeze adaptations to the electrolyte respectively.

Efficiency is only one of the pillars of the water splitting trilemma: Efficiency,

robustness and economic viability. Currently most water splitting designs use plat-

inum as one of the electrodes. This material is used conventionally for traditional

electrolysis, but for the scale of hydrogen production envisioned by the solar hydro-

gen community, it is too expensive to be scalable. Of all the citations in this section

thus far, only Elias et al. utilise non-platinum materials on both their electrodes,

using instead RuO2 and NiMoZn on steel for the anode and cathode respectively

[79]. A complete list of all reactors and their respective electrode materials can be

found in the Ager et al. 2015 review [76]. Ahmad et al. produced a review that

focusses on TiO2, one of the most commonly used photocatalysts [91], and work

done to mitigate its issues of needing a large potential to drive hydrogen, limited

light absorption due to its large bandgap of 1.9 - 2.1eV, and rapid charge carrier

recombination rates [74]. A comprehensive material benchmarking study was con-

ducted by McCrory et al. to investigate the performance of materials at current

densities relevant to a 10% efficient water splitting system under 1 sun illumination

at both 1 M NaOH and 1 M H2SO4 solutions. Results suggest there is a need to

develop non-noble metal oxygen evolving catalysts stable in acidic conditions, and

most hydrogen evolving catalysts used in the community show high activity and

stability in both acidic and alkaline conditions [92].

1.3.2 Thesis motivation - A new double-illuminated PEC reactor

design

All PEC reactors in the literature are designed such that they are illuminated

from one surface. Whilst most designs involve one electrode to be photo-active [93],

some monolithic designs require both electrodes to be photo-active, where the top
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photoelectrode is designed to be semi-transparent so that the bottom photoelectrode

receives sufficient light [94]. This brings difficulties with the trade-off between pho-

toelectrode performance and light attenuation through the device structure. [95].

chapter 5 covers a novel reactor, designed by Dr. Anna Hankin, in which each

photo-electrode is illuminated independently from two light streams on either side,

reducing the need for compromise on semiconductor performance and transparency.

Since the reactor windows are normal to incidence sunlight, optical devices are

needed to direct light from the sun into the photoelectrodes. This introduces op-

portunities for interesting waveguide designs and light concentration. The simplest

optics would be a mirror to direct incident light into reactor. A schematic is shown

in Figure 1.7.

The photo-anode material used is hematite, a variation of iron oxide (α−Fe2O3).

It is cheap, abundant and stable in a wide range of PEC environmental condi-

tions[96]. Due to having a band gap of 1.9eV - 2.2eV, it is able to capture around

30% of incident solar energy [97]. For these reasons it has been extensively re-

searched. Hematite is not able to spontaneously split water upon illumination as

its conduction band edge lies at a lower energy level required for the hydrogen evo-

lution side of the water splitting reaction [96], and so to operate requires either

electrical potential biasing [98], or to be used in tandem with a second semiconduc-

tor as the other electrode with the correct band edges to complement it.

Being in a standalone PEC reactor, the photo-cathode must be able to provide

the potential bias to the hematite photo-anode. The most straightforward solution

is to use a solar cell as part of the photo-cathode. It must also be chemically stable

in PEC environmental conditions. This can be ensured by coating it in a protective

photocatalytically active layer. Anatase titanium dioxide (TiO2) is the encapsulant

of choice due to its conduction band edge being higher than the energy level required
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Figure 1.7: The double-illuminated PEC reactor. Both electrodes are photo-active.

to complete the hydrogen-forming half reaction, and is chemically stable[77]. It has

also been extensively researched, being one of the most well-known photo-catalysts

of the past forty years [74]. Initial attempts were made to use TiO2 coated CIGS

solar cells, but they did not provide enough bias to drive water splitting reactions.

Figure 1.8: A simplified band diagram of the PEC reactor. TiO2 is coated on
an IQE-manufactured triple junction cell as a photo-cathode. It is contacted to a
hematite (Fe2O3) photo-anode.

Standard triple junction solar cells from IQE [99] were then chosen as the photo-

cathode base in order to provide more potential bias to the hematite. A simple band

diagram of the PEC reactor is shown in Figure 1.8. The IQE cells used are stan-
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dard InGap/GaAs/Ge n-on-p solar cells. Exact specifications are proprietary and

therefore unknown. They were received processed, with fully metallised front and

back contacts and an anti-reflection coating. Yahya al-Saleh of Imperial College’s

Quantum Photovoltaics Group performed TiO2 coating by sputtering.

1.3.2.1 Novel optics for the double-illuminated PEC reactor

The two photo-electrodes are positioned back-to-back, facing opposite direc-

tions. They are both in their own compartments with their own optical windows to

receive light. The outer case has a slot, in which the waveguide will be inserted. A

Solidworks reference diagram of the PEC reactor with and without a waveguide is

shown in Figure 1.9. The waveguide is the optical base which can be used either as

secondary light trapping with a Fresnel lens/cone setup, or as an LSC. The design

of the reactor means that the system is modular, with an array of reactors able to

connect up to either end of a waveguide.

The benefit of this optical system is its flexibility in design according to the

photo-electrodes’ needs. The optics can directly (via lens concentration) or pas-

sively (via luminescent concentration) concentrate light into the reactor. Different

luminescent dyes can be used to dope the waveguide so that the LSC emission

wavelength is matched to the peak absorption wavelength of the photo-electrode.

The prototype for this design uses one PEC reactor, and two waveguides on

either side. Because a triple junction cell is used as a photo-cathode, it requires

full spectrum illumination. This removes the possibility of using a waveguide as a

LSC. chapter 5 discusses a waveguide whereby a reflecting cone is embedded into

its centre, and is illuminated by concentrated light by way of a Fresnel lens. The

cone reflects this concentrated light into the waveguide.

A secondary investigation is undertaken whereby the reflective cone is replaced
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(a)

(b)

Figure 1.9: The PEC reactor with the optical window slot exposed (a), and with
the waveguides inserted into them (b).

with a quantum well solar cell, which could be used a luminescent centre.

1.3.2.2 The quantum well solar cell as a luminescent centre for simul-

taneous electricity/hydrogen production

Quantum well solar cells (QWSCs), first invented by Barnham and Duggan

[100], offer an way to improve multi-junction solar cells by various factors. Firstly

the bandgap of the QWSC can be tuned by changing the dimensions of the quantum

well. Secondly, at illumination intensities greater than 200 suns, electron / electron-

hole recombination is dominated by radiative processes [101, 102, 103]. In essence,

at high concentration, QWSCs can be viewed as luminescent devices. Indeed Lee

et al. discuss using this recombination-generated light to recycle light back into the

solar cells to reduce spectral sensitivity in a solar cell [102].
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A QWSC has the ability to behave like a LSC because the photoluminescence

(PL) wavelength is below that of the bulk material bandgap of the solar cell, as

shown by the external quantum efficiency of a QWSC in Figure 1.10. This is due

to the PL wavelength being determined by the QW bandgap, which is lower than

the bulk solar cell bandgap, as shown in Figure 1.11. The absorption of PL comes

mostly from intrinsic absorption due to free carriers in a doped substrate [104].

This can be remedied by either using a semi-insulating undoped substrate, where

free carrier absorption is diminished, or by removing the substrate completely [105].

This ability to behave like a LSC can be unsurprising considering the similarities

in basic semiconductor structure between a QWSC and a QW laser diode, which is

designed for maximal luminescence output [106, 107].

A QWSC luminesces even when generating electricity. It operates at high con-

centration, and so works under concentrating optics which only work with direct

light. Therefore under conventional concentrating PV operation, the diffuse compo-

nent of light and the photoluminescence emitted by the QWSC are two un-utilised

photon streams. If a QWSC were to be embedded within a waveguide (pictured in

Figure 1.12), and the waveguide top surface coated with a luminescent layer that

would absorb diffuse light, these two waste photon streams could be harnessed to

power a PEC reactor. This setup would generate electricity from the QWSC, and

hydrogen from the reactor powered by the QWSC PL and diffuse light.

Both photon streams must be of equal intensity in order for the PEC reactor

to function. It is unknown, however, whether the intensity of PL emitted by a

QWSC is comparable to that of a waveguide coated in luminescent material. This

is investigated in section 5.2.
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Figure 1.10: Measured and fitted external quantum efficiency (EQE) of strain-
balanced quantum well solar cell QT1604, a 22 InGaAs/GaAsP quantum well solar
cell. The full structure is shown in Appendix D. The red dotted profile corresponds
to what the EQE would look like if the solar cell had no quantum wells (QWs). The
QWs extend the quantum efficiency due to having a smaller bandgap, as shown in
Figure 1.11.

Figure 1.11: Structure of a quantum well solar cell (QWSC) on the right, and its
respective band diagram on the left, showing the respective radiative processes of
the structure. The QW bandgap is smaller than that of the bulk, giving rising to
an extended quantum efficiency range into the infra-red. The photoluminescence
peak wavelength of a QWSC corresponds to the QW bandgap.
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Figure 1.12: A quantum well solar cell is embedded within a waveguide. It is illu-
minated under concentration and generates electricity. It also photoluminescences
due to radiative recombination dominating non-radiative recombination. Some of
the photoluminescence, which is emitted at all angles, can be trapped within a
waveguide by total internal reflection and guided towards the edge which is coupled
onto a PEC reactor.

1.4 Biofuels as a Solar Fuel

The previous section discusses hydrogen as a form of solar fuel, both as a form

of energy storage and as a fuel for applications such as electric vehicles. Biofuels

provide another option for sustainable fuels and energy storage in the form of hy-

drocarbon fuel derived by organic means.

Biofuels took up a 2% share of transport fuels globally in 2010 [108]. The most

widely available forms of biofuel are in the form of bioethanol, manufactured from

sources such as corn starch, sugar cane or sugar beet, or in the form of biodiesel,

manufactured from sources like palm and oilseed rape [109]. All of these sources

are defined as first generation sources. There are multiple generations of biofuels

[110, 111]:

• 1st generation: Biofuels made by converting food crops grown on prime crop-

land into biodiesel or ethanol. This means using corn for ethanol, and veg-

etable oil and animal fats for biodiesel.
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• 2nd generation: Biomass grown on marginal croplands unsuitable for food

production, or using non-food crops and residues, where the biomass is con-

sumed in production. Cellulosic ethanol technology fits in here as do non-food

crop technologies such as jatropha plant based biofuel. Biomass used in 2nd

generation fuels can be sawdust, residues from paper manufacturing, munici-

pal waste, jatropha, camelina and switchgrass.

• 3rd generation: Biomass grown on non-arable land, based on integrated tech-

nologies that produce a feedstock as well as a fuel, and require the destruction

of biomass. For this, algae and cyanobacteria are used.

• 4th generation: Like 3rd generation biomass, except biofuel extraction does

not require biomass destruction. Algae and cyanobacteria are used.

Large scale production of first-generation biofuels introduce issues into sustain-

ability and commercial viability. First and foremost, these crops compete directly

with food crops for land and water, and in the case of Brazil’s sugarcane, competing

with rainforest. As an example, in 2014 the UK used an estimated 22billion litres

of diesel [112]. If this supply was met purely from oilseed rape sources [113], of

which biofuel yields are 1,560 L/ha/yr (see Table 1.1) and taking into account that

the energy equivalent of biodiesel is around 93% of conventional diesel [109], 15.2

Mhectares would be needed, over half the land area of the UK (24.25 Mhectare).

If however algae is used as the biofuel source, only 0.8 - 3.3 Mhectares would be

needed. Secondly, the overall savings in energy and greenhouse gas emissions are

not particularly high in 1st generation biofuels, an example being that the input of

energy required to make biodiesel from oilseed rape and soya is around 50% of the

energy contained in the biofuel itself [109].
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Biofuel Type Crop Biofuel Yield (L/ha/yr)

Bioethanol Corn 3,800
Sugarcane 7,200
Sugar beet 7,900
Wheat 1,700
Cassava 137

Biodiesel Rapeseed 1,560
Soybean 600
Canola 1190
Oil palm 4,200
Jatropha 1,892 - 2,700
Algae (C. Vulgaris) 8,200
Algae (Nannochloropsis) 23,000-34,000
Microalgae (unspecified) [114] 60,000 - 240,000

Table 1.1: A comparison of biofuel yields in units of litres/hectare/year from
biomass feedstocks, with values compiled from various sources [109, 115, 116, 117,
118]. For the algae, the yields are estimates based on laboratory experiments [119]
and of pilot scale trials [120].

1.4.1 Algae Biofuel

Algae and cyanobacteria are photosynthetic aquatic organisms. Algae are prokary-

otic, meaning they do not have a distinctly defined nucleus, whereas cyanobacteria

are eukaryotic, meaning they contain nucleii. They are sometimes referred to as

“blue-green algae”, which can be a cause of confusion on their biological architec-

ture. They can be both unicellular and multicellular. Their photosynthesis effi-

ciency is generally higher than that of other plants, and some species of algae are

considered to be amongst the proportionately fastest growing plants in the world

[121].

Aside from the capability to be farmed on non-arable land, algae and cyanobac-

teria carry further benefits as biofuel sources. They have immensely rapid popula-

tion growth rates, with a doubling of the biomass having been written as commonly

happening within 24hours, and during exponential growth periods (such as early-

stage population with full illumination across all members of a population) this
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doubling happen in periods as short as 3.5 hours [109, 115]. Other papers suggest

a more conservative figure of biomass doubling in 2-5 days [122]. The capacity

for improvements on algal growth rate and oil production via biochemical and ge-

netic engineering [123] is also a significant benefit over first- and second- generation

plants. Whilst most interest has focussed on unicellular, small “microalgae”, there

is now interest in growing “macroalgae”, a.k.a. seaweed [124].

There are two main ways to grow algae or cyanobacteria in large scale: using

photobioreactors or raceway ponds. Diagrams and photograph examples are shown

in Figure 1.13. The trade-offs between the two designs revolve around adequate

illumination due to the algae’s high optical density (saturated concentrations reach

absorption coefficients of the order of 100m-1 [125]), the issues of contamination

from unwanted algae species, nutrient and CO2 control, and cost. Issues that affect

both systems in different capacities include oxygen degassing and active cooling

of the algae culture for PBRs, and significant loss of water through evaporative

cooling and a greater difficulty, and therefore higher energy use, of algae harvesting

for raceway ponds.

1.4.1.1 Photobioreactors

Photobioreactors (PBRs) are a closed, controlled environment so that conditions

are kept ideal for algae growth (see Figure 1.13). The algae culture is generally, but

not always, maintained as single-species. It is enclosed in a transparent array of

tubes or plates which is being constantly circulated around via a pump, a nutrient

vessel and a monitoring unit. The tubes are usually kept to diameters of 0.1m or

less [115] in order to ensure sufficient light to penetrate the whole culture. The

fundamental principle of these photobioreactors is to maximise the surface area -

volume ratio, thereby providing a much higher oil yield per hectare compared to

raceway ponds (which are discussed below). Chisti et al. (2007) state the biomass

concentration to be nearly 30 times greater in comparison to raceway ponds [115].
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Larger surface areas however imply more embodied energy used in materials for

construction [109]. This is a contributor to one of the few issues for PBRs. The

start-up and operational costs are extremely high, which is the major limitation

to large scale production [126]. Secondly, they have been stated to consume more

energy than they produce [127] and so have largely been used only for high-end

products such as cosmetics and pharmaceutics. Kumar et al. (2015) state that

the only commercially successful company operating PBRs are the production of

astaxanthin, a food additive [128]. As a result most commercial algae companies

utilise raceway ponds for large scale algae farming.

1.4.1.2 Raceway Ponds

Raceway ponds (Figure 1.13) are oblong closed loop recirculation ponds, that

are shallow and large in surface area. They have been used for mass culture of

algae since the 1950s [115]. Pond depths are up to 30cm, and can be tens of metres

wide and hundreds of metres long. They are cheap and easy to build and operate

[109, 115, 124, 129], and the channels are built in concrete or compacted earth,

and sometimes lined with plastic, either for reflective purposes if white, or for ease

of cleaning. The low surface area-to-volume ratio of the ponds, in comparison to

PBRs, constrains a large amount of the algal population in a optically dark sec-

tions of the pond [115, 130], due to the high optical density of algae absorbing most

incident light in the first few centimetres of the pond surface [109]. This is because

algae cultures are maintained at maximum concentration, and between 10% [131]

- 12% [132] of the pond content is harvested daily. This limits the volume produc-

tivity of ponds, and therefore means that the algae yield-per-volume of water is a

lot lower than PBRs. This light issue is partially mitigated with the use of paddle-

wheels, that provide constant mixing of the algae medium. This provides all algae

some chance at receiving some sunlight whilst it moves within the turbulent waters.

Assuming then-recent data on capital and maintenance costs, Richardson et
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al. in 2012 calculated the economics for both systems to be unfavourable for large

scale biofuels production. Raceway ponds however were deemed to be more likely

to decrease costs sufficiently to become economically feasible. The possibility of

increasing biomass yield per volume of pond was not taken into consideration as a

way to improve economic feasibility however, and is seen as a constant in economic

modelling. This comes down to inherent optical properties of algae, and a lack of

innovative optical solutions for raceway ponds.

Outlook on raceway pond economics has however turned slightly more optimistic

(a) Raceway pond schematic (b) Photobioreactor

(c) Satellite imagery of commercial algae
raceway ponds (Cyanotech Corp.)

(d) A photobioreactor facility with an oper-
ational volume of 4000litres. (IGV Biotech)

Figure 1.13: The two methods of large scale algae production, raceway ponds and
photobioreactors. Figure 1.13c shows satellite imagery of a commercial production
facility in Hawaii that utilises raceway ponds for algae food supplements. Note
the diverse colours of different algae species. Figure 1.13d shows a commercial
facility that grows algae for high end cosmetic products. Raceway ponds are the
most popular design due to their lesser initial and maintenance costs. Photograph
attributes: 1.13c Map data @2016 Google., 1.13d : IGV Biotech, taken 26 April
2013. Licensed under CC BY-SA 3.0.
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of late. Beal et al. ran a series of techno-economic and lifecycle analysis on

different algae farm scenarios, differing on all aspects of production, from algae

species, to electric power source and oil extraction methods. There was a range

of pessimistic to optimistic scenarios. The most realistic one indicated a positive

energy return on investment (EROI), with a value stated to be on par with U.S.

shale oil (EROI=1.16) [133]. Whilst this signifies good progress in cost decrease /

demand increase, EROI of values less than 3 have been linked to economic recession

[134]. The target scenarios, whereby cutting-edge but yet commercially unproven

techniques are used, yield values of EROI = 3.24 - 8.36. The highest EROI scenario

involved locating the farm in Hawaii, and included electricity provided renewably

through wind power, using combined heat and gas, nutrient recycling and obtaining

cheap water through drilled wells. CO2 supply was assumed to be available at no

cost, i.e. the algae farm would have to be located near to a hydrogen plant, fossil

fuel power station or cement plant [135].

1.4.2 Algae absorption properties and the issues can arise from

them

Algae cultures at maximum concentration can have absorption coefficients of the

order of 100m-1 in raceway ponds or even up to orders of 1000m-1 in PBRs [115,

125]. Scattering of incident light can be more significant than actual absorption.

This is discussed in further detail in subsubsection 6.1.2.3. An example of algae

absorption and scattering coefficients is shown in Figure 1.14, of Chlorella vulgaris,

a commercialised species, in a concentration that is an order of magnitude greater

than that found in raceway ponds [131].

A recent paper attempted to simulate illumination profile as a function of depth

in a raceway pond for C. Vulgaris and Spirulina Pl in order to study their photo-

synthetic rate as a function of depth [136]. Photosynthetic rate can be considered

a metric for algae growth. For an algae concentration of 0.3g/L, which is on the
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lower end of the scale for concentration in a raceway pond (0.3g/L in [135, 137] and

0.5g/L in [131]), the authors state that the depth threshold for zero photosynthetic

activity is 7cm for C. Vulgaris and Spirulina Pl.

Figure 1.14: Absorption, scattering and extinction spectrum for Chlorella vulgaris.
This data is taken from Hannis (2013) [125]. The scattering of light plays a bigger
role in the extinction of light than absorption.

Algae have evolved to absorb more light than is needed for their own require-

ments, as a way to stifle competition in an environment with limited illumination.

The excess light energy that is absorbed, is dissipated as heat and flourescence

[109]. Whilst this gives an evolutionary advantage, it reduces the biomass yield in

algae farms. Melis et al. (2009) have estimated this loss in harvested weight to be

three-fold or greater [138]. Furthermore, as well as a decrease in efficiency of use of

absorbed light energy, the excess also damages the photosynthetic machinery in the

algae, a process called photoinhibition [139]. As such, the highest photosynthetic

efficiencies occur at low light intensities. Melis et al. (2009) show that the light

saturation of photosynthesis occurs are 400-600 µmolm-2s-1 of sunlight, i.e 238 - 358

Wm-2 of full spectrum sunlight. Other studies show that optimal light intensities

for some algal species can be as low as 200 µmolm-2s-1, which equates to 120 Wm-2

of natural sunlight [140, 141, 142].
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With the aforementioned optical properties of algae, it is easy to see that con-

ventional illumination procedures for algae is sub-optimal. On a cloudless spring

day in the Northern Hemisphere, solar intensity will exceed that required to satu-

rate photosynthesis at around 7 a.m, and continues to exceed it until around 5 p.m.

Integrated over the course of the day and depth of a mass algae culture, Melis et al.

estimated that photosynthesis over-absorbs and wastefully dissipates around 60%

of the daily irradiance [138, 143].

1.4.3 Current innovative lighting solutions

All ideas for increasing light intensity/distribution in an algae culture has been

for PBR designs in two different ways: By enhancing the illumination wavelength

range to that of the photosynthetic absorption spectrum, or by increasing the total

(a) Light saturation curve of photosynthesis
of wild algae

(b) Profile of the daily photosynthetically ac-
tive radiation (PAR) at sea level.

Figure 1.15: 1.15a: The light saturation curve of photosynthesis, which is demon-
strated as oxygen evolution. There is a linear increase in the photosynthetic rate, at
which it saturates to a level Pmax at around 400-600 µmol m-2s-1 of sunlight, which
corresponds to around 238 - 358 Wm-2 of full spectrum sunlight. 1.15b: The profile
of the daily solar photosynthetically active radiation (PAR) at sea level. PAR is
the bandwidth of light within the solar spectrum which is useful for photosynthesis
(λ < 700nm). The straight line is the photosynthetic saturation light intensity.The
incident intensity exceeds that needed for optimal photosynthesis for most of the
day. Figures reproduced with permission from Elsevier [138].
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amount of incident light into a PBR. The one solution proposed for raceway ponds

is to simply decrease a pond’s depth to around 10cm [136]. This is more of a non-

solution, considering a lower-volume pond for the same surface area of land leads

to less total production for a farm.

1.4.3.1 Increasing light distribution via internal lighting

Ogbonna et al. (1999) and Chen et al. (2008) use a light tracking, light concen-

trating setup to feed sunlight into fibres, which are fed into a PBR [144, 145, 146].

Inside the PBR, the fibre surfaces can be roughened to allow the escape of light

from the fibre into the algae culture, thereby providing uniform light distribution.

Zijffers et al. (2008) use a single axis solar tracking linear Fresnel lens system to

channel light into a light guide of a flat plate PBR. A similar design is presented

by Dye et al. (2011) [147]. Further raytrace modelling showed that uniform light

distribution through these waveguides was not possible over the course of a day

[148]. A recent review of PBRs with internal lighting is presented by Heining &

Buccholz (2015) [149].

1.4.3.2 Spectral manipulation of illumination

Wang et al. (2007) used red LEDs to obtain higher growth rates and biomass

production in their culture [150], whilst Katsuda et al. (2004) suggested constant

switching between red and blue LEDs to maximise production with theirs [151].

For another algae culture however, using a blue LED in addition to a red LED

for simultaneous constant illumination however did not change the algae growth

characteristics [152].

There has been interest in using luminescent material as spectral converters to

illuminate algae with more useful light. Different wavelengths encourage different

chemical processes in the algae. Shu et al. (2012) found that when illuminating a

multiple-species culture, blue light was optimal for oil production, whilst red light
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is optimal for growth rates [153]. Whilst some species prefer blue light illumina-

tion for increased growth rates [154], for the majority of investigations, illuminating

algae with red luminescent light gives a higher algae growth rate than when illumi-

nated with full-spectrum light [155, 156]. This is because most algae species contain

chlorophyll types that absorb most efficiently in the red [152].

Either luminescent material is coated onto the front side [156, 157, 158] or the

back side [159] of existing tubes or sheets, or bespoke PBRs are created with the

tubes doped in luminescent material [160, 161]. It should be noted that all of these

ideas are tailored towards the optics of PBRs, with not a single paper dedicated to

raceway ponds.

Detweiler et al. created a virtually electronically self-sustaining LSC greenhouse

[162]. Small algae cultures in flasks, as well as 50 litre raceway ponds, were tried.

It should be noted that the raceway ponds used were rather deep. This can only be

inferred from looking at an inset photo in a figure, as dimensions were not stated.

The cultures in flasks experienced a very small increase in growth rates and yields

when surrounded by LSC panels doped with Lumogen Red F 305. There was no

difference in growth rates or yields between raceway pond cultures illuminated in a

normal, or in a LSC greenhouse. The greenhouse however did have integrated solar

panels which provided sufficient power to paddlewheels, fans, sensors and control

electronic devices.

1.4.4 Thesis motivation - Novel optics for raceway ponds

At maximum population in an algae pond, incident light penetrates up to 7cm

due to the algae’s high optical density. A significant amount of this light is wasted

through heat dissipation or destruction of the photosynthetic machinery of the al-

gae. Not only is biomass growth stunted due to photoinhibition, but also due to a

significant proportion of the population residing in dark optical zones for extended
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Figure 1.16: Looking at a cross section of a raceway pond. Current illumination
intensities across the depth of a pond are highly non-ideal. The first few centimetres
absorb all illumination, with a large dark zone, as shown in (a). This is due to
saturated concentrations of algae being of the order of 100m−1. Excess energy is
dissipated either as heat, or as physical destruction of the algae’s own photosynthetic
machinery. The ideal light absorption profile across the depth of a pond is a uniform,
lower intensity profile (blue line in (b)), as opposed to the normal steep exponential
drop off profile (red line in (b)).

periods of time. The ideal illumination profile through a pond is a constant, lower

intensity light at the photosynthetic saturation intensity. This is shown pictorially

in Figure 1.16.

Until now, the optics of raceway ponds have not been investigated, with the

high optical density of a populated pond being an accepted optical limitation. Dis-

cussions on raceway optics revolve solely around the trade-offs in pond depths with

biomass production[136, 128]. Whilst paddlewheels are used to enhance algae mix-

ing, they do not solve the issue of the optical dead zone within the pond and

photoinhibition effects on the upper layer due to over-absorption of light. In this

thesis, a truly novel optical concept, called the Luminescent Solar Diffuser (LSD)

is introduced to alleviate both these issues by distributing incident light across the
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depth of the pond.

The objective of the luminescent light diffuser (LSD) is to capture incident sun-

light from the surface of the pond, and redistribute it evenly across the depth of

a raceway pond, thereby giving a uniform illumination profile across the depth of

a raceway pond. Being a standalone device, it can be retrofitted to any existing

raceway pond. This would increase the algae growth rates by a) preventing excess

illumination onto the first few centimetres of the pond, thereby decreasing pho-

tosynthetic machinery damage and thermal emission, b) reducing the volume of

the dark optical zone by waveguiding the excess light from the top surface into

the deeper sections, effectively increasing the illumination area/volume ratio of the

pond, and c) spectrally converting less efficiently used short-wavelength incident

light into that of a more usable wavelength for photosynthesis.

1.5 Thesis structure

Chapter 1 is the introduction to a sustainable future, LSCs in BIPV, photoelec-

trochemical water splitting for solar hydrogen and algae biofuels for solar biofuels.

Motivation for the thesis is given at the end of each of the topic introductions.

Chapter 2 contains LSC theory and background. It discusses intrinsic loss mech-

anisms and optical designs to improve performance. A history of investigation in

cylindrical geometries is given. Recent novel uses for luminescent material is pre-

sented.

Chapter 3 demonstrates the methods used in the thesis. This includes LSC

characterisation and photoluminescence measurements of solar cells. The raytracer

used in this thesis, pvtrace, is introduced as well as the upgrades developed by the

author in order to complete his work.
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Chapter 4 gives results on cylindrical LSCs. Measurements on fibre LSCs made

at Nanforce Ltd are presented. Cylindrical LSC arrays are modelled first in 2D to

demonstrate incident light trapping, and then in 3D to demonstrate its effect in

boosting optical efficiencies on two specific days. Tessellation variations of fibres

are also discussed.

Chapter 5 introduces novel waveguiding optics into a doubly-illuminated water

splitting reactor. Raytrace modelling on the reflective cone is shown, as well as

practical results taken at a high-concentration flash facility in SUPSI, Switzerland.

It also introduces the concept of a quantum well solar cell (QWSC) as a lumi-

nescent centre. Edge photoluminescence when illuminated uniformly by a laser is

measured to determine the waveguiding efficiency of a QWSC, and its total pho-

toluminescence capability when embedded inside a waveguide and illuminated at

high concentration is also investigated.

Chapter 6 introduces the luminescent solar diffuser (LSD). The construction of

this model on the raytrace model as well as the addition of a genetic algorithm to

optimise the LSD shape is presented.

Chapter 7 contains the conclusions. The thesis achievements are summarised,

and the scope for future work is given.

1.5.1 Contributions to this thesis

1.5.1.1 Raytracing program

The raytrace program “pvtrace” was obtained online on GitHub [163]. It was

written by Dr. Daniel Farrell on Python2.7, and is open source and free. It was built

primarily for modelling LSCs [164]. The author added parallelisation functionality

to shorten simulation times. He wrote all functions as described in section 3.1 to

measure realistic light scenarios on cylindrical arrays and to model a cone. He
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worked in tandem with Callum Deakin to build mesh capability into pvtrace. Tom

Wilson wrote the genetic algorithm (GA), and worked in tandem with the author

to enable communication between the GA and pvtrace.

1.5.1.2 Cylindrical LSCs

The author alone decided to investigate light paths through cylindrical arrays,

discovering a form of angle-dependent light trapping. He developed the 3D simula-

tions. He shadowed Dr. Emiliano Bilotti on manufacturing fibre LSCs by fibre ex-

trusion at Nanoforce Ltd. He performed all experimental measurements for photon

concentration vs fibre length and redshifting through re-absorption and re-emission.

He was first author for two conference papers (IEEE PVSC and WCPEC) and one

full publication in Optics Express.

1.5.1.3 Optics for a doubly-illuminated PEC reactor

The author joined the PEC reactor project as the contributor responsible for

measuring the QWSC photoluminescence and designing the optics for waveguiding

incident light into the reactor. The PEC reactor was designed by Dr. Anna Hankin

and Prof. Geoff Kelsall, with Emer. Prof. Keith Barnham producing the idea for

using a QWSC for both electricity generation and photoluminescence. Dr. James

Connolly used the solar cell modelling software SOL to determine the radiatiative

efficiency of the QWSC. The QWSC samples were prepared by Saurabh Kumar

and Dr. Kenneth Kennedy. The author performed all experimental measurements

on the QWSC, determining its unsuitability for the concept. The author created

the idea for a reflective cone embedded in a waveguide, and created all code for

raytrace simulations. He worked in tandem with Dr. Mauro Pravettoni at SUPSI

to perform full spectrum high concentration measurements of both the QWSC and

reflective cone embedded in a waveguide. Dr. Anna Hankin designed the full PEC

reactor trolley, and the author designed the optical setup. The author and Dr.

Anna Hankin performed outdoor measurements in tandem. The author was first
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author on a conference paper on the QWSC hybrid optics (IEEE PVSC) and a

second author on a conference paper (SolarFuel16). The author and Dr. Anna

Hankin will be joint first authors in the upcoming publication.

1.5.1.4 Luminescent Solar Diffuser

The author alone decided to pursue an optics solution for lighting issues in

algae raceway ponds. He devised the basic design and project to investigate its

optimal design. Contributions to the simulation code are given above in subsubsec-

tion 1.5.1.1. The author performed all calculations for the performance of the LSD,

and is first author on a manuscript currently submitted for publication.

1.5.2 Thesis flowchart

A process flowchart for the work in the thesis is shown on the next page.
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Figure 1.17: Process flowchart for the work presented in the thesis.
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Chapter 2

LSC theory and background

This chapter introduces the luminescent solar concentrator. An overview is given

on its fundamental concept. Luminophore functionality is discussed. Waveguide

physics is shown as well as a discussion on loss mechanism trade-offs with differing

refractive indices. A review on previous work on cylindrical geometries is given as

well as different uses for luminescent material.

2.1 Basic principles

An LSC in its basic design is a luminescent panel made of highly transparent

glass or plastic [49, 50]. It can be homogeneously doped with luminescent materials

[51, 52], shown in Figure 2.1a, or consist of a transparent waveguide coated with

a thin luminescent active layer, as shown in Figure 2.1b [165, 166]. There are a

wide range of luminescent molecules, both organic and inorganic based [53, 59].

Light passes through the top surface and is absorbed by a luminescent centre, or

luminophore, inside the LSC, which then re-emits it at a redshifted wavelength. This

re-emitted light can then be trapped in the waveguide by total internal reflection

(TIR) and directed towards the edges. PV cells can be coupled onto the edges to

absorb the light. Mirrors [167] and wavelength selective coatings [168, 169, 170]

can be used on surfaces to mitigate re-emission escape losses. One of the main

advantages of the LSC, other than the ability to absorb both direct and especially
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(a) Homogeneously doped LSC, where the
entire waveguide is doped with a luminescent
dye

(b) LSC with a coated luminescent top layer.
The waveguide is ideally completely trans-
parent.

Figure 2.1: The Luminescent Solar Concentrator in both basic forms: the homo-
geneously doped LSC (a) and the thin-film LSC (b). In both cases, incident light
strikes the the LSC and is absorbed by the luminescent material. The re-emitted
light is waveguided to the edges by total internal reflection to the edges.

diffuse light without sun tracking systems [171], is that the emission spectrum of its

emitted light can be manipulated to match the peak absorption waveband of the

specific PV cell in use by changing the luminescent species.

2.2 Figures of merit

There are two figures of merit in use for a LSC: optical efficiency and photon

concentration. The optical efficiency µopt is the number of photons exiting the

useful surfaces divided by the number of incident photons:

µopt =
Nemission

Nincident
(2.1)

The photon concentration Cγ takes into account the geometric concentration of

an LSC CG. This is the ratio of useful light emitting area and the incident light

collection area:

CG =
Aincident
Aemission

(2.2)

The photon concentration Cγ is the ratio of photon flux coming out of the useful

surfaces and the incident photon flux:
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Cγ =
φemission
φincident

= CG · µopt (2.3)

This means that if a LSC has a photon concentration of Cγ = 1, the photon

flux exiting the edges upon which the light will be utilised is as high as the incident

photon flux.

2.3 LSC component properties and loss mechanisms

2.3.1 An overview of losses

The basic performance properties of a LSC are affected by the choice of lumi-

nescent dye and waveguide material used. It can be summarised by a breakdown

of a LSC’s optical efficiency µopt [53]:

µopt = (1−R) · µTIR · µabs · µPLQY · µStokes · µhost · µsurface · µself (2.4)

where R is the reflection of solar light from the LSC surface, µTIR is the total

internal reflection efficiency related to a waveguide’s refractive index, µabs is the

fraction of solar light that is absorbed by the luminescent material, µPLQY is the

photoluminescent quantum yield of the luminescent dye(s), µStokes is the energy

lost due to heat between light absorption and emission, µhost is the transport ef-

ficiency of the waveguided photons related to host material absorption, µsurface

is the reflection efficiency of the waveguide determined by the smoothness of the

waveguide surface and µself is the transport efficiency of the waveguided photons

related to re-absorption of the emitted photons by another luminophore [50, 53]. A

diagrammatic representation of the loss mechanisms is shown in Figure 2.2 and the

following sections summarise the mechanisms behind each loss factor.

The LSC’s main loss mechanisms can be largely attributed to the luminophore

properties, waveguide material properties and surface properties. Some loss mecha-
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Figure 2.2: Loss mechanisms in a LSC: 1) Transmission of unabsorbed incident
light; 2) Reflection of incident light; 3) Emitted light escapes through escape cone
due to less-than-critical angle incidence angle on the LSC surface; 4) Re-absorption
of luminescent light by another luminophore; 5) Waveguide non-radiative absorp-
tion of luminescent light; 6) Non-radiative loss of luminophore due to non-unity
luminescent quantum yield; 7) Luminescent light is scattered out of the LSC due
to waveguide material; 8) Luminescent light escape due to surface scattering; 9)
Luminophore degradation

nisms are more significant than others. For example surface scattering (Figure 2.2.8)

is negligible, whilst the largest losses are incident light not being absorbed (Fig-

ure 2.2.1) and emitted light escaping from the escape cone (Figure 2.2.3). De-

pending on the type of luminescent material used, re-absorption of emitted light

(Figure 2.2.4) can be a significant factor.

2.3.2 Luminescent Material

The ideal luminophore needs the following requirements [53]:

• Broad spectral absorption

• High absorption efficiency over the whole absorption spectrum

• Large Stokes Shift (No or low overlap in absorption and emission spectra)

• High luminescent efficiency (quantum yield)

• Matching the emitted photons to the spectral response of the coupled photo-
device

• Solubility in the host matrix material

The process of luminescence and a breakdown of the various characteristics
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mentioned is explained below. The term photo-device is used for anything that

absorbs light for a higher purpose, such as a solar cell.

Figure 2.3: Absorption and emission spectra for Lumogen F Red 305, a commercial
luminescent dye. The difference in peak wavelengths for absorption and emission,
displayed by the purple arrow, is called the Stokes Shift.

2.3.2.1 Luminescence

This thesis focusses on using organic luminescent material. A brief introduc-

tion to luminescence is given. Further information can be found elsewhere [54]. A

photon of energy higher than the energy gap between the ground and first excited

state is absorbed by an electron in the ground state, giving it enough energy to

transition into the first excited state. Kasha’s rule states that photon emission oc-

curs generally only from the lowest excited state of a molecule [172]. The electron

relaxes, or thermalises, down from whichever vibrational state it ended up in, to the

lowest excited state extremely quickly (100 - 1000 fs) by the molecule transferring

the excess energy into the medium. This happens generally through collisions with

other molecules. At the lowest excited state it can then radiatively decay down to

the ground state.
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As can be seen in Figure 2.3, there is a redshifting of the emission wavelength

peak compared to the absorption peak. This difference in wavelength, shown as the

purple arrow, is defined as the Stokes Shift [173]. Whilst redshifting of an emitted

does occur due to energy lost by vibrational relaxation of an excited electron, in

organic materials the emission spectrum can be attributed to the interaction be-

tween the luminescent molecule (luminophore) and the medium it is held in, be it

liquid solvent or a polymer matrix. The two materials interact with each other by

electrostatic and van der Waals forces and arrange each other to approach an inter-

action minimum. The effect of multidimensional solvent dynamics on reactions can

be described by a one-dimensional variable equal to the energy to move the solute

along a reaction coordinate [174]. The interactions between the luminophore and

the medium molecules are different in the ground and excited state, and the Franck-

Condon principle can be applied here, which approximates electronic transitions to

be instantaneous in comparison to the timescale of nuclear movements [175], due

to the nucleus’ massiveness. In this case, electronic transitions are very fast com-

pared with the motion of molecule rearrangement to attain an interaction minimum.

When a luminophore absorbs a photon and enters an excited state, it is taken

away from this equilibrium state, and the excited potential well is shifted along

the reaction coordinate, as demonstrated in Figure 2.4a. The rearrangement of

the solvent molecules corresponds to the black arrows in Figure 2.4a. The quantum

mechanical formulation of this principle is that the intensity of a vibronic transition

is proportional to the square of the overlap integral between the vibrational wave-

functions of, in this case, the ground and the first excited state [54]. This means

in excitation, there are certain preferred transitions. Due to Kasha’s rule however,

emission can only occur from the lowest excited state. The peak of the wavefunction

is shifted in space, which gives rise to a different set of preferred transitions. If the

ground and excited state are similar in shape, the spacing of the dominant vibronic

bands are about the same in absorption and emission. This can exhibit a mirror
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image relationship between the absorption and emission profile of a molecule. This

is roughly seen in the absorption and emission spectra for Lumogen F Red 305 [176]

(Figure 2.3).

(a) Energy diagram for the ground state E0

and the first excited state E1.
(b) Spectral representation of the absorption
and emission spectra corresponding to the
energy diagram.

Figure 2.4: Diagrams depicting the Franck-Condon principle. Solvent motion can
be assumed to be stationary in comparison to electron motion. As such electronic
transitions are favoured when there is minimal change in the reaction coordinates.
The intensity of a transition is proportional to the square of the overlap integral
between the vibrational wavefunctions of the ground E0 and the first excited E1

states. When E0 and E1 are shifted, this gives rises to different preferred vibronic
transitions due to Kasha’s rule (see above). Both diagrams drawn by Mark M.
Somoza, licensed and modified under CC BY-SA 2.5. [177, 178]

By extension of Kasha’s rule, the emission spectrum is independent of excita-

tion wavelength. Vavilov’s rule is a corollary of Kasha’s rule, which states that

because excited electrons tend to relax to the lowest excited state non-radiatively,

the photoluminescence quantum yield µPLQY is generally independent of the exci-

tation wavelength [179]. It is demonstrated as process 6 in Figure 2.2. It is equal

to the probability that the absorption of a photon by a molecule will be followed

49



by a photon emission. In equation form it can be expressed as:

µPLQY = nem/nab (2.5)

where nab is the number of photons incident on a molecule and nem is the number

of photons emitted by the molecule. The PLQY can be less than unity if the decay

of an excited electron happens due to non-radiative processes. Intersystem crossing

can occur, where the excited electron can transfer to a state with no radiative

coupling to the ground state, for example from a singlet to a triplet state. Internal

conversion can also occur, when the vibrational modes of a lower excited state

overlap enough with the current excited state which allows an electron to decay

purely through relaxation.

2.3.2.2 Absorption limits

The limits of LSC absorption are dictated by the absorption cross section of the

luminescent layer and the spectral bandwidth of the luminophore. Typical organic

dyes have an absorption bandwidth of 100-200nm [180, 181], as demonstrated by the

absorption spectrum of Lumogen F Red 305 in Figure 2.3. Organic luminophores

can be mixed with a polymer matrix up to around 2 - 2.5% concentration by weight,

which can give a LSC a peak absorption coefficient of the order of 10,000m−1. This

means, by using the Beer-Lambert relation, the luminescent layer of the LSC at

maximum luminophore concentration needs to be at least 500µm thick to absorb

99% of incident light at the peak absorption wavelength. Even at that thickness,

incident light not at peak wavelength has a probability of not being absorbed. Any

photon of wavelength not in the absorption spectrum will be transmitted through

the luminophore. The ideal LSC would absorb all incident wavelengths shorter

than the bandgap of the photo device which is attached to the edges of the LSC.

Using Lumogen F Red 305 (Figure 2.3) as an example, its absorption band edge is

at around 650nm. Under solar AM1.5G spectrum, integrating the photon flux up

until 650nm shows that it can absorb up to 24% of the total incident photon flux.
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In reality, if the concentration of luminescent material is not high enough, then the

absorption cross section of the LSC will not be high enough to absorb all light in

its absorption range. This characteristic is expressed as the absorption efficiency

µabs in Equation 2.4.

2.3.2.3 Luminescence losses

Re-absorption of luminescent light is linked to the overlap of absorption and

emission spectra of the luminophore [182, 183], and the absorption coefficient of the

luminescent layer, which is in turn linked to the concentration of luminescent ma-

terial in the host material. The larger the spectral overlap, the larger the chances

of re-absorption loss [184, 69]. This is shown in the loss factor µself in Equation 2.4

represented by process 4 in Figure 2.2, which is the fraction of luminescent pho-

tons which reach the LSC edge without having been re-absorbed. Each time a

luminescent photon is re-absorbed, it will suffer a probability of being lost through

non-unity PLQY, or through escape cone losses (process 3 in Figure 2.2).

Each re-absorption and re-emission event results in the photon losing energy,

thus causing a redshift in the luminescence spectrum. There comes a point where

a photon has been re-absorbed and re-emitted enough times that it does not have

enough energy to be re-absorbed again. It has been shown that re-absorption effects

occur within the first few centimetres of a LSC [185]. It was shown in the context

of fibre LSCs (introduced later in section 2.4) that maximum re-absorption when

around 40% of the total number of luminescent photons produced are re-absorbed

[69]. Modelling results have shown that introducing anisotropy luminophore emis-

sion can actually decrease the average number of re-absorption/re-emission events

for a photon compared to isotropic emission [186]. These models however do not

take into account a small tail in the absorption spectrum which stretches in the

emission spectral region. This tail has a deleterious effect on overall LSC perfor-

mance, and has greater effect on larger LSCs [187].
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The perfect luminophore would have sharp spectral boundaries between the ab-

sorption and emission peaks, as well as minimal Stokes Shift. The reality is that

re-absorption from spectral overlap is a much larger loss mechanism than the en-

ergy lost in the Stokes Shift, caused by escape cone losses and non-unity PLQY.

For this reason the onus on luminophore research is to find materials with larger

Stokes Shifts [188]. Whilst organic luminophores traditionally have a small Stokes

Shift, including recent materials [189, 190], some new organic materials are being

discovered with larger Stokes Shift [191].

Non-radiative energy transfer can play a part in luminescence performance. At

a high enough concentration in a matrix, such as above 2.5% concentration by

weight for Lumogen F Red 305, luminescent material can agglomerate and a pro-

cess called luminescence concentration quenching occurs, where the luminescence

quantum yield decreases [192]. If luminophore molecules enters a small enough

distance of each other, Förster non-radiative energy transfer (FRET) [193] occurs

which reduces the overall percentage of excited states decaying radiatively. The

FRET rate is determined by the expression [193]:

kFRET =
1

τ0D

(
R0

R

)6

(2.6)

where τ0D is the lifetime of the excited donor state in the absence of acceptor

molecules, and R0 is the critical transfer distance constant. When R = R0, energy

transfer and spontaneous radiative decay have equal rate constants, making FRET

and radiative decay equally probable [54]. The distance between molecules where

FRET becomes a significant process is of the order of 5-10nm. Whilst luminescence

concentration quenching does occur with luminescent materials, the mechanism

does not necessarily have to be FRET, with molecules such as Lumogen F Red 305

having distance relations to quenching being related more to the power of -4, as

opposed to the power of -6 like in the FRET expression. Whilst the authors who
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presented this result suggest a mix between FRET and shielding of excited states

changing interaction strengths as the underlying cause, a consensus has not yet

arisen on it [194].

Organic luminophores, although having issues with low Stokes Shift and isotropic

emission, still have their merits. They have near-unity PLQY, are available in a

wide range of colours and are now more photostable [182]. They are also widely

available, non-toxic and cheap.

Luminescence re-absorption and isotropic emission can be considered the ma-

jor loss mechanism in LSC function. Light transport within a LSC is poor when

these two loss mechanisms are substantial: each re-absorption occurrence provides

a further probability of light being re-emitted outside of the TIR region (discussed

below in subsection 2.3.3). Increasing the geometric ratio of a LSC by increasing

the surface area would therefore decrease the probability of a luminescent photon

reaching a solar cell on the LSC edge before its direction is randomised by a re-

absorption/re-emission event. Thermodynamic modelling by Farrell & Yoshida of

general LSC function demonstrated that a LSC coupled with a Shockley-Queisser

solar cell with matching bandgap actually decreases the cell current density with

increasing geometric concentration. [195]. The authors highlight luminophore align-

ment schemes to induce anisotropic luminescence favourably into the waveguide as

the most promising approach to solving this problem. They demonstrate that a

conventional LSC with isotropically emitting luminophores can only attain efficien-

cies of 10% with a geometric concentration ratio of CG = 5 and 2% with CG = 30.

Introducing anisotropy to luminescence gives an operating limit of 30% for any

geometric concentration ratio.
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2.3.3 The waveguide

The waveguide material will have a refractive index greater than that of air.

A LSC concentrates light by trapping luminescent light by total internal reflec-

tion (TIR) and waveguiding it to the edges. Refraction, and the angle for TIR is

determined by Snell’s law:

sinθi
sinθt

=
n2
n1

(2.7)

where n1 is the incident refractive index, n2 is the transmitted refractive index,

θi is the incident light’s angle to the incident plane’s normal and θt is the resultant

transmitted light’s angle to the incident plane’s normal. The effect of Snell’s law

is demonstrated in Figure 2.5. The critical angle θc is the threshold angle for TIR

and occurs when θt = 90◦:

θc = sin−1

(
nair
nLSC

)
(2.8)

The critical angle determines the escape cone loss from luminescent light. As-

suming isotropic emission from a luminophore, one can determine the trapping

efficiency µTIR from the escape cone µescape. Firstly the escape solid angle is cal-

culated:

Ωescape =

∫ 2π

0
dφ

∫ θc

0
sinθdθ = 2π[1− cosθc] (2.9)

Taking into account that this is the escape cone for one surface, the total escape

cone is doubled. The escape loss µTIR is a ratio of the total escape cone divided by

the total solid angle 4π:

µescape =
2 · Ωescape

Ωtotal
= 1− cosθc (2.10)

The trapping efficiency µTIR is then:
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µTIR = 1− µescape = cosθc =

√
1− 1

n2LSC
(2.11)

The escape cone loss is shown as process 3 in Figure 2.2. The difference in

refractive indices between air and the LSC also give rise to partial reflection of

incident light, and can be calculated using the Fresnel equations. Incident light

from the sun contains two polarisation states, one normal to the plane of incidence

(s-polarisation) and one parallel to it (p-polarisation). Fresnel reflection equations

are different for s-polarised reflection Rs and p-polarised reflection Rp. The total

reflectivity for unpolarised light is the average of the two polarisation reflectivities:

Rs =

∣∣∣∣n1cosθi − n2cosθtn1cosθi + n2cosθt

∣∣∣∣2 (2.12)

Rp =

∣∣∣∣n1cosθt − n2cosθin1cosθt + n2cosθi

∣∣∣∣2 (2.13)

Substituting in Snell’s law to replace θt with θi gives:

Rs =

∣∣∣∣∣∣∣∣
n1cosθi − n2

√
1−

(
n1
n2
sinθi

)
n1cosθi + n2

√
1−

(
n1
n2
sinθi

)
∣∣∣∣∣∣∣∣
2

(2.14)

Rp =

∣∣∣∣∣∣∣∣
n1

√
1−

(
n1
n2
sinθi

)
− n2cosθi

n1

√
1−

(
n1
n2
sinθi

)
+ n2cosθi

∣∣∣∣∣∣∣∣
2

(2.15)

Rtotal =
1

2
(Rs +Rp) (2.16)

There is a trade-off between incident reflectivity Rtotal and the trapping effi-

ciency of a waveguide µTIR. This trade-off is shown in numberical form in Ta-

ble 2.1 and in graphical form in Figure 2.6. A 100,000 photon raytrace simulation

using pvtrace (introduced in section 3.1) was set up of a 0.15 x 0.15 x 0.04cm

LSC with a 250µm thick Lumogen F Red 305 film at an absorption coefficient of
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Figure 2.5: Visual representation of Snell’s law. (a) light is refracted through a
medium, (b) Total internal reflection (TIR) occurs at the critical angle θC , (c) an
incident angle θ > θC will cause light to be reflected by TIR back into the medium.

11,000m−1. Varying the LSC refractive indices between n = 1.5− 1.8 suggest that

incident reflection plays a bigger part in LSC efficiency than escape cone losses

from isotropic luminescent emitters. Results are shown in Table 2.2. Using the

same light spectrum, efficiencies are lower for diffuse light conditions due to the

increased reflectivity at higher angles of incidence. In reality, diffuse light is more

blue in nature, and the lack of presence of infra-red photons in the spectrum elevate

efficiency values. This is shown in the fourth column in Table 2.2.

Refractive Index Incident Reflection Trapping Efficiency

1.5 4.0% 75%
1.6 5.3% 78%
1.7 6.7% 81%
1.8 8.2% 83%

Table 2.1: Incident reflection and trapping efficiency of LSCs with different refrac-
tive indices

Looking back to Figure 2.2 and Equation 2.4, the loss mechanisms discussed

have been the trapping efficiency µTIR, shown as process 3 and the Fresnel reflec-

tion, shown as process 2. The surface of a waveguide, unless highly polished, will

not be perfectly smooth and so iregularities will induce some scattering of previ-

ously TIR trapped light out of the LSC. This is caused by the possibility of a photon

hitting a surface imperfection at an angle of incidence of less than the critical an-

gle, which would have not been the case if that point on the surface were perfectly
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Refractive
Index

Normal Incident
Light

Diffuse incident
light

Diffuse incident light &
spectrum

1.5 5.3% 4.9% 8.7%
1.6 4.8% 4.3% 7.6%
1.7 4.1% 3.7% 6.7%
1.8 3.6% 3.3% 6.1%

Table 2.2: Comparing optical efficiency values for simulations on a Lumogen F Red
305 LSC with different refractive indices. The simulation used AM1.5 spectra with
planar and diffuse (hemispherical) light conditions. The last column uses only the
diffuse component of AM1.5 to demonstrate efficiency elevation by lack of infra-red
photons.

Figure 2.6: Fresnel reflection coefficients for an air-LSC interface (solid line) and
LSC-air interface (dashed line) for varying refractive indices. Increasing the refrac-
tive index affects the critical angle θc more than it does the reflection coefficient at
normal incidence.

smooth. Water moisture droplets contribute to surface non-uniformity and so can

add to scattering. These are shown as process 8 in Figure 2.2. This is however not

a major loss mechanism, with a clean, smooth polymethyl methacrylate (PMMA)

surface reaching loss factors of only 0.0002 per reflection [196]. Impurities in the

waveguide can also lead to scattering of light (process 7 in Figure 2.2).

The waveguide host material will also have an absorption coefficient, which will

parasitically absorb luminescent light (process 5 in Figure 2.2). PMMA can reach

absorption coefficients of the order of 0.1m−1. An example transmission spectrum

of a PMMA sheet is shown in Figure 2.7. Parasitic absorption and waveguide

scattering only becomes significant in the large scale. In smaller scales like LSCs,

57



they get dominated by luminophore light re-absorption, which is primarily a short

range effect [197]. PMMA and borosilicate glass are the most common waveguide

materials, but other materials have been investigated as host materials such as

polycarbonate (n ≈ 1.59) [198], polysiloxane [199, 200], perfluorinated polymer-

based materials [201, 202] and various other types of glasses with varying refractive

indices of n = 1.5-1.8 [203, 204, 198].

Figure 2.7: Transmission spectrum of a Clarex U.V. transmission filter, made out
of high quality PMMA. Data taken from the Weatherall Ltd Clarex webpage [205].

2.4 Cylindrical LSC geometries

Initially addressed by Batchelder et al. [206, 207] as an alternative geometry

to planar LSCs, cylindrical LSCs (CLSCs) offer better photon concentration than

planar LSCs due to a greater geometrical concentration CG. In this geometry, the

luminescent edges are limited to the two ends of the cylinder therefore in compar-

ing to planar geometries we shall also use just two emitting edges. The incident

light collection area of both a square and cylindrical geometry LSC is its diameter

multiplied by its length. This is highlighted as yellow in Figure 2.8. The photon

concentration difference arises at the ends. The luminescent emission area for one

end of the LSC is the circular area πr2 whilst for the square its the square area

4r2. This means the geometrical advantage ratio of cylindrical to planar geometry

is π/4. This value is highlighted as the red area in Figure 2.8. Due to the curved
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surface of a cylinder, surface reflection of normal incident light sums up to 6.9%

for the whole surface, almost double that of a planar surface. In having an array

of cylinders, some of the light reflected off a cylinder can be transmitted into its

neighbour. In this instance, surface reflection drops to 2.7% [208]

Figure 2.8: Cylinder geometry versus square geometry

CLSCs have experienced a small resurgence in the past decade when it was

claimed that a CLSC can outperform a planar LSC of equal volume and collection

area by a factor of 1 - 1.9 in terms of optical efficiency [208]. Since then CLSCs

have been investigated, albeit not extensively, as standalone devices.

Colantuono et al. confirmed using raytracing techniques that CLSCs always

outperform similarly sized planar LSCs in terms of photon concentration, especially

in conditions of isotropic (diffuse) illumination [209]. Edelenbosch et al. first found

that coated fibres have a higher photon concentration than homogeneously doped

fibres [69]. This is due to luminescent light being emitted closer to the edge, which

has a higher trapping efficiency. The trapping efficiency of a luminescent photon

varies depends on the distance r from the centre of the cylinder. McIntosh et al.

[208] derived an expression for the escape fraction as a function of distance from

centre r. The trapping fraction, which is unity minus the escape fraction, for a

cylinder of refractive index n = 1.5 is displayed graphically in Figure 2.9. The
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trapping efficiency of a cylinder is worse than a planar geometry, which is 75%,

unless the photon is emitted at the cylinder’s edge.

Figure 2.9: The trapping fraction from an infinite cylinder as a function of emission
location r/R, shown in red, where r is the distance from the centre of the cylinder
and R is the radius of the cylinder. The trapping efficiency of an infinite planar
geometry is shown in blue. Data to make this graph is taken from McIntosh et al.
[208]

Edelenbosch et al. further found that by taking into account the fact that lu-

minophore self-absorption losses are a short range effect, the increase in photon

concentration by increasing cylinder length is larger than the loss due to host mate-

rial absorption and scattering. In effect this means that the effective concentration

increase can be theoretically limitless.

Materials other than Lumogen F Red 305 have been used in CLSCs. Wu et al.

use a lanthanide luminophore Eu(TTA)3Phen, which experiences no re-absorption

losses due to its greater than 200nm Stokes Shift. It was shown that it outperforms

organic luminophores, in this case Rhodamine 6G, only when the geometric con-

centration CG was over 75. The PLQY of both materials were not disclosed [210].

Correia et al. used the same Eu(TTA)3Phen luminophore, with a PLQY stated

to be one of the highest reported so far in lanthanide based luminophores [211].

Both papers made the point of negligible re-absorption losses, underlining the need

to use low light attenuation host material to keep up the transport efficiency of

luminescent light.
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Inman et al. made lead sulphide (PbS) QD CLSCs in both solid and hollow

form [212]. These QD do suffer from re-absorption, however the interesting finding

was that optical efficiency values for hollow CLSCs were double that for the solid

CLSCs, caused by higher incident absorption and lower re-absorption losses. Look-

ing at results from Wang et al. confirms that it is the hollow geometry alone that has

these benefits [213]. In comparing modelling results from homogeneously doped and

coated CLSCs, it was shown that re-absorption losses are higher in coated CLSCs.

These losses are countered by the escape cone losses of a solid cylinder, meaning

a cylindrical coated CLSC outperforms homogenously doped CLSCs. This agrees

with modelling results by Edelenbosch et al. [69].

CLSC designs have morphed into fibre geometries, with small radii and long

lengths. We can call these fibre LSCs (FLSCs). Banaei et al. designed a series

of FLSCs for intercomparison [214]. These fibres were clear with doped centres.

The most interesting shape is a square fibre, and its doped centre, with a semi-

cylindrical top to focus light into the doped centre. With this configuration they

produced an optical efficiency of µopt = 5.7%, albeit from a FLSC 2.5cm long.and

0.6mm in diameter. Extending the FLSC length to 10cm gave it an optical effi-

ciency of µopt = 3.1% [215]. Incident light on these FLSCs were normal to the fibre.

It should be noted that the focussing characteristic of the tops of these fibres will

not work for most of a day where incident light will not be normal the FLSCs. The

authors however did propose further investigation for performance in diffuse light

conditions.

For all the work mentioned, none measured the LSCs’ performance in an array

or in the outdoors. Only one cylindrical FLSC array has been investigated on

in the outdoors. This FLSC array was part of a daylighting setup mentioned in

subsection 1.2.1 with a room illumination output of 60Wm-2, and was monitored

for a whole month. This is also the only paper to investigate the performance of a
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large scale FLSC array [66, 67].

2.5 Other solar uses for luminescent materials

Luminescent downshifting of incident light in algae photobioreactors to match

the algae’s peak absorption wavelengths has already been discussed in subsubsec-

tion 1.4.3.2.

There are two reports whereby a solar cell is embedded inside a luminescent

plate [216, 217]. Yoon et al. use a micro silicon solar cell embedded in the lumi-

nescent layer of a coated LSC with a back mirror for the concept of a flexible LSC

system. This solar cell absorbs light from all sides, therefore absorbs incident and

luminescent light [216]. This is depicted in Figure 2.10a. The maximum improve-

ment on the maximum power output was 3.2 times more than if the cell was just

illuminated on the top surface.

Corrado et al. use a similar concept of embedding a solar cell within the lumines-

cent layer, but instead the solar cell and luminescent layer are on the back surface

of the waveguide [217]. This is depicted in Figure 2.10b. Variations on LSC size as

well as PV number and orientation within the LSC were tried. The largest module

built was 51 cm x 51cm, demonstrating true module-scale testing. The module was

(a) (b) (c)

Figure 2.10: Different methods of using luminescence to improve solar cell perfor-
mance. (a) A µmm silicon solar cell embedded into a luminescent layer with a
specular mirror (yellow) under the substrate. The cell absorbs light from all sur-
faces. [216]; (b) Silicon solar cells embedded into a bottom luminescent layer. Only
the top surface absorbs light [217]; (c) luminescent layer coated onto a solar cell
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tested outdoors flat, and tilted towards the sun, where it was shown that tilting

the module increases its relative efficiency by 6%. The best configuration of this

design provided a lower cost per watt ($1.52/W) than using just standalone solar

cells ($2.11/W).

A luminescent layer can be coated on the surface of a solar cell, downshifting

incident light to more favourable wavelengths for the solar cell. This concept arose

in tandem with the LSC in the 1970s and now this has been tried on a plethora

of solar cell materials [218]. Not only does this luminescent down shifting layer

have the ability to increase short circuit current in solar cells [219, 220], it is also

seen as a way of making a solar cell more aesthetically pleasing as a way to better

incorporate it into BIPV [221]. The major loss mechanisms that that have been

identified in adding a luminescent downshifting to solar cell are reflection losses

due to sub-optimal optical coupling between the solar cell and luminescent layer,

light scattering due to surface roughness and light escape through the edges of the

luminescent layer [181].

2.6 Conclusion

The luminescent solar concentrator (LSC) is a luminescent panel made of highly

transparent glass or plastic, with homogeneously doped with, or coated with, lumi-

nescent materials. It is a light concentrating device that does not need to track the

sun as it absorbs light isotropically, and the luminescent light can be matched to

the uses of the LSC. Traditional figures of merit for the LSC are optical efficiency,

which is the ratio of useful emissive photons and incident photons, and photon con-

centration, which is the ratio of useful photon flux and the incident photon flux.

The luminescent molecule, or luminophore, represents the major factor behind

the LSC’s performance. The ideal luminophore requires broad spectral absorption,

high absorption coefficient, little or no overlap between its absorption and emis-
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sion spectra to avoid re-absorption losses, high luminescent quantum yield. It must

also be highly soluble in its host matrix material, its emission spectrum should be

matched to the spectral response of the coupled photo-device, and it must be stable

against degradation. It can degrade by damage caused by absorbing ultraviolet

light as well as weathering caused by temperature fluctuations, wind, dirt and ab-

sorption of water over time. Current organic luminophores have high absorption

coefficients, high luminescent quantum yields and stable. They suffer however from

large spectral overlaps between their absorption and emission spectra and the emit

light isotropically. This leads to significant optical losses as luminescent photons

not within the angle range for total internal reflection escape out of the LSC top

and bottom surfaces. For a waveguide of refractive index n=1.5, 25% of isotropi-

cally emitted luminescent light escapes due to this loss mechanism. This leads to

fundamental optically efficiency limits of less than 10%. By adding anisotropy to

luminophore light emission in order to ensure all luminescent light is emitted with

in the total internal reflection angle range would raise this limit to 30%.

The most common waveguide materials are PMMA and borosilicate, and the

refractive index of the LSCs can vary from n=1.5 to n=1.8.

Cylindrical geometries in LSCs provide a geometric alternative to flat plates.

They can provide higher geometric concentration ratios, and whilst a cylinder ar-

ray can provide less Fresnel surface reflection losses, trapping efficiencies are worse

than planar geometries.

Other uses for luminescent materials include embedding solar cells inside LSCs,

or coating them with a luminescent layer. This is to take advantage of luminescence

downshifting, where incident sunlight is spectrally downshifted into a more suitable

wavelength for the solar cell.
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Chapter 3

Experimental and

Computational Methods

This chapter discusses the experimental methods used for the fabrication of

LSCs, the characterisation of LSCs and solar cells. Computational methods are

presented, with the raytracer pvtrace introduced, and an expansion of is capabilities

is presented.

3.1 Raytrace modelling

Pvtrace [163] is a Monte-Carlo raytracing model in Python2.7, written by Dr.

Daniel Farrell [163]. It has been used to model a LSC using phycobilisomes as

luminophores, with simulation results agreeing with experimental results on con-

centration ratios of varying LSC dimensions [222]. Krumer et al. have also matching

results between pvtrace and experimental measurements of absorption through a

luminescent medium [223]. Pvtrace has been used to demonstrate that nanorod

luminophores experience less self-absorption losses than quantum dots [224].

The raytracer traces individual photon paths through the constructed geometry

in a model environment, using Monte-Carlo processes to determine the outcome of
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events at each intersection with an object’s surface. In other words, probabilities of

each physical process are compared to a randomly generated number to determine

the outcome. Each interaction the photon has with its environment is logged in

a database file using Structured Query Language (SQL), which is a programming

language designed for managing data in a database management system[225].

3.1.1 Pvtrace algorithm

Incident photons are generated at a position with a direction determined by the

nature of the light source. The wavelength is sampled from the input incident light

spectrum. Original light sources include planar light sources and isotropic point

sources.

At an interface with an object, the probability of Fresnel reflection is calculated

for the given refractive indices and angle of incidence. This is compared to a ran-

dom number to determine whether it is reflected or refracted. If it is reflected and

has no more objects with which to intersect, the photon is stopped and its journey

is logged. If it is refracted, Snell’s law applied and the photon direction is updated.

The next interface intersection point is found. The path length between these two

intersection points is calculated. The absorption path length is also calculated using

the Beer-Lambert law, dependent on the photon’s wavelength and the object’s opti-

cal coefficient at that wavelength. The two path lengths are compared to determine

whether the photon is absorbed or if it hits the following interface. If the photon

hits the following interface, the interface calculation starts again. If the photon is

absorbed, based on the PLQY of the material, it is either re-emitted at a proba-

bilistically determined redshifted wavelength, or lost non-radiatively. Re-emitted

photons then follow the same interface calculations. An algorithm flow schematic

is shown in Figure 3.1.

Every photon will undergo iterations of the same interface calculations until
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it is lost non-radiatively or until it has escaped the objects in the model. At the

end of its run, the photon has details logged such as the amount of times its been

absorbed, how many interface interactions it has had, if it escaped the scene, from

which object and which of its surfaces, and in which direction it escaped from.

Datalogging is stored using SQL.

3.1.2 Parallelising pvtrace

Monte-Carlo raytrace modelling can be separated into a number of parallel sub-

simulations due to each photon being an independent process with no interaction

or communication with any other photons. This characteristic of a task is defined

as an Embarassingly Parallel task [226]. Pvtrace in its current ability did not have

parallelising capabilities, therefore only one logical core in a computer is used in a

simulation. Most modern computers have at least four logical cores, meaning most

of the available processing power is wasted. A significant amount of incident pho-

tons are needed in order to reduce the variability in simulation results for any given

parameter space. Furthermore increasing the complexity of a LSC system increases

the number of interface interactions and therefore simulation times increase. This

can be a deciding factor in how many photons are used for a raytrace run.

ParallelPython (pp) is an open sourced parallelising module available for Python

2.7 [227]. This module was incorporated into pvtrace to establish parallelising capa-

bilities. Shown diagramatically in Figure 3.2, the strategy is to split one simulation

into various smaller sub-simulations. The resulting SQL files are merged into a

master SQL file once all sub-simulations are finished. For a computer with large

numbers of cores, the speed bottleneck becomes the read/write speed of the hard

drive. RAMdisk software was purchased from Dataram [228]. This allows a chosen

percentage of a computer’s RAM to be used as a disk drive, albeit with superior

read/write capabilities.
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Figure 3.1: Algorithm flow diagram of a photon in pvtrace.
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Figure 3.2: Parallelising strategy for pvtrace with a computer of four logical cores.
A major 10,000 photon simulation gets split into four equal sub-simulations. Each
SQL file can only be accessed by its own separate sub-simulation. Once all sub-
simulations are finished and their SQL files are closed, the data gets compiled into
one major SQL file

3.1.2.1 Simulation Benchmark Speeds

A summary of the benchmark speeds for a 16,000 photon simulation of a 20cm x

20cm x 0.5cm thin-film LSC with a back reflector and mirrors on 3 sides are shown

below in Table 3.1. The computer used is a HP Z820 workstation with 16 logical

cores. Using parallel-pvtrace on a RAMdisk shortened the benchmark simulation

from 16 hours to 1 hour.

PVTrace iteration duration

1 core hard drive 16h
8 core, hard drive 5h 56m
16 core, hard drive 4h 39m
16 core, RAMDisk 59m

Table 3.1: Simulation benchmark speeds. The final outcome of parallelisation has
sped up PVTrace by 16 times.

3.1.3 Additions to pvtrace Geometry module

Additions were made to pvtrace in various modules in order to create the vari-

ous models as shown in the results sections. Already existing modules and classes
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will not be discussed here.

Simple Cone

The cone is used to model a reflecting cone used in the PEC reactor waveguide

in subsection 5.1.1 and the Luminescent Solar Diffuser (LSD) in subsection 6.1.2.

Resources used to create this geometry are by online by David Eberly [229] and by

using the Graphics Gems book series [230, 231]. To define the cone, a vertex V and

an axis ray is assigned, with the axis ray origin being V and unit vector D. An

acute cone angle θ ∈ (0, π/2) is given. A point X is inside the cone when the angle

between D and X − V is in [0, θ]. An infinite plane intersects the cone normal to

the axis ray at a cone height H from the vertex, to be the cone’s base. Containment

of point X inside the cone, which includes a point on the cone surface, is defined

by:

D.
X − V
|X − V |

≥ cos(θ) (3.1)

and includes determining the point X is within the cone height:

D · (X − V ) ≤ H (3.2)

Truncated Cone

This is used to model the unsuccessful creation of a LSD using truncated cones,

discussed in subsubsection 6.1.2.1. The raytracing script to define a truncated cone

is similar to that of a simple cone, except two infinite planes intersect, one for the

base, and one for the top. This means the height constraint is defined as:

h ≤ D · (X − V ) ≤ H (3.3)

Polygon Mesh

This uses the existing Polygon class, which defines a polygon as three or more points

which are all in plane. Identifiers for the object revolve around determining firstly
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Figure 3.3: Pictorial representation of the Cone code. A vertex V is the cone point.
The axis ray originates at V and has a unit vector D. The base is given by an
infinite plane (solid red line) intersecting the cone normal to the unit vector D at a
distance H away from the vertex. A truncated cone includes a second infinite plane
(dotted red line). Point 1 is inside the cone as φ1 < θ and is between the point V
and infinite plane, and point 2 is outside the cone as φ2 > θ.

whether a photon is on the plane of the polygon, and secondly if it resides in the

middle of the points. Being a 2-dimensional object, a photon cannot be contained

within it.

The polygon mesh is used to model the successful creation of a LSD. A collection

of polygons are created via a desired function. PolygonMesh does not check if the

polygons form an enclosed mesh, so either the function should be of a self-contained

nature, or if the mesh is created in parts it needs to be verified on the pvtrace vi-

sualiser. All the polygons are interpreted as one object. A ray is a point X with

a unit vector U . Containment of a point X in the Polygon Mesh is determined by

finding the number of Polygons in which the ray intersects with. If the number of

intersected Polygons are odd, point X is inside the PolygonMesh, if it is even then

it is outside.

This works in tandem with a new module, MeshGen (mesh generator), which

contains the functions that create the polygon structure. This module is discussed

in further details in subsection 6.1.2.
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3.1.4 Additions to pvtrace LightSources module

SunPositionSource

The sun’s zenithal and azimuthal are fed in. The north is set to [1,0,0] and the

ground normal is set to [0,0,1]. The point of illumination is determined like the

Planar source, choosing a point within an x-y parameter space by random num-

ber generation. Incident planar light is given a direction assigned by the inputted

zenithal and azimuthal angles.

PlanarCircularSource

The same as the Planar light source, except the parameter space for the point of

illumination is defined by a circle of centrepoint C and radius r. This is used to

illuminate 3D circular LSD models.

HemiSource

A hemispherical light source to simulate diffuse light conditions. The ground normal

is set to [0,0,1] and north is set to [1,0,0]. The point of illumination is defined as

above. Incident photon directions are randomly generated within the limits of

0 ≤ θ ≤ π/2 for the zenithal angle and 0 ≤ φ ≤ 2π for the azimuthal angle.

3.1.5 Additions to pvtrace Materials module

Algae

The Materials class is modified to include an Algae scattering parameter. The ex-

tinction and absorption spectrum of algae is fed into the Materials class. If the

algae scattering parameter is False, it is business as usual for the Materials class

and the algae is treated as a normal material absorptive material with zero lumi-

nescent quantum yield.

If the algae scattering parameter is True, then the extinction spectrum is fed into

the Material absorption spectrum parameter. Thus the extinction coefficient in this
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case determines whether a photon impinges on the algae. Scattering/absorption is

then defined. The photon is decided as being absorbed if the following outcome is

true:

nrandom <
αabs
αext

(3.4)

where nrandom is a randomly generated number between 0 and 1, αabs is the

absorption coefficient and αext is the extinction coefficient at the wavelength of the

absorbed photon. If the above definition is False, the photon is scattered. The code

treats the algae as an isotropic emitter and the photon experiences zero redshift.

3.1.6 Additions to pvtrace Trace module

ppstart

This enables pvtrace to be parallelised. The number of sub-simulations is deter-

mined either manually, or by automatic identification of the number of logical cores

on the computer. The sub-simulations are started and when all are finished, all

the SQL database files are merged into a larger one. The large combined SQL

database includes all six log tables: Photon, Position, Direction, Polarisation, Sur-

face Normal and State. A loop is run through the list of sub-SQL files to copy and

paste values from their six tables into the merged tables. The start class has been

modified to accommodate ppstart functionality by assigning each sub-SQL file a

number defined by its order in the parallelising start queue.

3.1.7 The new MeshGen module

This module is the part that generates the mesh from a parametric equation.

The base logic is inspired from description of generating parametric surfaces from

the “Mesh Generation with Python” page on the the website “The Little Grasshop-

per” [232].

MeshGen takes three main arguments: the function object that the latitudinal
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coordinate resolution, the longitudinal coordinate resolution. The function builds

a list of polygons which is then given to the PolygonMesh class and treated as one

object.

Depending on the objective function, the mesh generation module will not pro-

duce a closed mesh – it might be necessary to manually add two polygons at either

end to close the mesh. The PolygonMesh object does not care how many vertices

its polygons have and can take a mixture. Current MeshGen definition code creates

3-vertex polygons.

The current MeshGen module only contains the plateau curve mesh to form a

hyperboloid LSD, and the corresponding algae slice mesh that wraps around the

hyperboloid LSD. The mesh is described in more detail in subsection 6.1.2.

3.1.8 Genetic algorithm

A genetic algorithm (GA) is a method of multi-parameter optimisation, which

attempts to emulate simple models of genetic evolution over a set number of genera-

tions, ranking members of a population on their overall fitness which is described by

a pre-defined fitness function. Each generation of a population experiences genetic

selection, crossovers, and then mutation as a way to develop the fittest member

[233]. The number of members in a population can be varied according to the

number of parameters that need optimising.

3.2 Fabrication of LSCs

3.2.1 Thin film LSCs

Thin film LSCs (TFLSCs) are LSCs consisting of a transparent waveguide

which coated with a highly doped luminescent layer consisting of a host matrix

and luminophore. Solution-based processing is used to fabricate them. A lu-
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minophore/host material/solvent mixture is created and then deposited onto a

transparent waveguide substrate.

3.2.1.1 Luminescent solution

Standard glass vials from VWR are used for making solutions. They are first

cleaned by sonication in acetone, degreased with isopropanol (IPA) and rinsed with

de-ionised (DI) water before being left to dry.

Using a micro balance with 10-4 gram accuracy, the required quantity of host

and luminophore material are added to the vial. The host material used in this

thesis is polymethyl methacrylate (PMMA), which has a refractive index of 1.49.

It is bought from Sigma Aldrich.

A solvent is added to the powder mixture. Chlorobenzene or toluene are suitable

solvents, however they are flammable, acutely toxic, irritant and harmful to the

environment. For this reason any handling of solvents must be done in a fume

hood. Arms should be covered, and protective nitrile gloves used. Total dissolution

can take 4-10 days, depending on the size of the vial and the molecular weight of

the PMMA. Stirring with magnetic stirrers speeds up the dissolution process, as

does homogeneously heating the vial.

3.2.1.2 Thin film coating

Blade coating is the preferred method of depositing a thin film on a substrate.

A RK Control Coater from RK Printcoat Instruments was used. Substrates of up

to 18cm x 18cm can be coated with this machine. The height of the blade is con-

trolled with micrometer dials. Film thickness resolution is 1µm. This technique

needs a large excess of luminescent solution for complete coating of a substrate, as

demonstrated in Figure 3.4.
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(a) Initial setup for coating (b) Partial thin film coating. (c) Full thin film coating

Figure 3.4: Blade coating luminescent solution onto a substrate. Microscope slides
surround the substrate. A large amount of luminescent solution is deposited on the
substrate edge nearest to the blade. Insufficient amounts of solution result in an
incomplete coating of the substrate as demonstrated in (b). Complete coating is
shown in (c).

Glass substrates are cleaned with acetone, IPA and DI water. The substrate

edges are protected with protective adhesive tape and microscope slides are placed

all around the substrate. PMMA substrates are not cleaned with solvents as they

will dissolve and lose surface uniformity. An excess amount of luminescent solution

is placed on and around the substrate edge closest to the blade. Insufficient amounts

of solution result in an incomplete coating of the substrate, as demonstrated in Fig-

ure 3.4b. The corners of the substrate furthest from the blade’s starting point can

be left uncoated as the luminescent layer becomes more narrow as the blade passes

over the substrate. This effect is more pronounced with more viscous solutions.

After coating the TFLSC is left in the fume hood overnight for the solvent to

evaporate out of the thin film. The blade coater table and the blade are cleaned

rapidly with chlorobenzene and acetone before the solution dries on them.

3.2.2 Fibre LSCs

Cylindrical, homogeneously doped PMMA/Lumogen F Red 305 FLSCs were

fabricated at Nanoforce Ltd, which is based at Queen Mary University of London
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(QMUL), with guidance from Dr. Emiliano Bilotti. The mix was melt-blended in

a twin-screw micro-compounder (DSM Micro15). Fibres were drawn through a die

in the solid state under tension by a rotating drum and air-cooled. The rotation of

the drum determined the diameter of the fibres. The fibres were thin enough that

air cooling was sufficient to cool them down to room temperature within tens of

seconds. The setup meant that the maximum diameter of the fibres were limited

to 1mm. Figure 3.5b shows the fibre manufacturing in action.

(a) Schematic (b) Photograph

Figure 3.5: Fibre extrusion at Nanoforce in Queen Mary University London, with
the guidance of Dr. Emiliano Bilotti. PMMA and Lumogen dye was melt-blended
in a DSM Micro15 twin-screw micro-compounder (red box). A rotating drum draws
out fibres from the extruder exit hole (blue box). The rotation speed determines
the diameter of the fibre. The fibre is then air-cooled (green box).

3.2.2.1 Difficulties in manufacturing larger fibres

Attempts were made to manufacture fibres of diameters larger than 1mm. A

larger single-screw melt-compounder, Collin Teach-Line E20T, enables fibres of di-

ameters of a few millimetres to be manufactured. The same PMMA as used in the

micro-compounder was also used in the extruder.

First, fabricating pure PMMA fibres was attempted. The fibres came out brittle

with many air pockets and extremely rough surfaces, as shown in Figure 3.6. A hy-

pothesis was made that there was too much moisture in the PMMA, so the PMMA
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powder was dessicated overnight in an oven. This aided in slightly removing air

bubbles from the fibres, but the surface was still very rough. A further hypothesis

was made in there being contaminants from the previous fibre extrusion that were

interfering with the melt-blending of the PMMA, so a thorough clean of the system

was undertaken. This too did not improve the surface roughness. Throughout these

attempts, blending temperatures and blending/extrusion speeds were varied across

a broad range.

The conclusion to this is that the PMMA used for mini-extrusion is not neces-

sarily compatible with larger scale melt-compounding. Different polymers capable

of being host material to Lumogen F Red 305 would have to be experimented with

in the single-screw melt-compounder to determine the more compatible for the pro-

cess. Time constraints prevented further investigation into this issue.

Figure 3.6: Fibres produced from the larger single-screw melt-compounder. The
fibres were brittle, had air pockets within, and very rough surfaces.

3.3 LSC characterisation

A Steuernagel Lichttechnik solar simulator is used as an incident light source,

with the lamp source being a metal halide HMI 575W/SEL XS bulb and a ho-
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mogenising filter. An Ocean Optics HR4000 fibre spectrometer is used to measure

the transmission and emission spectra of an LSC. The transmission spectrum of

luminescent material is used to obtain the absorption spectrum, which is fed into

the raytracer, pvtrace.

3.3.1 Luminophore absorption spectrum

The absorption A of a material is determined by:

A = 1− T −R (3.5)

where T is the transmission of a material and R is the reflectance. Transmis-

sion measurement can be used to obtain the absorption spectrum for luminescent

material.

The spectrometer’s fibre end is mounted facing into the solar simulator spec-

trometer. A similar substrate used for the LSC is placed in between the aperture

and the fibre to measure the transmission spectrum of the substrate Isub. The

substrate is replaced with the LSC to obtain its transmission spectrum ILSC . The

transmission of the substrate is measured and subtracted to remove the absorption

characteristics of the substrate. Comparing light intensities between a substrate and

the LSC removes reflectance as both should have the same reflection characteristics.

The Beer-Lambert law is used to obtain the absorption spectrum of the lumi-

nescent material ??:

T =
ILSC
Isub

= e−αl (3.6)

where T is the transmission, Ilum is the light intensity of the light transmitted

through the luminescent layer, Isub is the incident light spectrum with the substrate,

α is the absorption coefficient of units m−1 and l is the luminescent layer thickness.
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Figure 3.7: Measuring the transmission spectrum of a LSC. The transmission spec-
trum (b) is subtracted from the incident solar simulator spectrum (a) to obtain the
absorption spectrum of the LSC.

The Beer-Lambert law is applied to every wavelength measured by the spectrometer

to obtain an absorption spectrum. Obtaining solely an absorption spectrum for

pvtrace means the absolute value of absorption is not necessary.

3.3.2 Luminophore emission spectrum

The light emitted at the edge of the LSC is redshifted from the original emis-

sion spectrum of the luminophore due to re-absorption and re-emission along the

waveguide. Measuring the emission from the top surface of the LSC is needed to

obtain an unaltered emission spectrum. A laser with a wavelength shorter than

that of the luminophore’s emission spectrum is used to excite a spot on the LSC

surface. The fibre spectrometer is used to obtain the emission spectrum.

3.4 Solar cell photoluminescence

Under open-circuit conditions and when excited with light of an energy above

the bandgap energy, a solar cell will become luminescent. Much like luminophores,

incident light excites an electron in its electronic ground state into the conduction

band. Electron-hole pairs are generated, and thermalise down to the lowest en-

ergy level available in the sample before recombining radiatively. A spectrometer

monitors the emitted light spectrum. A schematic of the setup is shown in Fig-
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ure 3.8. A Spectra Physics Millenia V laser, producing light of wavelength 523nm

was used as the excitation source. A Princeton Instruments Acton 2500 was used

as the monochromator. The laser light is optically chopped to give pulses of a

given frequency. As such the photoluminescence from the sample pulses with that

frequency. A lock-in amplifier receives the chopping frequency and locks onto the

signal from the detector which pulses at that frequency. Continuous signals are

considered noise and removed.

3.4.1 Top surface emission

The standard solar cell PL characterisation is made with top surface emission.

The setup is shown below in Figure 3.8.

Figure 3.8: Schematic of a photoluminescence (PL) setup. 532m laser light excites
the sample. Carriers are generated and then recombine radiatively to photolumi-
nesce. This PL is detected by the spectrometer.

3.4.2 Edge emission

The intensity out of the edge of a quantum well solar cell is measured. Un-

chopped laser light is de-focussed with a lens to so that the whole top surface of

a PL sample is illuminated. The profile of the illumination is Gaussian, with the

beam width considered to be its full width half max. A CCD is placed where the
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sample is to be, and an intensity profile of the beam is captured. The dimension

of each pixel is known, thereby the physical width and spot area can be calculated.

This is shown in Figure 3.9. Knowing the power of the laser, incident power density

in Wm−2 is obtained.

Figure 3.9: Calculating the illumination area of a de-focussed laser beam. The
beam width is taken as the full width half max of the beam.

(a)
(b)

Figure 3.10: Measuring the intensity of the edge emission of a solar cell under
full surface illumination, with a calibrated spectrometer. The PL sample width
and the cosine corrector aperture diameter are both 5mm. Black tape, acting as
a light shield, covers the parts of the cosine corrector aperture not coupled to the
PL sample edge. The setup is shown including the lens (a) and in a close-up of the
sample coupled to the cosine corrector (b).

An Ocean Optics HR4000 fibre spectrometer is used. The fibre end has a cosine
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corrector (CC), which is an optical diffuser that enables signal collection with a

180◦ field of view. The CC’s aperture width is 5mm and the PL sample’s width is

5mm. The sample edge is placed onto the middle of the CC aperture, and black

tape is added to the rest of the aperture to shield it from incident and stray light.

Light emission from the whole of the PL sample’s edge is collected. Some PL from

the top surface, exiting at near-right angles to the surface could potentially reach

the fibre aperture, so great care was taken to a) have a perfectly straight shield and

b) ensure a flush placement of the shield on the top surface on the sample. The

setup is shown in Figure 3.10a.

The spectrometer was calibrated by Ocean Optics for spectral irradiance, giving

a spectrum with units µWcm−2nm−1. This calibration was then corrected by Dr.

Diego Alonso-Alvaréz at the 5th International Spectroradiometer and Broadband

Intercomparison 2015 (Torrejón de Ardoz, Spain 17th-22nd May 2015).

3.5 Experimental high concentration illumination mea-

surements

The following high concentration illumination experiment was undertaken at

the Swiss PV Module Test Centre, at the University of Applied Sciences and Arts

of Southern Switzerland (SUPSI). The setup and measurements were all made with

Dr. Mauro Pravettoni.

3.5.1 Cone in a waveguide

3.5.1.1 Physical setup

The waveguide is placed vertically on a dedicated-made mount. An opaque

shield covers the front of the waveguide bar an aperture in which to illuminate the

cone. A backbar presses the waveguide into the shield for secure fixation. The

spectrometer fibre, which has a cosine corrector on the end, is placed at the edge
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and at the centre of the waveguide. The setup is shown in diagrammatic form in

Figure 3.11 and in photographs in Figure 3.12.

Figure 3.11: Schematic of high intensity illumination setup for a cone in a waveg-
uide. A high intensity flash lamp illuminates the waveguide. An opaque shield
covers the front of the waveguide apart from a small aperture for the cone. A
spectrometer with a cosine corrector and calibrated for absolute irradiance spectral
measurements is placed on the edge of the waveguide.

The spectrometer used is a three-channel Avantes Avaspec fibre optic spec-

trometer. Each channel is optimised for its spectral band: 400-750nm for channel

1, 600-1000nm for channel 2 and 950-1600nm for channel 3. The high intensity flash

lamp used is a modified Pasan IIIa with a Xenon bulb. A full description of the

flash lamp along with a detailed uncertainty analysis can be found elsewhere [234].

The flash is stable for 1ms. The illumination profile as a function of time is shown

in Figure 3.13b. The illumination intensity is measured using a crystalline silicon

solar cell which had been calibrated under IEC60904-1 Standard Testing Conditions

less than a year before this experiment.

Up to 2000 suns at peak power can be achieved close to the flash source. A vari-

ation of concentration values were investigated, which were determined by the dis-

tance of the waveguide away from the flash lamp. Figure 3.13a shows inverse square

proportionality between illumination power and distance away from the lamp. The
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concentrations investigated were between 20 - 1741 suns.

The back and edges of the waveguide are exposed. Background noise has to be

accounted for in all spectra. Measured spectra for the cone in waveguide is sub-

tracted by the background spectra for the relevant illumination value.

(a) Side (b) Front

Figure 3.12: Photograph of the high intensity illumination setup at SUPSI, Switzer-
land. The flash lamp (a) is highlighted in red. The waveguide (b), which is high-
lighted in yellow, has a calibrated spectrometer with a cosine corrector (c) on its
edge. The front of the waveguide is covered by a shield (d), which is highlighted in
green. It has a small aperture for the cone (e). The waveguide is held in place by
a back bar (f), highlighted in blue, pressing it into the shield.

Location Suns at max. power Distance from lamp (m) 1/distance (m-2)
P5 1740.8 0.15 44.44
P4 909.6 0.21 22.68
P3 298 0.365 7.51
P2 117.7 0.57 3.08
P1 20 1.32 0.58

Table 3.2: The five distances away from the flash lamp and their respective power
in suns. The 1/r2 relationship is shown graphically in Figure 3.13.
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(a) Suns at max. power for each position. (b) Flash lamp power as a function of time.

Figure 3.13: Five positions away from the flash lamp are chosen. Max. power for
each position shows inverse square relationship of light intensity and distance from
light source. Peak power lasts for around 1ms.

3.5.1.2 Correcting spectrometer intensity values

The peak incident intensities given in Table 3.2 were calculated during the 1ms

stable peak lifetime of the illumination pulse. The spectrometer could not be trig-

gered with accurate timing to collect light only in this 1ms window.

The Avantes spectrometer was given a 50ms integration time, and is triggered

just before the flash lamp is triggered. This is to ensure that all of the light from the

25ms flash is collected. The spectrometer assumes uniform illumination over time,

and so gives an output of average spectral irradiance over the total integration time

of 50ms (see Figure 3.14). The intensity values therefore given by the spectrometer

are lower than they should be when the flash lamp at peak power. A scaling factor

is needed for the spectrometer integrated intensity to obtain the real intensity value

at peak flash.

One of the flash intensity vs time profiles from Figure 3.13b is used, and inte-

grated over 25ms to give Wm−2(s−1). An arbitrary uniform profile with a lower

intensity value than peak flash is created, and integrated over 50ms. An iterative

solver is run that modifies the uniform value until the integration under the uniform
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and the flash profile graphs match, so that both give equal values of Wm−2. The

scaling factor is the value needed to multiply the uniform value to obtain peak flash

intensity, which for this particular setup was 4.527.

Figure 3.14: Flash lamp intensity and spectrometer assumed intensity vs time.
The spectrometer assumes constant illumination over its integration time, which is
double that of the flash duration. A scaling factor is needed on the spectrometer
power value by matching the integration of both graphs (which gives intensity in
Wm2), in order to get the real intensity measured by the spectrometer at peak
flash.

3.5.1.3 Calculating Watts in vs Watts out

The intensity in Wm−2 is known for incident illumination, and for the illumi-

nation impinging on the spectrometer. The area dependence must be removed so

that an experimental efficiency value can be compared to a simulated efficiency

value. Assuming uniform incident illumination, multiplying the intensity with the

aperture area gives the incident power in Watts, Winc.

The emission coming out of the waveguide edge is non-uniform, and depends

on the type of waveguide-embedded reflective cone and whether the waveguide has

reflectors along its edges. This is explained in more detail in subsection 5.1.1. The

87



spectrometer was not moved from its place in the centre of the waveguide. The

assumptions made are for the spectrometer aperture to be a point exactly at the

centre of the waveguide edge. The emission profile is integrated across the waveg-

uide width, with the peak of the profile being the spectrometer intensity value,

giving Wm−1. Multiplying by the waveguide thickness gives the power out of the

edge in Watts, Wedge. The power efficiency Wedge/Winc can then be compared with

results from the raytrace model in subsection 5.1.1.

Figure 3.15: The emission out of the waveguide is non-uniform, and dependent on
the emission profile of the cone, and on the existence of edge reflectors

3.5.2 Quantum well solar cell in a waveguide

3.5.2.1 Physical setup

The waveguide with a reflective cone is replaced with a waveguide with a square

cavity, shaped to contain a quantum well solar (QWSC) cell sample. The setup is

carried out as explained above in subsection 3.5.1. The cavity is flooded with index

matching fluid (Cargille acrylic matching liquid, refractive index n=1.49 at 633nm)

before embedding the QWSC. The same positions are used (P5 - P1) to measure

photoluminescence (PL) from the waveguide edge.

As well as background light being able to enter the spectrometer aperture due to
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the exposed back of the waveguide, scattered incident light off the top of the cavity

also contributes to the total signal. The PL is isolated by subtracting the spectrum

obtained when illuminating only the cavity to the spectrum obtained when a QWSC

sample is in the cavity. This is described in further detail in subsubsection 5.2.4.1.

3.6 Conclusion

Thin-film luminescent solar concentrators are manufactured by blade-coating

an excess of luminescent solution over the top of a transparent glass or polymer

substrate. Fibre luminescent solar concentrators were manufactured at Nanforce

Ltd by double-screw mini-extrusion. Attempts were made to make larger diameter

fibres by single-screw extrusion, but the resulting fibres were brittle and had rough

surfaces. A polymer that can be used in small scale mini-extrusion does not neces-

sarily mean it is compatible for larger scale fibre manufacturing.

A fibre spectrometer is used to measure a non-redshifting emission spectrum of

a LSC from the top surface. The absorption spectrum is obtained by subtracting

the measured incident spectrum from the transmission spectrum of a LSC.

Photoluminescence spectroscopy is used to measured the luminescence of a so-

lar cell when excited by a laser of photon energy above the cell’s bandgap energy.

The top surface emission is measured by a monochromator and photodiode. Edge

emission is measured in absolute units of µWcm−2nm−1 by using a calibrated fibre

spectrometer with a cosine corrector aperture in order to have a 180◦ field of view.

High concentration illumination experiments are undertaken at the Swiss PV

Module Test Centre at SUPSI, Switzerland. A high intensity flash lamp is used,

and the illumination intensity is determined by the distance of the sample away

from the lamp. A waveguide containing either a reflective cone, or a quantum well

solar cell (QWSC), is covered with a shield apart from an aperture over the cone or
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QWSC. The light reaching the edge of the waveguide is measured by a 3-channel

calibrated fibre spectrometer with a cosine corrector.

The raytracer used for modelling, pvtrace, is introduced, followed by a discus-

sion on the expansion of its capabilities. Pvtrace is parallelised and a RAMdisk is

used to cut simulations by 16 times when using a 16 core computer. New classes

and a new module are constructed to simulate real world light conditions and new

shapes. The module MeshGen is a mesh-making algorithm used to construct the

luminescent solar diffuser.
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Chapter 4

Cylindrical fibres and

cylindrical LSC arrays

This chapter presents practical work made on fibre LSCs, and computational

work on cylindrical LSCs. Using fibres manufactured at Nanoforce Ltd, the linear

increase in photon concentration as a function of fibre length is demonstrated for

lengths more suitable for large scale fibre arrays. Using pvtrace, a 2D demonstration

of angle of incidence related light trapping is discussed, and a cylindrical LSC array

is simulated with 3D real world light conditions for two separate days to discover

whether this light trapping manifests as a performance boost. A significant part of

this chapter has been published in paper DOI: 10.1364/OE.24.0A1188.

4.1 Determining a linear relationship with fibre length

and light concentration

As discussed in subsubsection 2.3.2.3, reabsorption of luminescent light is a

major loss mechanism in LSCs. Due to the fact that most re-absorption/re-emission

events happen within the first few centimetres of a LSC, Edelenbosch et al. stated

that in a cylindrical fibre LSC photon concentration has the ability to increase

linearly with fibre length and waveguide surface defects and non-radiative host losses
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becoming the major loss mechanism. They also stated, using results generated from

pvtrace simulations, that the effective increase in photon concentration of a fibre

LSC can be theoretically limitless [69]. Whilst 1.2m long fibre LSC arrays have been

investigated in the literature [66, 67], a practical demonstration of these simulated

results has not been attempted. The aim therefore is to confirm this prediction by

measuring a fibre’s photon concentration as a function of fibre length to determine

whether the increase is linear.

4.1.1 Fibre details

Two different fibre LSCs are utilised: one made at Nanoforce Ltd, and a com-

mercially acquired Lumogen Red F 305 fibre LSC from LasIRvis Optoelectronics

Ltd. The Nanoforce fibres used have an uncertainty in their dye load concentration.

Preliminary fibres were made at 2% concentration but then a 0.2% concentration

dye/PMMA mix was added into the extruder hopper. After opening the extruder

for post-manufacturing cleaning, it was seen that a lot of the Lumogen material

had stuck to the extruder walls and screw. This would introduce inhomogeneity

to the mixing as excess dye could detach from the extruder components and into

the mixture. Furthermore the most radially-uniform fibres were made at a concen-

tration slightly higher than the final 0.2%. This is seen by eye as the final fibres

were more transparent than the more optimally manufactured fibres. The exact

concentration was deemed to be unimportant as the objective of the chapter was

merely to determine linear increase in photon concentration as a function of fibre

length, not determine absolute photon concentration values.

Three fibres were manufactured with an estimated 0.5±0.25% dye load concen-

tration. It is low enough to ensure minimal risk of luminophore agglomeration.

This does not remove the risk of uneven spread of the dye within the host matrix

during material mixing due to the reasons explained above. The fibres had average

diameters of 0.64mm, 0.7mm and 1.12mm with lengths of up to 2metres. The fibres

92



suffer non-uniform variations that differ on average 0.18mm from the mean value

across the length of a fibre. Variations in photon flux out of the fibre ends can occur

due to the extent of fibre diameter inhomogeneity across its length, agglomeration

of the luminescent material which can mitigated with a low dye load concentration,

and the quality of polishing of the fibre ends.

4.1.2 Fibre measurements

To measure the light coming out of the FLSC ends, the fibres were coiled in a

manner to avoid overlap, and therefore shading, under the Steuernagel Lichttechnik

solar simulator. For the Nanoforce fibres, one end of a fibre, which was polished

using Thorlabs polishing paper down to 0.3µm grain size, was clamped down by a

fibre launcher and optically coupled to a silicon photovoltaic (PV) cell using index

matching fluid (Cargille acrylic matching liquid, refractive index n=1.49 at 633nm),

with the remaining area of the PV masked off as well as being enclosed in a light

shield. The measurement being taken is the short circuit current JSC of the silicon

PV. Photon concentration Cγ is the ratio of outgoing to incident photon flux, and

the incident photon flux stays the same throughout measurements, as such it will

suffice to merely measure the increase in JSC of the silicon PV as a function of fibre

length. The experiment was destructive: Measurements started with long fibres,

which were successively cut into shorter lengths.

The LasIRvis fibre was measured at a later point, when the Ocean Optics

HR4000 spectrometer had been calibrated for absolute irradiance. For this reason

the HR4000 was used to measure edge emission. The rest of the setup remained the

same as the Nanoforce fibres. To keep fibre integrity, instead of cutting it down, it

was taped over with black tape, as seen in Figure 4.2.
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Figure 4.1: Fibre illuminated under a solar simulator. One end is fixed by a fibre
launcher and enclosed in a light shield. A silicon solar cell is coupled onto the end
using index matching fluid.

Figure 4.2: The LasIRvis fibre under the solar simulator. Rather than cutting the
fibre down, it is taped off in 5cm increments of black tape.

4.1.3 Linear increase in photon concentration as a function of length

As shown by experimental data presented in Figure 4.3, photon concentration

is seen to increase linearly as a function of fibre length for up to the manufactured

lengths of 2 metres for the Nanoforce-manufactured fibres and up to 80cm for the

the commercial fibre. This agrees with the simulation results (shown as the green

plot in Figure 4.3) obtained by Edelenbosch et al. , whereby photon concentration

increases linearly for long distances. [69].

The LasIRvis fibre was in reality 1.5metres long, however there was a double

kink almost exactly in the middle of the fibre, which induced a scattering point
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Figure 4.3: Experimental values of photon concentrations of fibres of differing
lengths from three sample batches. Nanoforce fibre dye load concentrations are
0.5±0.25wt% with average diameters of 0.64mm, 0.7mm and 1.12mm. The LasIRvis
fibre has a diameter of 0.5mm and has a dye load concentration less than that of
the Nanoforce manufactured fibres. Photon concentration increases linearly with
fibre length up to the 2 metres of manufactured fibre. This agrees with previous
raytrace modelling [69]

for luminescence, as shown in Figure 4.4a. For this reason only the first 75cm of

the fibre was included in Figure 4.3. Photon concentration for the full length of

the fibre is shown in Figure 4.4b. The position of the kink is shown by the dashed

line, and a change in the gradient of photon concentration increase is seen just after

it. For this reason it can not be determined if this change in gradient is down to

normal waveguide losses or reabsorption and reemission losses in the fibre, or down

to this scattering point in the kink.

4.1.4 Short-distance redshifting of luminescence

Looking at both Figure 4.3 and Figure 4.4b, the photon concentration trendline

does not continue to zero. This would suggest that the increase in photon concen-

tration was larger and plateaued to the gradient observed for large fibre lengths.

This could be explained by large initial losses of luminescent light due to multiple
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(a) Scattering point in the
LasIRvis fibre

(b) Photon concentration of the LasIRvis as a function of the
whole length of the 1.5 metre fibre.

Figure 4.4: Halfway down the LasIRvis fibre, there is a double kink shown by the
green square and circle in 4.4a. The fibre structure has been compromised, as shown
by the luminescence emission coming out of the kink highlighted by the green circle.
For this reason the change in gradient of the linear concentration as shown in 4.4b
that happens at exactly this point cannot be completely determined to be either
by constant waveguide losses or the scattering point.

re-absorption and re-emission events.

The amount of re-absorption and re-emission can be determined by the level of

redshifting experienced by luminescent light as it travels down a fibre. In order to

determine this, the emission spectrum of a fibre end is measured with the HR4000

spectrometer whilst a 532nm laser excites various points away from the fibre end.

As shown in Figure 4.5, when looking at emission spectrum as a function of exci-

tation distance away from the measured fibre end, luminescence redshifting caused

by re-absorption and re-emission occurs most significantly in the first centimetre of

the fibre. The magnitude of the redshifting drastically decreases within the next

couple of centimetres of the fibre. Even for a lower dye concentration such as in the

LasIRvis fibre LSC, the same effect holds true, with very small redshifting occurring

at longer distances.

96



(a) Nanoforce fibre redshifting

(b) LasIRvis fibre redshifting

Figure 4.5: Demonstrating the short distance effects of luminescence re-absorption
and re-emission in fibres doped at high concentration. A spot on a fibre is excited
by a 532nm laser. Distances shown are the excitation distance away from the
measured end of the fibre. The non-redshifted top surface emission spectrum is
shown for reference. The most significant re-absorption and re-emission occurs
within the first 1cm of the fibre, as shown by the high redshift for both a Nanoforce-
manufactured fibre (a), and a commercially bought Lumogen Red F 305 fibre from
LasIRvis Optoelectronic Components Ltd (b).
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4.2 Shading between cylinders

The nature of a non-flat surface of a cylinder means that it will be blocking light

onto a neighbouring cylinder when the angle of incident is not perfectly normal to

the cylinder array. A transparent cylinder, by its curved surface, focusses incident

light roughly onto a point. It can be seen in Figure 4.6 that at lower non-zero angles

of incidence, a cylinder will focus light away from its neighbour (Figure 4.6b), up

until a certain threshold angle where it focuses light back into it Figure 4.6c).

To analyse the shading/focusing effects of cylinders on their neighbours, pvtrace

is used to raytrace a cylinder cross-section. In this section it is used as a simple 2D

model which is not wavelength specific, with fully transparent cylinders in order to

demonstrate pathways of light as a function of angle of incidence. A refractive index

of n=1.5 is used within the circles. In reference to the raytrace figures presented, we

analyse the shading/focusing effects on the leftmost circle as a function of incident

light angle of incidence.

Looking initially at a two cylinder system, a cylinder focuses all light away from

its neighbour, meaning it is essentially opaque to its neighbour, at low angles of

incidence. The angle threshold at which light starts to be redirected back into the

cylinder’s neighbour is 60◦. As seen in Figure 4.6c, by 61◦, the redirection of light

is already significant. The rate of increase of redirected light decreases as the angle

of incidence increases.

This redirection of light into the array is a form of light trapping. The path

length of incident light through the LSC is increased, thereby giving it a greater

probability of being absorbed by the luminescent material. Figure 4.7 visually

demonstrates this light trapping effect. This is analogous to texturing surfaces in

solar cells to increase scattering for greater absorption in the bulk material.
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(a) 2 cylinders, 0◦ angle of incidence

(b) 2 cylinders, 50◦ angle of incidence

(c) 2 cylinders, 61◦ angle of incidence

Figure 4.6: Raytracing to determine the shading effects of one cylinder to another.
Secondary effect ray traces are removed from figures for clarity. The focussing effect
of a circle geometry can be seen, and at a non-zero angle of incidence, a cylinder
will focus light away from its neighbour, thereby rendering it essentially opaque
(4.6b). The threshold angle at which the shading circle starts to redirect light back
into its neighbour is 60◦, and at 61◦ this redirecting is already quite pronounced
(4.6c). The three major paths of light through two circles are: 1) light incident on
the desired circle passing through, 2) light being directed into the desired circle by
its neighbor, and 3) neighbour directing light away from the desired circle.
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With two neighbouring cylinders, i.e. a three-cylinder array, having a next near-

est neighbour significantly changes the light redirecting behaviour past the 60◦ angle

of incidence threshold. Whilst at angles of incidence of 0-60◦, the shading effects

are identical, at larger angles there is a two part light direction process. Between

angles of incidence of 60-70◦, light is redirected to the leftmost cylinder, with peak

redirection at 70◦. At angles larger than 70◦ however, the rightmost cylinder diverts

incident light that would have been redirected into the leftmost cylinder, away from

it. This is shown pictorially as process 5 in Figure 4.8.

Expanding up to a more realistic analysis of a large number of neighbouring

cylinders, as shown in Figure 4.9, there is the same positive effect of incident light

redirecting into a cylinder’s neighbour within the 60-70◦ angle range, however after

this secondary 70◦ threshold, the amount of light being diverted from the array

altogether increases significantly.

The net positive geometrical effect with cylinders, where light is redirected back

into the cylinder array by neighbouring cylinders, only occurs in a fine angle range

of 60-70◦. This geometrical effect should be seen in cylindrical arrays, where its

performance should be boosted when the zenithal angle of the Sun on the array is

within this 60-70◦ angle range.
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(a) Circular array, 65◦ angle of incidence

(b) Planar geometry, 65◦ angle of incidence

Figure 4.7: Demonstrating the light trapping effect of a circular array against planar
geometry, with incident light coming in at 65◦. The path length of incident light
is increased through the LSC, thereby giving it a greater probability of absorption.
Secondary effect ray traces are removed from figures for clarity.

Figure 4.8: Two circles shading the left (desired) circle with incident light at an
angle of 75◦. Secondary effect ray traces are removed from figures for clarity. The
five main paths of light through the system are: 1) incident light passing directly
through the desired circle, 2) light redirected into the desired circle by its nearest
neighbour, 3) light redirected into the desired circle from its next nearest neighbour,
via its nearest neighbour, 4) light diverted away from a circle’s neighbour, and 5)
light from the next nearest neighbour, being redirected into the nearest neighbour
but then missing the desired circle. Light path 5 is responsible for the decrease in
number of photons reaching the desired circle at angles of incidence greater than
70◦.
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Figure 4.9: Ratio of light entering the left circle to incident light with increasing
angles of incidence, with 2 circles, 3 circles and an infinite array of circles, in order
to demonstrate shading/light redirection effects. Secondary effect ray traces are
removed from figures for clarity. There are two threshold angles, the first being at
60◦ when light which was initially focused away from the left circle, is then being
redirected back into it. The second threshold angle applies to three circles or more,
at 70◦, when light gets focussed away again from the left circle, which is caused by
shading and redirection effects of subsequent circles.

4.3 Analysis of cylinder geometry effects on LSC per-

formance in simulated London clear sky light con-

ditions

A real world light condition model on pvtrace is constructed in order to de-

termine whether this angle-dependent light trapping can cause efficiency boosts in

cylindrical LSC arrays. SunPositionSource and HemiSource functions were added

into pvtrace for these simulations. Four days in 2014 were chosen to demonstrate

this effect: 10th March, 10th April, 10th May and the summer solstice 21st June.
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4.3.1 Pvtrace model setup

The model requires data input for the lighting conditions on an LSC fibre area,

namely spectral and angular data for both the direct and diffuse spectral compo-

nent of incident light from a given time, global position and date. The diffuse

component is treated as a hemispherical and isotropic light source on the area.

For the direct component, the azimuth and zenith angle of incidence is fed in to

give a vector property to a planar light source. Version 2.9.5 of the Simple Model

of Atmospheric Radiative Transfer of Sunshine (SMARTS) [8], developed by Dr.

Christian Gueymard, is used to obtain spectral data. The limiting factor of the

software is that spectral data given is on the assumption that it is clear sky weather

conditions. The Sun’s angle of incidence is symmetric on either side of the Sun’s

solar peak position, which is around midday for the chosen simulated days. For this

reason only morning hours needed to be investigated.

A horizontal ten-cylinder LSC array was aligned North-South so that the hy-

pothesized performance boosts can be shown over the course of a day due to the

Sun’s path across the sky. Each cylinder had a diameter of 1cm and a length of

40cm. Perfect specular mirrors were added to the long sides of the array. The

cylinders themselves were modelled as a PMMA host matrix, of refractive index

n=1.46, homogeneously doped with BASF’s Lumogen F Red 305 luminescent ma-

terial. The whole cylinder’s absorption coefficient is set to 9000m-1 at its absorption

peak wavelength of 576nm. This corresponds to a dye load concentration of around

1.6%. The cylinder surfaces are modelled as being perfectly smooth. Square rod

LSCs were simulated in tandem as a reference to the performance of planar geome-

tries.
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(a) Direct component simulation. North direction
shown

(b) Diffuse component simulation

Figure 4.10: A mid-simulation snapshot of (a) the direct and (b) the diffuse com-
ponent of light illuminating a cylindrical LSC array. North is [1,0,0], and is shown
in (a). The direct light vector is determined by the position of the Sun. The dif-
fuse component is modelled as a hemispherical light source. The spectra for both
components of light is obtained from the SMARTS software [8].

Simulations for the direct and diffuse light components were done independently

for each given time interval of the day. Each simulation modelled an illumination

of 100,000 photons onto the array. The optical efficiency µopt of the array is ob-

tained for both direct and diffuse components. These values are weighted by their

respective photon flux ratios at that specific time. For example on 10th May 2014,

the components of direct and diffuse light contributed 0.85 and 0.15 at 0700h, and
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0.91 and 0.09 at solar noon respectively.

The location under investigation was London, UK (Lat: 51.5◦, Long: -0.13◦).

Suitable days are needed to demonstrate this light trapping effect, with the criteria

being that the Sun’s zenithal angle is within the light trapping range for a sig-

nificant amount of the sunrise-noon period. Furthermore, the peak light trapping

time should be where the effect would be most visible with an efficiency peak that

would stick out in comparison to the planar efficiency profile during the morning.

The four aforementioned days were chosen to show light trapping at the beginning

and also in the middle of the sunrise-noon period. The peak light trapping angle

is halfway through the morning for both 10 March and 10 April, with the Sun’s

zenithal angle to be within the light trapping region between 0830h - 1000h. For

10 May, the light trapping angle range is between the earlier times of 0730 - 0900h,

and for the Summer solstice (21st June), the light trapping angle is between 0700h

- 0900h.

4.3.2 Results

Simulations on these four days demonstrate the advantage of having a cylindrical

LSC array compared to an planar geometry LSC. Efficiencies as a function of time

of day are shown for cylindrical arrays on the right, and planar arrays on the left,

in Fig. 4.11. There is a visible boost in LSC efficiencies for cylindrical arrays in

comparison with planar arrays in the time periods when the angle of incidence

of sunlight is within the light redirection range (see Figure 4.12). At 70◦, where

the redirection effect is at its strongest, cylindrical geometry efficiencies are 5% -

10.7% relatively higher than that of planar geometries. Due to lower surface Fresnel

reflection losses, diffuse light is more impactful in the cylindrical array than in the

planar array.
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Figure 4.11: Comparing the efficiencies of circular (left) and planar (right) rod LSC
arrays, for the 10th March, 10th April, 10th May between 0700h - 1200h and 21st
June 2014 between 0600h - 1200h. For each time segment, the red top sections
show the contribution of the diffuse component of the incident light, and the blue
bottom sections show the contribution of the direct component of the incident light.
Circular geometries outperform square geometries up until 1000h for 10th March,
1000h for 10th April, 0830h for10th May and 0800h for 21st June 2014. This is due
to increased efficiency values for the direct component of incident light, which can
be attributed to its angle of incidence being within the “light redirection” range as
explained in section 4.2.
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4.3.3 10th March 2014

Efficiencies are shown for the cylindrical rod array in Figure 4.11(a) and the pla-

nar array in Figure 4.11(b). The cylindrical array has a higher total efficiency than

the planar array for the whole day, however the efficiency difference between the

two geometries is highest in the morning before 0930h. The planar array increases

in efficiency, with a plateauing of this increase, from sunrise until noon. When the

time of day is linked to the zenithal angle of the Sun, as done so in Figure 4.12(a),

it can be seen that this peak is due to the light redirection effect of cylindrical

geometries, where the profile of the array’s efficiencies matches that of the ratio of

incident photons coming into a left hand cylinder as described in section 4.2 when

overlaying the time of day with its respective solar zenithal angle. Peak redirection

in the cylindrical array is at 0900h, which can be seen by an efficiency peak of the

direct light component both in Figure 4.11(a) and in Figure 4.12(a). The cylindrical

array’s efficiency is relatively 7% higher than that of the planar array at that time.

4.3.4 10th April 2014

Efficiencies are shown for the cylindrical rod array in Figure 4.11(c) and for the

planar rod array in Figure 4.11(d). Overall the cylindrical array outperforms the

square array closer to sunrise, but the efficiencies of both are similar closer to noon.

The planar array increases in efficiency, with a plateauing of this increase, from

sunrise until noon. The efficiency of the cylindrical array however experiences a

peak at 0900h, whereby its efficiency is greater even compared to noon. The array’s

peak performance is at the maximum redirection angle, beating its performance at

noon, which is the peak performance time for planar geometries. At peak redirection

time, 0900h, the cylindrical array’s efficiency is relatively 10.7% higher than that

of the planar array.
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4.3.5 10th May 2014

Efficiencies are shown for the cylindrical rod array in Figure 4.11(e) and for

the planar rod array in Figure 4.11(f). Much like the other investigated days, the

cylindrical array outperforms the square array closer to sunrise, but the efficiencies

of both are similar closer to noon. An efficiency peak is seen at the peak redirection

angle at 0800h. By overlaying the solar zenithal angle with the shading/redirection

profile and the efficiency profile as a function of time of day, it is seen that the

redirection effect angle range matches the efficiency boost at the start of the day.

At peak redirection time, 0800h, the cylindrical array’s efficiency is relatively 9.7%

higher than that of the planar array.

4.3.6 21st June 2014

Efficiencies are shown for the cylindrical rod array in Figure 4.11(g) and for the

planar rod array in Figure 4.11(h). For the Summer solstice, peak redirection hap-

pens at 0700h. Whilst the efficiency peak due to the direct component is easily seen

in Figure 4.12(d), it is more hidden when taking into account the weighting ratio

between the direct and diffuse component at that time, as seen in Figure 4.11(g).

The redirection effect is still seen when compared to efficiencies for the planar array,

with a relatively flat efficiency profile throughout the day. Whilst the cylindrical

array has higher efficiencies within the redirection angle range, once the Sun is out

of this angle range after 0700h, the planar geometry has higher efficiency values.

The cylindrical array’s efficiency is relatively 5% higher than the planar array at

0600h. The planar array’s efficiency at 1030h however is relatively 5.5% higher than

that of the cylindrical array. This is due to the sun being at its highest point of

the year, almost at normal incidence to the LSC. Fresnel reflections are at a min-

imum, which allow to demonstrate the planar geometry’s superior waveguiding of

luminescent light.
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(a) (b)

(c) (d)

Figure 4.12: Normalised efficiency values for the circular array at different times of
the day vs the ratio of incident photons directed into a cylinder from the Sun and
the cylinder’s neighbours (triangle). Graphs for (a) 10th March, (b) 10th April, (c)
10th May and (d) 21st June 2014. The angle of incidence is matched to the time of
day. The efficiency increase/decrease behaviour matches that of the ratio of photons
entering a given cylinder relative to the light’s angle of incidence, confirming the
impact geometric effects have on a cylindrical array.

4.3.7 Discussion on angle-dependent light trapping

The redirection angle range shifts in timing and duration over the course of the

year. For London, the four days mentioned were investigated in the knowledge that

for a quarter to a third of the day, the Sun’s incident angle on the array would be

in this range of interest, in order to more effectively demonstrate the geometrical

effect. For the Winter solstice, the Sun is so low in the sky that its zenithal angle

never enters the redirection range. This relationship between time of year and Sun’s

angle of incidence being within the redirection range is also dependent on the global

latitude of the LSC’s location. This efficiency boost by light trapping is yet to be
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confirmed experimentally.

This efficiency boosting geometric effect of cylinders in an array could be used

to optimise LSC arrays in the field, by way of manipulating its orientation and

cardinal alignment. This process would be analogous to that of finding the optimal

angle for a photovoltaic module given its location and desired maximum perfor-

mance time/season envelope. This effect introduces an extra consideration when

embodying cylindrical LSCs (CLSCs) into a building façade. Light trapping in ver-

tically aligned CLSCs would be sensitive to the azimuthal direction in which the

building façade is facing, and the azimuth of incident sunlight. Horizontally aligned

CLSCs would be sensitive to the zenithal component of incident sunlight.

As was shown for LSC performance on 10th April 2014, correct cardinal align-

ment and tilt could give an array two maximum performance points during the day,

which is a characteristic not seen in planar geometry LSCs.

In addition to this geometric effect, the geometric concentration of a cylindrical

fibre array is greater than to a planar array that covers the same module area by a

ratio of π/4, due to the differences in fibre end areas.

The investigation performed here was on a single layer of thick cylindrical and

square fibres of 1cm. It is unknown whether the geometrical boosts seen here would

carry on for subsequent layers of cylinders in a multi-layered LSC array.

4.4 Conclusion

Homogeneously doped cylindrical fibre LSCs were manufactured. Measurements

show a linear increase in photon concentration as a function of fibre length for fibres

in the length range of 0.1m - 2m. Re-absorption and re-emission of luminescent light

occurs most significantly in the initial few centimetres of a fibre, which means for the
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majority of the length of a fibre LSC, the major loss mechanisms are waveguide sur-

face imperfections and host material non radiative absorption. This short distance

re-absorption and re-emission effect was demonstrated by measuring the redshift of

luminescence across the fibre, with the largest redshifting occurring within the first

2 centimetres of a highly doped luminescent fibre.

2D raytracing of the shading effects of circles onto their neighbours showed that

a circle deviates all incident light away from its neighbour when the angle of inci-

dence is in the angle range of 0◦ - 60◦. After this threshold angle, the circle starts

to redirect incident light into its neighbour up until a second threshold angle of 70◦,

when light starts to once again get deviated away from the circle’s neighbour. This

can be seen as a form of incident light trapping within an LSC. A hypothesis was

put forward that this geometric effect can be used to boost the performance of a

cylindrical LSC array when the angle of incidence of the sun on such an array was

within this redirection range.

Using SMARTS software for spectral and sun position data, pvtrace was used to

calculate the optical efficiencies of a horizontally placed, North-South aligned cylin-

drical LSC array in simulated clear sky light conditions for 10th March, 10th April,

10th May and 21st June 2014 in London, UK. Overall the cylindrical array outper-

forms the planar array, but efficiencies for both geometries become more equal closer

to solar noon, where the incident light angle of incidence is closer to normal. More

importantly, the cylindrical LSC array experiences an efficiency boost for the times

of the day where the sun’s incident zenithal angle is within the redirection range

of 60◦ - 70◦, an effect not seen in planar geometry LSCs with identical simulation

conditions. At 70◦, where the redirection effect is at its peak, this efficiency boost

means that cylindrical rod efficiencies reach a value 5%-10.7% higher than that of

planar rods. On 10th April 2014, the cylindrical array experiences two performance

peaks, one of them being due to light redirection.
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This efficiency boost could be seen as a practical way to improve a cylindrical

LSC array’s performance in the field, aligning both its tilt and cardinal direction to

give it an efficiency boost in desired time or seasonal periods. Whilst this efficiency

boost is relatively small in absolute numbers for isotropically emitting luminescent

layers, it will be significant once there are highly anisotropically emitting lumines-

cent layers.

If a new buildling has a cylindrical LSC façade, calculations can be made to

determine its orientation in order to provide efficiency boosts during times when

maximising solar generation is needed most.
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Chapter 5

A water splitting reactor with

novel optics

This chapter investigates the optical system to illuminate the double-illuminated

photoelectrochemical (PEC) reactor. The first optical system in the discussion is

using a reflective cone embedded inside of a waveguide. The reflective cone receives

concentrated light by way of a Fresnel lens. An investigation is performed on

quantum well solar cells and whether the photoluminescence intensity emitted by

one is sufficient to power one of the photo-electrodes. The reflective cone / Fresnel

optics is tested outdoors on a fully functioning PEC reactor.

5.1 Direct concentration using a Fresnel lens and a re-

flective cone

A triple junction photo-cathode is used in the double-illuminated PEC reactor

and so require full spectrum illumination. Direct light waveguiding is therefore nec-

essary. The optical system proposed, shown pictorially in Figure 5.1, is comprised

of a reflective cone embedded within a waveguide which is coupled to the PEC

reactor. Incident direct light is concentrated by a Fresnel lens onto the reflective

cone, which then reflects it into the waveguide, which in turns keeps light trapped
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by total internal reflection (TIR).

Figure 5.1: A Fresnel lens concentrates direct light onto a reflective cone which is
embedded within the waveguide. The cone reflects this light into the waveguide,
which is then transported into the PEC reactor.

5.1.1 Optical model of a cone in waveguide

An ideal optical setup would involve a cone with a reflectivity of 1, with all

light reflected off the cone being totally internally trapped within the waveguide.

This is depicted in Figure 5.1. An imperfect cone would have a reflectivity of less

than 1, but also have a non-perfect surface, causing scattering that would mean

light is reflected isotropically. A surface that reflects light isotropically is called a

Lambertian surface. The two limits for cone reflection would be fully specular to

fully Lambertian. This is demonstrated in Figure 5.2.

Assuming normal incident light and a cone with a slope of π/4, light trapping

within the waveguide for a full specular, perfectly reflected cone would be 100%.

Measuring light trapping for a Lambertian cone in a waveguide involves calculating

isotropic light trapping using boundary angle conditions of the cone. The trapping

solid angle of the cone would be from the critical angle of the top surface of the

waveguide, to the solid angle of the cone with respect to the top surface:
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(a) (b)

Figure 5.2: A reflective cone of slope π/4 with the two limits of reflection time:
fully specular (a) and fully Lambertian (b). The schematics are looking at the
x-z plane of the waveguide. With light at normal incidence, a fully specular cone
traps all light within the waveguide. The trapping solid angle of the cone, which is
demonstrated in (b) as the filled in parts of the emission profile, would be from the
critical angle of the top surface to the angle of the cone, which in this case is 3π/4.
This gives a trapping efficiency of 72.6%

Ωtrap =

∫ 2π

0
dφ

∫ 3π/4

θc

sinθdθ = 9.126 (5.1)

The trapping efficiency is the trapping solid angle divided by the total solid

angle 4π:

µtrap =
Ωtrap

4π
= 0.726 (5.2)

Aside from the trapping efficiency of the cone, other loss mechanisms exist in

the cone-waveguide setup: Fresnel reflection losses on the top surface and within

the waveguide for trapped light escaping the edges, and parasitic absorption loss in

the waveguide. The cone also acts as a scattering centre for trapped light.

A pvtrace model was set up with a waveguide of dimensions 0.2 x 0.2 x 0.005

m. The waveguide is made of PMMA, which has a refractive index of n = 1.49 and

an absorption coefficient of α = 0.3m−1. Incident light was normal to the waveg-

uide and only illuminated the area of the reflective cone, which is in the middle of

the waveguide. Each run used 100,000 incident photons and all four edges being

considered for emission capture. The reflective cones in this simulation have unity
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reflectivity. Table 5.1 shows the figures for edge emission and photons lost due to

parasitic absorption with in the waveguide.

Fully Specular Fully Lambertian

Edge photons 89.4% 52.7%
Edge photons on each edge 22.4% 13.1%
Photons parasitically lost 6.4% 16.6%

Table 5.1: Pvtrace simulation of a reflective cone inside a waveguide of dimensions
0.2 x 0.2 x 0.005 m. All four edges are considered for emission capture.

Fully Specular Fully Lambertian

Edge photons 49.6% 25.0%
Photons parasitically lost 40.2% 31.5%

Improvement to single edge emission 121% 54%

Table 5.2: Pvtrace simulation of a reflective cone inside a waveguide of dimensions
0.2 x 0.2 x 0.005 m. Three edges are covered in reflective material, and only one
edge is considered for emission capture.

In reality, a standalone PEC with a waveguide will have reflectors on the three

sides not in contact with any device. The same simulation was made with three

specular reflectors of reflectivity r = 0.95, imitating commercially available high

quality reflective material. Results are shown in Table 5.1. Significantly more pho-

tons are parasitically lost, mainly due to the increase in the pathlength of trapped

light within the waveguide. The amount of photons exiting the edge in use doubles

for the fully specular cone, and increases by 90% for the fully Lambertian cone.

The emission profile across the length of the edge was determined by plac-

ing logging segments across it. The emission profiles for the waveguide with and

without attached reflectors is shown in Figure 5.3. The specular cone provided a

more homogeneous emission profile, following a
√
cos(θ) behaviour, compared to

the Lambertian cone which has an emission profile that follows a cos(θ) behaviour.

Adding reflectors to three of the waveguide sides homogenises the emission profile

of the Lambertian cone. The emission profile no longer becomes a simple cosine

116



behaviour. Matlab’s curve fitting function was used to obtain an emission profile.

The fitting functions and parameters are shown in Appendix A for both the spec-

ular and Lambertian reflecting cone. These functions are shown as the green lines

in Figure 5.3b.

These simulations involved unity reflectivity of the cones. In reality it will be

less than unity. Initial experiments on this optical design involved a roughly drilled

hollow cone. A perfectly smooth hollow cone would have still caused 100% waveg-

uide trapping due to total internal reflection, but the roughness will have a) induced

loss of reflectivity due to transmission and b) caused the cone to behave more like

a Lambertian reflective cone.

(a) Without reflectors (b) With reflectors

Figure 5.3: Emission profile of the edge of the waveguide (a) without reflectors and
(b) with reflectors of reflectivity r = 0.95 on the three unused edges.

5.1.2 Experimental high concentration illumination on a cone in a

waveguide

A 20cm x 20cm x 0.5cm Clarex UV Transmission PMMA plate was purchased

from Weatherall UK Ltd [205]. It has a refractive index of n = 1.49 and a stated

transmission of 90%. A cone of slope angle 45◦ and diameter of 3mm was drilled

into the middle of the plate by the Solid State Physics technicians. It was left hollow
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and without any reflective material coupled onto it. The cone was left unpolished

as it was deemed too difficult to do so, and so there were fine, visible striations on

the cone due to the drill bit. This means that the cone is not a perfectly specular

reflector. The setup described in section 3.5 is used to measured edge intensities

at high concentration illumination. The reflective material used on the waveguide

edge is aluminium sheets with an adhesive side.

Light coming out of the waveguide edge was measured with and without re-

flectors on three of the waveguide edges. As shown in Figure 5.4, there is greater

irradiance when reflectors are placed on the waveguide edge. Integrating the spec-

trum with respect to wavelength gives intensity values of Wm−2, which are shown

in Table 5.3.

(a) Bare waveguide (b) Waveguide with reflectors on three edges

Figure 5.4: Spectral irradiance of a reflective cone in a waveguide for at position
P5, with incident illumination of 1741 Suns.

One would expect the intensity increase in edge emission to be the same for

each incident intensity, seeing as the waveguide setup does not change. This is

not the case, with an intensity increase between the two wavguides being in the

range of 32.6% - 90.8%. Whilst spectrometer detector saturation could explain the

higher intensity values having less of a performance increase, the spectrometer was

never in its saturation region. A major factor in this could be scattering from the
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measurement room. It was a large room built for characterising commercial PV

modules. Whilst every wall surface is coloured black, there was still a lot of equip-

ment, including the scaffolding holding this experimental setup, which can scatter

incident light. Different distances from the flash lamp would cause a difference in

the scattering profile of the setup surroundings, and therefore the amount of stray

light entering the spectrometer.

Incident
Suns

Without reflectors
(Wm−2)

With reflectors
(Wm−2)

Intensity
Increase

1741 154.8 205.2 32.6%
907 116.1 162.6 40.8%
298 47.7 91.0 90.8%
118 23.6 40.3 70.7%
20 4.0 6.7 66.3%

Table 5.3: Edge intensity for a cone in a waveguide, without and with reflectors on
three of the waveguide edges. Improvement by using reflectors is given on the right
hand column.

The spectrometer fibre was not moved from its central position. This means

that the emission profile across the edge is not known. Simulation results in sub-

section 5.1.1 show that the emission profile across the waveguide edge can change

depending on whether the cone reflects in a specular or Lambertian manner, as well

as whether the waveguide edges are bare or are coupled to reflectors. Both specular

and Lambertian emission profile assumptions will be used to integrate the measured

illumination value across the waveguide edge to determine the discrepancy between

the experimental and simulated values ratios of light in vs light out.

Incident Suns
Specular Lambertian

Bare (%) Reflector (%) Bare (%) Reflector (%)

1741 0.96 1.27 0.80 1.15
907 1.38 1.92 1.15 1.74
298 1.73 3.29 1.44 2.97
118 2.16 3.69 1.81 3.33
20 2.16 3.61 1.80 3.26

Table 5.4: The optical efficiency (Watts out vs Watts in) for the cone in a waveguide.
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The optical efficiency (Watts out vs Watts in) for all scenarios is low, being

an order of magnitude worse than simulated values. The efficiency ranges for from

0.96% - 2.16% for a specular cone and 0.8% - 1.81% for a Lambertian cone in a bare

waveguide. These efficiencies are greater when the waveguide edges are covered in

reflectors, with the range rising to 1.27% - 3.69% for a specular cone and 1.15% -

3.33% for a Lambertian cone. All results are presented in Table 5.4. Significant

amount of incident light could have been lost by scattering down through the cone

and out of the back of the waveguide. This could have been solved by adding re-

flective material to the inside of the cone.

The improvement to single edge optical efficiency by adding edge reflectors is

shown in Table 5.5. Simulation results show that for a cone of specular reflection

behaviour, adding reflectors to the waveguide edges improves edge optical efficiency

by 121%, and for a cone of Lambertian behaviour, this improvement is by 54%.

Experimental results demonstrate improvements of optical efficiency by 24.4% -

47.5% assuming specular cone reflection, or 30.1% - 51.4% assuming Lambertian

cone reflection.

Regardless of reflection assumption on the manufactured cone, the experimental

improvement to waveguide efficiency by adding reflectors is less than the simulated

improvement for a Lambertian cone. Imperfect coupling of the reflectors to the

waveguide edge, as well as a reflectivity lower than the simulated value of r = 0.95

could have affected this improvement. Further improvement to the experimental

technique would be to measure the edge emission across various points on the waveg-

uide guide to establish an emission profile and verify agreement with the simulated

emission profile.

As mentioned above, the cone was drilled into the waveguide, and had a non-

uniform surface caused by drilling striations. This coupled with edge emission
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improvement values closer to the simulated Lambertian cone values point towards

it being more Lambertian. A next step is to manufacture a more perfect cone, and

to line it with reflective material.

Incident Suns
Improvement to edge emission (%)
Specular Lambertian

1741 24.4 30.1
907 28.5 33.8
298 47.5 51.4
118 41.3 45.7
20 40.2 44.7

Table 5.5: Comparing the improvement to edge emission when adding edge reflec-
tors. Simulated improvements to edge emission is 121% for a fully specular cone,
and 54% for a fully Lambertian cone. The improvements shown suggest the cone
is mostly reflecting incident light in a Lambertian manner.

5.1.3 Outdoor measurements on a fully functioning PEC reactor

with the cone in a waveguide concentrating optics

The work in this subsection is part of the total work on the PEC reactor per-

formance that was presented by Dr. Anna Hankin at the SolarFuels16 conference

in Berlin, Germany.

The PEC reactor with a hematite photo-anode and triple-junction InGaP/GaAs

/Ge photo-cathode was placed on a trolley mount. Coupled into the two reactor

windows was a 15cm x 15cm x 0.4cm waveguide with cones drilled into the centre.

The cones, which were drilled in by the technicians in the Chemical Engineering

department, had much finer striations. Each cone had incident light concentrated

on it by a Fresnel lens. The lenses were purchased from Edmund Optics, and had

an active concentrating area of diameter 6 inches. Each waveguide had white Poly-

tetrafluoroethylene (PTFE) reflectors, with a reflectivity of r = 0.7, on the three

edges not coupled into the reactor. The mount could be tilted so that the setup

could be aligned with the sun. The setup is shown in Figure 5.5.
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Figure 5.5: A fully functioning PEC reactor with Fresnel lens/cone concentrating
optics on the Level 8 balcony of Blackett Laboratory. The setup was orientated
towards the sun. There was a slight misalignment with the right hand Fresnel lens
and cone, which is causing a significant amount of light to be transmitted through
the waveguide. The crocodile clip wires measure the photocurrent through the
reactor. Electrolyte is pumped through the reactor to extract and collect hydrogen
and oxygen.

The PEC reactor was run during the summer of 2016 on days with clear sky

weather conditions. The calibrated Ocean Optics HR4000 fibre spectrometer, with

a cosine corrector, was used to measure incident sunlight to determine the power

density of incident light. It was also used to measure the power density of light

coming out of the waveguide edge. The emission profile of the waveguide edge is

shown in Figure 5.6 on four separate occasions during the measurement days: three

with edge reflectors, and one without. Because the mount was stationary, the emis-

sion profile across the waveguide was continually changing due to the movement

of the sun causing a gradual misalignment with the optics. This is manifested in

Figure 5.6 as a slight curve skew to one side.
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Figure 5.6: The power density of light across the edge of a waveguide with an
embedded reflective cone, with and without edge mirrors. The profile is more similar
to that of a waveguide with a lambertian reflective cone (Figure 5.3). The increase
in power density is around 50% when adding reflectors around the waveguide, also
in agreement with pvtrace modelling (Table 5.2).

The concentration of incident light at the middle of the waveguide edge is around

1.5x with a bare waveguide, and around 2.5x concentration when the edges of the

waveguide had reflectors. It was shown in Table 5.2 that the increase in edge emis-

sion by adding reflectors would be 121% with a specular cone and 54% with a

Lambertian cone. Furthermore, comparing the profile shape of Figure 5.3 with that

of the simulated profiles in Figure 5.3, the experimental profile shape is most similar

to that of a Lambertian reflecting cone. Thus, this confirms that the striation imper-

fections on the drilled cone would lead it to behave more Lambertian than specular.

The geometric concentration ratio of the optics is the active concentrating area

of the Fresnel lenses over the waveguide edge area. With a lens diameter of 15.24cm,

this makes the geometric concentration ratio of CG = 20.3. The best efficiencies

for this optical system are 49.6% and 25% for a specular and Lambertian reflective

cone respectively, making the best possible photon concentration of Cγ = 10.1 and

Cγ = 5.1 respectively.
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Considering the reflective cone has been determined to be Lambertian in nature

and was measured to have a concentration of Cγ = 2.5, it means the setup can

be improved by a factor of 4. This would be done by using more perfect reflective

material around the waveguide edge, and by using a perfectly smooth specular re-

flective cone.

The profile of light across the waveguide edge would ideally be uniform. This

cannot happen with optics that revolve around having a reflective cone. The next it-

eration of the optics would facilitate having a uniform illumination profile across the

photo-electrodes by using a linear Fresnel lens concentrating light onto a reflective

wedge in a waveguide. This is shown diagrammatically in Figure 5.7. Coinciden-

tally it would also be easier to cut and polish this straight surface, enabling a faster

trajectory towards the theoretical maximum optical efficiency.

Figure 5.7: The next iteration of the PEC reactor optics would be to use a lin-
ear Fresnel lens concentrating light onto a reflective wedge. This would provide a
uniform illumination distribution across the photo-electrodes.
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5.2 Using a quantum well solar cell as light source

5.2.1 Introduction

An introduction to quantum well solar cells (QWSCs) has been given above in

subsubsection 1.3.2.2. At illumination intensities greater than 200 suns, electron /

electron-hole recombination is dominated by radiative processes [101, 102, 103]. In

essence, at high concentration, QWSCs can be viewed as luminescent devices.

The concept is that a QWSC can generate electricity through normal concen-

trator PV (CPV) operation, and that its photoluminescence (a light stream viewed

as a loss in traditional CPV) is used alongside diffuse light (also viewed as a loss

in traditional CPV) to power a water splitting reactor, thus having a module that

can generate hydrogen and electricity simultaneously.

The potential of using a QWSC as a luminescent centre was first suggested by

Prof. Emer. Keith Barnham. It would be embedded in a waveguide, so that at

illumination concentrations of greater than 200 suns, the photoluminescence (PL)

emitted can be trapped by total internal reflection and transported to the waveg-

uide edge. The QWSC would replace the cone, and the waveguide would be coated

with Lumogen F Violet 570 (LV570) . This optical design forms the basis of a

conference proceedings at the 42nd IEEE Photovoltaic Specialist Conference 2015.

This design is shown in Figure 5.8. The PL from the QWSC is waveguided to

one edge, and luminescent light to the other, where both light streams of differ-

ing wavelengths illuminate separate photo-electrodes. Quantum well solar cells are

used over other high efficiency solar cells for three reasons: 1) Their radiative ef-

ficiency can be established simply from measurements of quantum efficiency and

dark current [235], 2) The radiative recombination takes place at the bottom of the

quantum well, therefore the PL wavelength is below the bulk absorption edge [105].

This means the bulk of the QWSC is can be largely transparent to the PL. 3) The
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wavelength of the PL can be engineered by modifying the quantum well depth [103].

The premise is that the wavelength of the LSC and QWSC emission can be

manipulated to match that of the photo-electrode absorption wavelength range.

The emission spectra of both an example QWSC and of LV570, and the reflectivity

spectra of the wavelength selective mirrors, are shown in Figure 5.9. The QWSC

would have anti-reflection coating on its edges, to encourage PL edge emission.

Dr. James Connolly from the Nanophotonics Technology Centre at the Univer-

sidad Politecnica de Valencia, Spain, used SOL [236, 237], a dark current solar cell

model that can model a QWSC’s absorption spectrum and radiative efficiency, to

contribute to the QWSC modelling side of this investigation.

In the following investigation, the material of the photo-electrodes will not be

discussed, but will be assumed as such: the photo-anode would absorb blue light

emitted from the LV570, and the photo-cathode would absorb infra-red light from

the QWSC photoluminescence.

Figure 5.8: A summary of the hybrid QWSC/LSC optics. 1) Direct light is con-
centrated onto the QWSC. 2) The QWSC photoluminescence is waveguided to one
side of the waveguide, either directly (a) or via reflection from a wavelength specific
mirror (b). 3) Diffuse light is absorbed by the luminescent layer and waveguide to
the opposing edge either directly (a) or via a wavelength selective mirror (b).
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Figure 5.9: Reflectivity of the cold (black) and hot (red) mirror as a function of
wavelength at 0◦ angle of incidence. The LSC emitted light (blue) gets transmitted
by the hot mirror and reflected by the cold mirror, whereas the opposite happens
for the QWSC photoluminescence (magenta).

5.2.2 Balancing the photon streams from the LSC and the quan-

tum well solar cell

The starting point of the system, to determine the needed optical performance

of a QWSC, is to use ASTM G-173 illumination conditions and 500x concentra-

tion. Both photon streams must to be equal in intensity as the current through

each photo-electrode must be equal. The waveguide dimensions are 20cm x 20cm

x 0.5cm.

The luminescent layer uses Lumogen F Violet 570. The luminescent quantum

yield is assumed to be 85%, the absorption coefficient is 9000m−1 and the film

thickness is 200µm. Using pvtrace and using diffuse light conditions, the optical

efficiency is 2%, giving a photon output of 1.9x1017s-1. This is the necessary photon

density needed from the QWSC.

Photoluminescence sample QT1604 was used for these calculations. It was man-

ufactured by metalorganic vapour phase epitaxy (MOVPE) at the EPSRC Na-

tional Centre for III-V Technologies at Sheffield. It consists of 22 strain-balanced

GaAsP/InGaAs quantum wells in a p-i-n structure. It has an AlGaAs window
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below the p-doped GaAs emitter layer that can produce some limited transverse

waveguiding due to its low refractive index relative to the bulk material. The edges

of the PL sample were anti-reflection coated. The cell’s quantum efficiency is shown

in Figure 1.10, and the full structure can be found in Appendix D.

Dr. James Connolly used SOL to calculate the necessary waveguiding efficiency

needed for ASTM G-173, 500x concentration light conditions when the QWSC is

at maximum power point.

The model was run for a QWSC running with low and high series resistance

scenarios, caused by the electronic contacts. Table 5.6 shows the modelling results.

The waveguide efficiency for both QWSC and waveguide together has to be 56%

or 29% for the high and low resistance scenarios respectively. This includes the

losses caused from absorption of PL within the bulk, trapped light caused by the

large refractive index difference between the QWSC (n ≈ 3.5) and the waveguide

(n = 1.49), and escape cone losses due to the emission of PL from the QWSC into

the waveguide.

Solar cells are designed to contain light. The questions that arise from these

results are: how close is a standard QWSC’s waveguiding capability compared to the

needing waveguiding performance, and if so, can it display LSC-like characteristics?

5.2.3 Experimental determination of concept feasibility by laser

illumination

The objective is to determine the waveguiding efficiency of a non-metallised PL

sample QT1604 of dimensions 5 x 5 x 0.5mm. Some values calculated by SOL, as

well as experimental measurements of power density, are combined to obtain this

waveguide efficiency.
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High resistance Low resistance
JSC at 500x concentration (Am-2) 1.28x105 1.28x105

Series resistance (Ω) 0.22 0.03
Voltage at MPP (V) 0.998 1.016
Jrad at Vmpp (Am-2) 1103.25 2119
Irad (A) 5.41x10-2 1.04x10-2

Max. Photon count (s-1) 3.38x1017 6.49x1017

Desired LSC + QWSC waveguide efficiency
(%)

56 29

Edge output (s-1) 1.9x1017 1.9x1017

Table 5.6: Calculating the necessary waveguiding efficiency of QT1604 when illu-
minated at ASTM G-173, 500x concentration illumination to obtain a PL photon
flux of 1.9x1017s−1. These calculations were made by Dr. James Connolly at the
Universidad Politecnica de Valencia, Spain using the SOL modelling software [236,
235].

The radiative efficiency of the QWSC, which is the proportion of recombination

that is radiatively dominated, can be determined by fits to the quantum efficiency

and dark current on SOL. The radiative efficiency ηrad is expressed as:

ηrad =
Jrad

Jrad + JSRH
(5.3)

where Jrad is the radiative recombination current and JSRH is the Shockley-

Reed-Hall non-radiative recombination current contribution. The quantum effi-

ciency of QT1604 has been presented previously in Figure 1.10, and the radiative

efficiency as a function of device voltage bias is shown in Figure 5.10 as the red line.

The benefits of using a non-metallised PL sample as that it functions under

open-circuit voltage VOC , so it does not suffer series resistance losses, which is the

cause of the dark current density to plateau at high device bias in Figure 5.10.

Under VOC conditions, the current JV in the cell is zero, therefore the short circuit

current JSC equals the dark current JD due to the expression:

JV = JSC − JD (5.4)
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Figure 5.10: Measured (black dots) and fitted (black line) dark IV curve of QT1604.
The radiative contribution to recombination (magenta) is a prediction based on the
quantum well absorption obtained from the quantum efficiency fit in Figure 1.10.
The non-radiative Shockley-Reed-Hall contribution (blue) is seen to dominate at low
device bias, but at high device bias, which is related to high concentration, radiative
recombination dominates. This data was provided by Dr. James Connolly using
the SOL modelling software [236, 235].

The short circuit current JSC is expressed as [107] :

JSC = q

(
ηQE

Popt
hν

)
(5.5)

where Popt is the incident optical power density and ηQE is the quantum efficiency.

The incident power density is known, as explained in subsection 3.4.2. A Mil-

lenia V laser, with a wavelength of λ = 532nm, is used to provide incident light.

Using Equation 5.5 and the assumption of JD = JSC at VOC gives a dark current

value JV . The radiative efficiency ηrad is found by referencing Figure 5.10 and the

radiative current Jrad is found by:

Jrad = JSC · ηrad (5.6)

The total radiative current Irad is Jrad multiplied by the PL sample’s top surface

area. The total photon count of luminescent light is the total current divided by
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the electronic charge q. This number will be ratioed by the measured photon count

to produce a waveguide efficiency.

Using the method described in subsection 3.4.2, the spectral irradiance F (λ) of

QT1604’s edge PL was taken. The spectrum was converted from spectral irradiance

(µWcm−2nm−1) into photon flux (m−2s−1) by using the expression below and then

integrating over the spectrum:

Φλ =
F (λ)

q · hν
∆λ =

F (λ)

q · (1.24/λ(µm))
∆λ (5.7)

Using the more sensitive PL measuring setup as described in subsection 3.4.1,

the PL peak shape is measured. This enables one to see from an absolute irradiance

spectrum what is PL and what is noise. In order to calculate the integrated edge PL

photon flux spectrum to obtain a total photon flux, a Gaussian profile was fit onto

the spectrum. Knowing that there is no PL signal from 1000nm onwards, all data

points can be determined to be noise and so can be removed from the Gaussian peak

fitting software. Matlab[238] was used to fit a two-Gaussian profile and integrate

the edge PL photon flux spectrum to obtain a total photon flux. The fit is shown in

Figure 5.11, including the data points determined to be noise. This photon flux is

multiplied by the area of the four edges on the sample to give a photon count. The

table outlining the calculations and the waveguide efficiency is given in Table 5.7.
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Figure 5.11: Spectral irradiance from the edge of PL sample QT1604 when illu-
minated. The PL spectrum was determined by a measurement using the setup in
subsection 3.4.1, thereby providing evidence that the data points past 1000nm were
noise. Matlab was used to fit a two-Gaussian peak to the data (blue line) and
integrated to obtain a power density value coming out of a single edge.

Incident power density (Wm−2) 1.53× 105

Device quantum efficiency ηEQE 0.92
Dark current JD (Am−2) 6.03× 104

Radiative efficiency ηrad 0.79
Radiative current Jrad (Am−2) 4.76× 104

Total radiative current Irad (A) 1.19
Maximum photon count (s−1) 7.43× 1018

Measured photon count (s−1) 1.1× 1015

Waveguide efficiency (%) 0.0147

Table 5.7: Measuring PL sample QT1604. With the calculation proces shown above,
the final waveguide efficiency for the sample is given as 0.0147%.

The measured waveguide efficiency of the PL sample QT1604 was 0.0147%:

three orders of magnitude less than the needed value to validate the concept of using

the PL from a QWSC for secondary processes. There are some reasons for highly

non-ideal waveguiding in this particular sample. Firstly, the base and substrate of

the sample comprises of n-doped GaAs, where free carrier absorption is around α ≈

300m−1 [239]. Using Beer-Lambert absorption, across the length of the sample this

corresponds to 77% absorption of the PL. Light caused by radiative recombination

can be trapped within the sample due to its high refractive index of n = 3.5.
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The spectrometer aperture was not optically coupled to the sample edge, therefore

the air/semiconductor interface provided an escape cone angle of only 16.6◦. High

absorption within the bulk material and light trapping due to a high refractive

index cause for massive PL loss.

5.2.4 High concentration full spectrum light into a QWSC embed-

ded in a waveguide

5.2.4.1 Experimental setup

This experiment was undertaken at SUPSI, using the same equipment and setup

as in section 3.5. The waveguide with a reflective cone was replaced with a waveg-

uide with a square cavity, in which the QWSC can be embedded. The cavity is

flooded with index matching fluid (Cargille acrylic matching liquid, refractive in-

dex n=1.49 at 633nm) before embedding the QWSC. The same positions are used

(P5 - P1) to measure photoluminescence (PL) from the waveguide edge.

Isolating PL from the incident light spectrum

There is significant scattered incident light relative to the PL of the QWSC due to

the cavity in the waveguide, which reaches the spectrometer. An irradiance spec-

trum were taken with the waveguide without an embedded QWSC, as shown by

the schematic in Figure 5.12a. The irradiance spectrum taken with an embedded

QWSC, as shown by the schematic in Figure 5.12b, is subtracted by the waveguide

spectrum to obtain one with less noise. This is shown in Figure 5.13. This is then

fed into Matlab, and its curve fitting software was used to fit a Gaussian to the

photoluminescence peak. Outlying data points can be removed using the software,

as demonstrated in Figure 5.14, to improve the fitting accuracy. The Gaussian peak

produced from the software is integrated to obtain the intensity of the PL at the

waveguide edge.
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(a) Scattered light (b) Scattered and PL light

Figure 5.12: Two measurements are taken. Firstly background and scattering light
is measured (a). This is subtracted from the light obtained when a PL sample is
present (b).

Calculating Watts in vs Watts out

In order to obtain the Watts out of the whole edge for the PL, this value is multiplied

by a scaling factor and integrated spatially according to the emission profile at the

edge. This process is explained in subsection 3.5.1.

(a) Raw spectrum (b) Isolated PL spectrum

Figure 5.13: The raw spectrum obtained by the Avantes spectrometer for QWSC
sample QT1604 at position P5 (1740 Suns). The spectrometer has three channels,
each optimised for their spectral band (400-750nm for channel 1, 600-1000nm for
channel 2 and 950-1600nm for channel 3). The scattered waveguide light spectrum
is subtracted to obtain an isolated PL spectrum, shown in (b)

5.2.4.2 Results

A waveguide of dimensions 20 x 20 x 0.5cm had a 3 x 3 x 0.5mm cavity drilled

into the middle. The cavity was flooded with index matching fluid before inserting

the sample. The same illuminations were used as the cone in the waveguide: 1741,

907, 298, 118 and 20 Suns. The measured spectra are shown in Appendix C. There

was no discernible PL measured for 20 Suns illumination.

134



Figure 5.14: Matlab curve fitting function onto the isolated PL peak. Like Fig-
ure 5.11, the PL peak shape is known, meaning data points which do not correspond
to the peak at 980nm can be considered noise. They are removed from the fitting
algorithm (shown by the red crosses).

The waveguide had reflectors on three of its edges, and the PL sample is as-

sumed to be an isotropic light source. The integrated PL values in Wm−2 and

the Watts out vs Watts in ratio is given in Table 5.8. The optical efficiency of the

QWSC/waveguide system is of the order of 10−2 %, with a power density at the

waveguide edge of the order of 1 Watt. This is again orders of magnitude less than

is needed for any realistic use of PL.

Incident Suns
PL power density at waveguide

edge (Wm−2)
Watts out vs Watts in

(%)

1741 1.31 0.007
907 1.21 0.013
298 0.47 0.015
118 0.14 0.011

Table 5.8: Integrated power density, and the optical efficiency (Watts out vs Watts
in) for QT1604 under high concentration illumination
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5.3 Conclusion

This chapter introduced the double-illuminated photoelectrochemical (PEC) re-

actor for solar hydrogen production. The novel aspect of the reactor is that both

electrodes are photo-active and are both illuminated independently. The reactor

windows are normal to incident light, giving an opportunity to use waveguiding

optics to provide these light streams.

A triple-junction photo-cathode is used in the PEC reactor, which requires full

spectrum illumination. Direct concentration of incident light is possible by embed-

ding a reflective cone inside a waveguide, and using a Fresnel lens to concentrate

direct sunlight onto the cone. This light will be reflected into the waveguide, where

it is trapped due to total internal reflection and waveguided to the photo-electrodes.

Pvtrace was used to model a reflective cone embedded in a waveguide. The

cone was modelled as a specular and Lambertian reflector, and the incident light

was modelled at normal incidence. In a real optical system, one edge of the waveg-

uide will be coupled into the PEC reactor and the other three edges have reflective

material on the edges. The optical efficiency of the one photoactive edge of the

waveguide increases from 22.4% to 49.6% when a waveguide with a specular reflec-

tive cone has reflector edges. For a waveguide with a Lambertian reflective cone,

the optical efficiency rises from 13.1% to 25%.

The performance cone in a waveguide was measured experimentally at high

concentration illumination. The cone was drilled into a PMMA waveguide with a

slope of 45◦. It was an imperfect cone with striations across the wall, and had no

reflective material underneath it so that the only reflection would be caused by the

waveguide/air refractive index difference. Because of this, the optically efficiency

of the system was an order of magnitude less than that given by the pvtrace model.

The increase in edge intensity when reflectors were added to the other three edges
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of the waveguide suggest that the cone is more Lambertian in nature.

A full demonstration PEC reactor with reflective cone / Fresnel lens optics was

build and tested outdoors. The middle of the waveguide edge produced 1.5x and

2.5x concentration, without and with edge reflectors respectively. The profile of the

light across the waveguide edge confirms that the drilled cone was behaving in a

Lambertian manner. 2.5x concentration out of the waveguide edge means there is

a factor of 4 improvement to be made. This can be achieved by using a smooth,

specular reflecting cone as well as using better edge reflectors. The illumination

profile across the waveguide should ideally be uniform, therefore the next iteration

of the optics would be to use a linear Fresnel lens concentrating light onto a reflec-

tive wedge.

A concept was proposed that a quantum well solar cell (QWSC) can be used

as a luminescent centre within a waveguide, thereby being an alternative to a re-

flective cone. The aim is for the photoluminescence (PL) exiting from a QWSC

to have equal intensity to the light emitted at the edge of a traditional thin-film

UV-absorbing, blue-emitting LSC. This would be to allow the QWSC, which is illu-

minated by concentrated direct light, to simultaneously a) generate electricity and

b) act as a luminescent centre as at high concentration levels, recombination losses

are dominated by radiative processes. The top of the waveguide would be coated in

Lumogen F Violet 570 to absorb diffuse light as a conventional LSC. Using calcula-

tions from the modelling software SOL, it was found that in order to balance these

two light intensities, 29% - 56% of the PL produced would need to be waveguided

out of the QWSC and onto the waveguide edge. Practical measurements of edge

PL of a typical QWSC with uniform illumination of laser light gives a waveguide

efficiency three orders of magnitude less than is needed as given by SOL. Further

measurements were made of high concentration, full spectrum illumination on a

QWSC embedded in a waveguide. The optical efficiency of the system was 0.007%
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- 0.015%, again being three orders of magnitude less than what is needed to match

LSC light emission.

These measurements were all done with the QWSC at open-circuit voltage,

meaning all charge carriers recombine. With the QWSC at its maximum power

point and generating electricity, the amount of photons generated through radia-

tive recombination will be much less. The main improvements that can be made

to the QWSC are a) removing its substrate and b) optimising the QWSC to pho-

toluminesce preferentially sideways through its edges. Furthermore the QWSC

was initially chosen as a luminescent centre because the photo-cathode of the re-

actor was to be Copper-indium-gallium-selenide (CIGS). This was determined to

be unsuitable for photoelectrochemical operation, and once it was replaced with a

triple-junction structure which needs full-spectrum illumination, the QWSC could

not be used.
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Chapter 6

Optical Funnel for Algae

Raceway Ponds

Algae raceway ponds are the cheapest method of large scale algae farming for

biofuel production. They are not without their limitations, one of them being the

fact that water maximally saturated with algae has an absorption coefficient of

the order of 100m-1. This means that only the top few centimetres of a pond,

with depths of 20-40cm, are actually effective in algae growth. In this chapter, a

retrofitting optical funnel is introduced as a novel solution to increase the “effective

depth” of these ponds by providing constant illumination throughout the depth

of the pond. This would increase algae growth rates, and therefore, total biofuel

production. PVtrace is upgraded to include mesh geometries. A mesh design metric

is used in conjunction with a genetic algorithm, developed by Tom Wilson in the

QPV group, to firstly demonstrate its ability as an effective light diffuser, and

secondly to demonstrate the ability for design optimisation for various scenarios

such as illumination conditions and different algae species.
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6.1 Designing the optimisable luminescent solar diffuser

for light distribution in a raceway pond

A recent review of raceway ponds presented investigation trends in many aspects

of its design, however as pointed out in the previous section, there is a complete

lack of investigation regarding innovative optics for raceway ponds. Discussions on

raceway optics revolve solely around the trade-offs in pond depths with biomass

production [128].

As discussed previously in subsection 1.4.4, the main issues regarding optics in

raceway ponds are that the high optical density of algae mean that only the first

few centimetres from the surface of the pond receive sufficient light to grow. As

was shown pictorially in Figure 1.16, the algae absorb above and beyond the light

energy (∼100 Wm-2) that is needed, preventing algae below it to harvest the light,

whilst at the same time damaging itself and releasing the excess energy as heat,

thereby increasing the evaporation rate of water in the pond. With algae residing

in dark optical zones for extended periods of time, biomass growth is stunted. An

ideal illumination profile should be constant, at a lower intensity, throughout the

pond depth.

This chapter proposes the idea that luminescent materials can be used in con-

junction with novel optical design to create a luminescent solar diffuser (LSD) to

increase uniformity of illumination across the depth of a raceway pond. The concept

can be seen as utilising an LSC loss mechanism, top/bottom emission loss, into a

useful attribute.

The concept of manipulating optical transport in algae raceway ponds is truly

novel. The author developed the design and the necessary tools in pvtrace to build

the optical model of the first ever raceway pond optical system.
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6.1.1 Concept

The objective of the luminescent light diffuser (LSD) is to capture incident

sunlight from the surface of the pond, and redistribute it evenly across the depth

of a raceway pond, thereby giving a uniform illumination profile across the depth

of a raceway pond. Being a standalone device, it can be retrofitted to any existing

raceway pond. This would increase the algae growth rates by:

• Spectral conversion of less efficiently used short-wavelength incident light into
that of a more usable wavelength,

• Preventing excess illumination onto the first few centimetres of the pond,
thereby decreasing photosynthetic machinery damage and thermal emission.
This in turn decreases evaporative losses in the pond,

• Reducing the volume of the dark optical zone by waveguiding the excess light
from the top surface into the deeper sections. This effectively increases the
illumination area/volume ratio of the pond.

The diffuser is a solid transparent optical funnel, made of a cheap transparent

material such as polymethyl methacrylate (PMMA). The top surface of the diffuser

is coated with a thin, highly-doped luminescent layer which absorbs all incident

light. Some of the luminescent light is lost by emission out on the upper volume of

the pond. The remaining light travels down inside the optical diffuser and exits into

the algae culture at a deeper depth. The bottom of the diffuser has a reflective cone

to direct light outwards into the algae culture. This is demonstrated in Figure 6.1.

The lower refractive index between the LSD/algae culture (1.5:1.3) interface com-

pared to the LSD/air (1.5:1.0) interface encourages light to diffuse into the algae

culture. The LSD can either be circular, in which many standalone devices can be

arranged in an array as shown in Figure 6.2a, or can be a linear 2D funnel that

stretches along the length of the raceway pond, as shown in Figure 6.2b

The LSD can be modelled on pvtrace, and its design can be optimised according

to various environmental parameters, such as the depth of the raceway pond into

141



Figure 6.1: Schematic for retrofitting conventional raceway ponds with a lumines-
cent solar diffuser (LSD, right), to mitigate the low penetration of incident light
into an algae pond (left). This is looking at a cross section of a raceway pond.
The LSD is a solid clear funnel (shown white), with the top surface coated with
luminescent material (shown red). At the bottom of the funnel there is a reflecting
cone. The top surface rest on the surface of the pond. The LSD is used as light
distributor, taking light from the top surface, spectrally converting it into a more
useful wavelength for algae, before diffusing it throughout the depth of the pond.

(a) Standalone circular LSDs arranged in an
array in a raceway pond

(b) A linear pond-length LSD

Figure 6.2: Two ways in which a luminescent solar diffuser could be incorporated
into a raceway pond, as many standalone circular devices (a) or a linear array (b).
The view is looking at raceway ponds from above.

which it will be fitting, or the species of algae, of which their absorption densities

at peak saturation can differ by an order of magnitude.

A set of design parameters and their respective limits are fed into a genetic

algorithm in order to find the optimal shape for the LSD in which to produce a

constant illumination profile across the depth of the pond.
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6.1.2 Model construction on pvtrace

6.1.2.1 The LSD

The circular LSD was initially constructed using many slices of truncated cones

to form a hyperboloid structure and a cylinder as the base, as shown in Figure 6.3a.

This method of construction was quickly dismissed due to the extended simulation

time needed to calculate Fresnel relations for the light ray at each slice interface.

(a) Pvtrace visualisation of an LSD created
with truncated cone slices

(b) Diagram of a light ray passing through
many interfaces within the LSD.

Figure 6.3: Initial construction of the LSD using slices of truncated cones. This was
a time consuming construction, due to a single pass of light requiring many Fresnel
relation calculations as it passes through continuous slice interfaces.

The second construction strategy used was to create a mesh grid, using the

already-existing Polygon class in pvtrace and the added PolygonMesh class and

MeshGen module. The benefit of using a mesh is in the greater flexibility of gen-

erating more complex geometries such as the linear LSD array. The LSD design is

symmetric both in 3D and 2D which simplifies the mesh construction as it can be

designed around an axis and rotated in 3D, or reflected in 2D.

For the 3D mesh geometry, a parametric equation is defined. The base point

is plotted first respective to an axis and rotated around it for a full 2π rotation.

The next point is plotted along the axis, and rotated again by 2π. Each slice has

a N number of points. This keeps going until all points are placed and a mesh

“dot-to-dot” is generated, with rotational resolution N and vertical resolution M .

All the points are appended to a list so that it contains N×M points. The first two
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points of the bottom slice are chosen along with the first point of the upper slice

up to create the first polygon. In the list this corresponds to [n0, n1, nN ]. Next,

the first two points on the upper slice and the second point on the bottom slice is

chosen, corresponding to [nN , nN+1, n1]. This then carries round for 2π and moves

up one slices. This is shown in Figure 6.4.

(a) (b) (c)

(d) (e) (f)

Figure 6.4: Three dimensional mesh construction of a LSD. Only the first two layers
of potentially many are shown. A vertex away from an axis is made (a), and it is
rotated around by 2π, with the number of vertices in the rotation determined by
the resolution of the mesh (b). A second layer of vertices is rotated round at a
distance above the other slice again determined by the dimensions and resolution of
the mesh (c). All the vertices are appending to a list as they are created. To make
polygons, an iteration is carried out where firstly vertices [n0, n1, nN ] are used as
polygon points (d). Secondly, vertices [nN , nN+1, n1] are used (e). This continues
round until the final vertex nNM when all polygons are made (f)
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For the 2D mesh geometry, an array of points are plotted along an axis according

to a shape function. The array of points are then mirrored against the axis. The

top and bottom layers are created like in the 3D mesh. Whilst the linear LSD array

geometry can be simplified to 2D raytracing due to uniformity in the pond-length

axis, the main benefit of modelling in 2D is the decrease in simulation time. This

becomes important in subsection 6.1.5.

(a) 3D hyperboloid mesh on pv-
trace (b) 2D hypboloid mesh on pvtrace

Figure 6.5: Two- and three- dimensional hyperboloid meshes on pvtrace. The mesh
generator utilises pvtrace’s Polygon class to form a shape. The reflective cone can
be seen in the 2D hyperboloid.

6.1.2.2 The Algae

The single-celled algae Chlorella Vulgaris (C. Vulgaris) was used as the species

from which its optical properties were taken. The mass cultivation of microalgae

was pioneered in the early 1950s with this species [240], it was one of the first

species to be used in raceway ponds [241], and it is still used as an example species

for economic modelling of algae farms [131].

The LSD is surrounded with a volume of algae culture, with a refractive index of

water, and algae absorption spectrum and coefficient data taken from Hannis (2013)

[125], shown in Figure 1.14. The algae volume follows the LSD shape function. It

is constructed in the same manner as the LSD. It is split into various layers, the
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number of layers being independent of the vertical resolution of the LSD. Each layer

is given an identification so that pvtrace can log into which layer a photon has been

absorbed. The pvtrace visualisation of the LSD and the algae layers are seen in

Figure 6.6.

Figure 6.6: Layers of algae culture surrounding a 2-dimensional LSD. In this case
the culture is split into 10 different layers.

6.1.2.3 Simplifications and assumptions

Light absorption from water: The absorption coefficient of water is 0.01m-1

at 400nm, and rises to 1m-1 at 800nm [242]. It is therefore assumed negligible in

comparison to the algae’s absorption coefficient of 100m-1.

Scattering: Berberoglu et al. (2006) investigated the effect of scattering in

photobioreactor design [243]. When it comes to modelling light transport within a

reactor, they concluded that scattering is unimportant when the scattering makes

up less than 50% of the total light extinction, and is in the forward direction.

However as scattering becomes the dominant form of light extinction, it does be-

come important and furthermore, the difference between scattering mechanisms

(isotropic/anisotropic, etc) become more pronounced in models. As seen in Fig-

ure 1.14, scattering is the majority cause of light extinction.

Scattering characteristics are dependent on a myriad of factors. Shape and

morphology of the species plays a large, and unpredictable role. It has been shown
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that two algae species with similar shapes produced a different scattering patterns,

whilst two other species with different shapes (cylinder and sphere) had similar scat-

tering patterns [244]. Aspects of morphology that affect scattering patterns can be

whether the algae has a cell membrane or wall, or the existence of, and variations

in, gas vacuoles [244, 245, 246]. The location and size of the cell core, a.k.a. the

cell’s inner machinery [247], as well as the cell size [248], play a part in scattering.

On top of all this, the scattering pattern can also be wavelength-dependent [249].

All in all, simple scattering profiles like Mie scattering, which assume spherical,

homogeous particles, are not good approximations for algae scattering [245, 249,

250].

Because the objective of this chapter is merely to demonstrate the capability

of the LSD to be optimisable, the accuracy of the algae scattering characteristics

is not a priority. On top of the modelling minefield that is algae scatter patterns,

adding scattering as a property of the LSD simulations also increases simulation

times, which is explained in more detail in subsection 6.1.5. For these reasons,

scattering will be ignored and the peak absorption coefficient value for the algae

will take the peak extinction coefficient value.

Optically perfect and clean surfaces: Pvtrace assumes optically perfect

surfaces. A further assumption is that the LSD surfaces will always be clean. In

reality, a considerable amount of algae can stick onto a reactor surface [142]. This

changes the optical density of the algae culture towards more dense, as algae stuck

on the LSD surface is of a much higher concentration than in the water.

6.1.3 Design parameters and shape function

The LSD design parameters are limited to the specification of the raceway pond

into which it will be inserted. Initial design parameters for the LSD are:
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• The height of the LSD, H,

• The radius of the top of the LSD, Rtop,

• The radius of the base of the LSD, Rbase,

• The curvature of the funnel section, K,

• The height ratio between the funnel section and the straight section, rheight,

• The angle φ, and therefore also the height, of the reflective cone. This is
because its radius is fixed to that of Rbase.

A secondary design revolves around the top surface of the LSD to have its own

curvature and height ratio. This brings it more in line with the design shown in

Figure 6.1. For there will be two height ratios, an outer one which is the height ratio

between the funnel and the straight section, and an inner one which is the height

ratio between the centre of the top surface and the base of the LSD. There are two

curvature values, again an outer and an inner value. This is shown in Figure 6.7b.

(a) A four-parameter LSD (b) A six-parameter LSD

Figure 6.7: The different parameters of a four- and six-parameter LSD design. A
four-parameter LSD has: the height H, the top radius Rtop, the base radius Rbase,
the height ratio between the funnel and the straight sections rheight, the curvature
of the funnel section K and the angle of the reflective cone φ. A six-parameter
LSD has: the height H, the top radius Rtop, the base radius Rbase, the height
ratio between the funnel and the straight sections router, the height ratio between
the top surface and the base of the LSD rinner, the curvature of the outer funnel
section Kouter, the curvature of the inner funnel section Kinner and the angle of the
reflective cone φ

The function of curvature for the funnel is a plateau curve, whereby:
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y =
x

K + x
(6.1)

where K is the curvature value. The variations which K can have on the curve

function are demonstrated in Figure 6.8.

Some parameters will stay fixed. The height of the LSD will depend on the

depth of the raceway pond into which it is fitted. For the rest of the thesis, this

height will be fixed at 30cm. The angle of the reflective cone will stay at 45◦ and

the radius stays fixed at the LSD base radius. The optical density of the algae will

also be fixed at 100m-1. This brings down the number of variable parameters to

either four: Rtop, Rbase, K and rheight, or six: Rtop, Rbase, Kinner, Kouter, rinner

and router.

(a) K = 0.001 (b) K = 0.01 (c) K = 0.1

(d) K = 1 (e) K = 10

Figure 6.8: Funnel curvatures determined by the curvature constant K in Equa-
tion 6.1.

6.1.4 LSD figure of merit

The LSD’s objective is to provide uniform illumination across the depth of a

pond. This goes hand in hand with a uniform light absorption profile in the algae

culture. Therefore, as a function of pond depth, the profile of light absorbed is a

straight line. This is shown as the blue line in Figure 1.16.
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We can therefore say that the function for perfect illumination fillumination is:

fperfect =
Pincident
Lpond

= constant (6.2)

where Pincident is the incident light intensity and Lpond is the pond depth. The

figure of merit is a root-mean-square (RMS) goodness-of-fit parameter, χ2
RMS :

χ2
RMS ≡

∑[
yi − y(xi)

Nlayers

]2
(6.3)

where yi is the measured value from the simulation, y(xi) is the ideal value

and Nlayers is the number of algae layers in the simulation. y(xi) and fperfect

are expressions of the same idea of constant, ideal illumination. Using RMS also

penalises heavier deviations from the ideal. The objective for LSD optimisation is

to get χ2
RMS as close as possible to zero.

Figure 6.9: Graphical representation of determining goodness of fit on pvtrace using
an example Beer-Lambert illumination profile (red histogram). The algae layer
numbers correspond to the layers in the simulation. Algae layer 1 is the top, and
10 is the bottom. The ideal illumination profile is shown as the green line, which is
the total number of photons absorbed in the system divided by the number of algae
layers. The hashed areas of the bins indicate the number of photons that deviate
away from the ideal number of photons absorbed (blue histogram). Equation 6.3 is
used to then give a goodness of fit number.
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6.1.5 Practical application of the genetic algorithm to the LSD

The greater the population size, the greater the probability that the initial state

of the population contains the chromosome that gives optimum fitness and the faster

the generations will take to convergence on a solution. A greater population size

however, means that the whole optimisation code will take longer to complete. Fur-

thermore, after a certain population size, it actually takes more generations for an

optimum solution to be found [251]. The size of population scales with the number

of optimisable parameters. Optimum fitness values for 4 optimisable parameters

start to converge at around 20 generations. Further generations achieve only minor

refinements to the optimal parameters.

The GA in itself takes a matter of seconds to run the optimising process between

generations. Each member however is a separate pvtrace simulation. A 2D simu-

lation run of 10,000 photons where the algae is assumed to be non-scattering takes

around 30 minutes on a Ramdisk-enabled, 16-core HP Z820 computer. This means

for a run of 20 generations using a population of 50 members, a total run takes

around 20 days. A 2D simulation with algae scattering properties increases the run

time to 53 days. A 3D simulation run time would take half a year and this increases

up to almost a year if algae scattering is included. Once the LSD is proved in the

field, and the concept merits further modelling to improve design optimisation, a

faster raytracer should be used along with a more powerful computing setup, like

a computing cluster. Pvtrace is currently used because a) it is free and b) time

constraints prevented re-writing a newer faster raytracer.

The most viable option is to run the genetic algorithm with a 2D, non-scattering

algae model to find the optimal parameters. An LSD with semi-optimal parameters

was run for scenarios of 2D and 3D, with scattering and non-scattering behaviour

in algae. For simplicity, Mie (isotropic) scattering was used as the scattering mech-

anism. The light absorption profiles for the four scenarios are shown in Figure 6.10,
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with the χ2
RMS figure of merit and percentage of incident light absorbed in Table 6.1.

The genetic algorithm uses the 2D, no scatter scenario. Whilst the the 3D no-

scatter scenario has a significantly higher χ2
RMS value (56%), the absorption profile

across the funnel depth is the most similar. Both scattering scenarios had very

different absorption profiles, both to the 2D non-scatter scenario, but also to each

other. Most importantly, significantly less light was logged as absorbed in total.

This is attributed to light being scattered out of algae back into the environment.

The reality is that the amount of light actually absorbed and used for photo-

synthesis is somewhere between the no-scatter and the Mie-scatter scenarios. This

remains an area of doubt without a reliable scattering model for an algae species.

(a) 2D, no scattering (b) 2D, scattering

(c) 3D, rotationally symmetric, no scattering (d) 3D, rotationally symmetric, scattering

Figure 6.10: Testing the similarity in results between 2D and rotationally symmetric
3D designs, as well as including or not including light scattering as an algae property.
The 2D, non-scattering scenario was is partially-optimised. The blue line indicates
the optimal absorption profile.
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χ2
RMS % Light absorbed

2D 3D 2D 3D

No Scattering 2.38 3.73 68 71
Scattering 3.10 5.79 16 13

Table 6.1: Figure of merit for an LSD of equal parameters run for 2D, 3D, scattering
and non-scattering behaviour scenarios.

6.2 Results

6.2.1 Model conditions

The top surface of the LSD is coated with a highly-doped Lumogen Red F 305

luminescent layer. The main body of the LSD is clear PMMA, with a homogeneous

absorption coefficient of 0.3m−1. The angle of the reflective cone is set to 45◦ and

its diameter is that of the LSD base width. The total height is fixed at 30cm and

the algae density is fixed at 120m-1. Ten algae layers are used to calculate the figure

of merit χ2
RMS . The direct and component photon flux spectra of ASTM G-173 are

used for planar and diffuse light sources respectively. These spectra are cut off at

λ > 800nm due to algae’s absorption limit.

A population of 50 members was used, and 20 generations were run for the

genetic algorithm.

Without a LSD, the χ2
RMS value for pure algae is 25.1, and 90% of incident

light is absorbed. The 10% of light not absorbed is due to surface Fresnel reflection,

and light with a wavelength close to 800nm, where the optical depth is not high,

propagates through the volume.

6.2.2 A 2D, four-parameter LSD with C. Vulgaris

The initial LSD design involved only 4 parameters, with a flat top part as shown

in Figure 6.7a. The parameter limits are defined in Table 6.2.
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The results are shown below. The parameters for planar and diffuse light con-

ditions are very similar, however the figure of merit χ2
RMS and percentage of light

absorbed differes between the two. The χ2
RMS values are not perfect values of

zero, with non-perfect values of χ2
RMS = 2.10 and χ2

RMS = 2.98 for planar and

diffuse conditions respectively. For this reason, a more complex, 6 parameter model

was constructed, with the parameters described in subsection 6.1.3, and the results

shown below in subsection 6.2.3. The benefit to this result however is that the

design is suited for both planar and diffuse light sources. This is less of a case in

the optimal 6 parameter model.

Minimum Maximum

Base radius 0 0.1
Top radius 0.1 0.5

Height ratio 0 1
Curvature 0.001 10

Table 6.2: Physical parameter limits for the four parameters of the LSD

Planar Diffuse

Base radius 0.10 0.10
Top radius 0.309 0.336

Height ratio 0.206 0.206
Curvature 2.751 2.897

χ2
RMS 2.10 2.98

Total light absorbed 71.5% % 59.6 %

Table 6.3: Optimal parameter limits for a four parameters LSD, and their respective
χ2
RMS and total light absorbed by the algae
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(a) Planar (b) Diffuse

Figure 6.11: Absorption profile of algae for planar and diffuse (isotropic) light
conditions for a 4 parameter LSD. The blue line indicates the optimal absorption
profile.

Figure 6.12: A visualisation of the 4 parameter LSD after 20 generations of param-
eter optimisation.

6.2.3 A 2D, six-parameter LSD with C. Vulgaris

The six parameter LSD has a curved top surface, with the extra two parameters

being the top surface curvature Kinner and the height of the starting point of the

top surface, as expressed by the inner height ratio rinner, as explained in subsec-

tion 6.1.3. The parameter limits are defined in Table 6.4.

The results are shown below. The optimal design parameters for planar and

diffuse light are very different as shown in Table 6.5, and pictorially in Figure 6.14.

A more complex model gives rise to much improved, but still not zero, χ2
RMS values

of χ2
RMS = 1.57 and χ2

RMS = 1.99, with a decrease of 25.2% and 33.2% for planar

and diffuse optimised designs respectively. The amount of incident light absorbed
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in the algae rises slightly by 1.1% for the planar design, but more significantly by

7.5% for the diffuse design.

Beyond pure optics and the scope of this chapter, a further benefit of the 6 pa-

rameter planar design is a decrease in the total volume of the funnel, which would

provide a decrease in material, and therefore cost, for production.

Minimum Maximum

Base radius 0 0.1
Top radius 0.1 0.45

Outer height ratio 0 1
Inner height ratio 0 1
Inner curvature 0.001 10
Outer curvature 0.001 10

Table 6.4: Physical parameter limits for the six parameters of the LSD

Planar Diffuse

Base radius 0.070 0.097
Top radius 0.243 0.254

Outer height ratio 0.006 0.029
Inner height ratio 0.189 0.547
Inner curvature 2.910 0.136
Outer curvature 2.792 2.80

χ2
RMS 1.57 1.99

Total light absorbed 72.3 % 64.1 %

Table 6.5: Optimal parameter limits for a six parameters LSD, and their respective
χ2
RMS and total light absorbed by the algae

6.2.3.1 Switching light sources on the optimal designs

The performance of the LSD optimised for planar light is tested with diffuse

light, and the one optimised for diffuse light is tested with planar light. χ2
RMS

values are higher, however the planar structure is less detrimental than the diffuse

structure when illuminated with its non-optimal light source.
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(a) Planar (b) Diffuse

Figure 6.13: Absorption profile of algae for planar and diffuse (isotropic) light
conditions for a 6 parameter LSD. The blue line indicates the optimal absorption
profile.

(a) Planar light (b) Diffuse light

Figure 6.14: Visualisations of the 6 parameter LSD after 20 generations of parameter
optimisation for planar light (a) and diffuse light (b)

An interesting observation however is that the total light absorbed in the algae

is higher for both designs with non-optimal incident light. The light absorbed us-

ing the planar structure is 72.3% with planar light and 73.3% for the diffuse light,

and the light absorbed using the diffuse structure is 64.1% for the diffuse light and

66.8% for the planar light. This can be explained by a couple of layers absorbing

significant amounts of light, namely the top two layers in the planar structure (Fig-

ure 6.15a) and the bottom two layers in the diffuse structure (Figure 6.15b). In

this case however, having a higher percentage of light absorption does not mean a

better performing LSD, as the quantity of light entering these high absorption is

much above that of the saturation intensity for photosynthesis. This would mean
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this light will be wasted through luminescence or heat dissipation.

Planar structure,
diffuse light

Diffuse structure,
planar light

χ2
RMS 4.03 4.70

Total light absorbed 73.3 % 66.8 %

Table 6.6: χ2
RMS and total light absorbed for a six parameters LSD, with the

opposite light source to which it was optimsed for

(a) Diffuse on planar structure (b) Planar on diffuse structure

Figure 6.15: Absorption profile of algae using a 6 parameter LSD, where the op-
posed light source type is used on the design, with diffuse light used on the planar-
optimised design (a) and planar light used on the diffuse-optimised design (b). The
blue line indicates the optimal absorption profile.

6.3 Ascertaining growth rate increase due to the LSD

The main objective of this chapter was to determine the capacity for optimi-

sation of the LSD to a figure of merit χ2
RMS = 0 by using a genetic algorithm.

This is to ensure that each layer of algae in a pond does not receive more than

the necessary quantity of light (400-600 µmolm−2s−1 ). The LSD was optimised

for both planar and diffuse illumination conditions. In reality, the light incident

on the raceway pond is a mix of the two components. In ASTM G-173 conditions,

the ratio of direct:diffuse light intensity is 9:1. As such the LSD will be receiving a

mixture of the two components.
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Figure 6.16: Absorption profile of algae using a 6 parameter LSD, factoring in the
ratio of direct:diffuse light incident on the LSD. The green line indicates the optimal
absorption profile.

When taking into account the 9:1 ratio of intensities between the incident light

components, the absorption profile through the pond depth becomes less uniform

due to the diffuse component being absorbed a lot more in the upper region of

the pond. This is reflected by a higher χ2
RMS value of χ2

RMS = 1.69. The merged

absorption profile of light as a function of pond depth is shown in Fig. Figure 6.16.

There are two benefits of having a LSD, namely providing an increase in surface

area for a given volume of algae culture and providing a more suitable illumination

intensity. With the planar-optimised LSD from above, in a cylindrically symmetric

3D form, the surface area of the algae if were to not have an LSD is 0.186m2. The

LSD funnel surface area is 0.311m2, giving a surface area increase of 67.5%.

In order to calculate the predicted increase in growth rate (µ) due to the use

of the LSD, data is needed on the specific growth rate of C. Vulgaris as a function

of incident light intensity. Data from Dauta et al. of C. Vulgaris at 30◦C [140] is
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Figure 6.17: Growth rate as a function of illumination intensity, using a model
taken from Peeters & Eilers (1978) [252].

used. Also used is their adjusted model from Peeters & Eilers (1978) [252]:

µ = µmaxT · 2 · (1 + β) · Ir/(I2r + 2 · β · Ir + 1) (6.4)

where µmaxT is the maximum growth rate at a given temperature T , β is a

fitting variable and Ir = I/Iopt is the ratio between the incident intensity I and the

optimal incident intensity Iopt. µmaxT is set at 1.3 day−1, Iopt at 140 µmolm−2s−1

and the fitting variable β at 0.1. This is shown graphically in Figure 6.17. The

data and model parameters agree with more recent observational data of C. Vul-

garis growth [253, 254, 255].

Of the incident photons on the LSD, 83.5% are transferred into the algae. The

illumination intensity on the algae Ialgae through a perfect LSD is therefore:

Ialgae = 0.835 · Iinc · (Atop/ALSD) (6.5)

where Iinc is the incident intensity on the LSD top surface, Atop is the area of

the pond surface which the LSD takes up and ALSD is the surface area of the sides

of the LSD in contact with the algae culture. As seen in Figure 6.16, the real LSD
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Full solar spectrum intensity (Wm−2) 1000 600 300

Incident intensity (µmolm−2s−1) 1678 1007 503
Perfect LSD intensity (µmolm−2s−1) 837.87 502.82 251.16

Table 6.7: Incident intensity on the LSD and incident intensity on the algae with a
perfect LSD of χ2

RMS = 0

illumination profile is not exactly perfect. Each “slice” then has its illumination

corrected for the values shown in the figure:

Islice = Ialgae · (Lslice/Lopt) (6.6)

where Lslice is the percentage of light absorbed by the algae as determined by

the raytrace model, shown in Figure 6.16, and Lopt is the percentage of light ab-

sorbed if the LSD was perfect. In this case, ten slices are used therefore Lopt = 10%.

Three incident light intensities are used: 1, 0.6 and 0.3 suns (1000, 600, 300

Wm−2). Table 6.7 shows the incident PAR intensity and the perfect intensity as

determined by Equation 6.5.

The light intensity distribution across the depth of the pond with the LSD,

as determined by Equation 6.6, is shown for three incident light intensities in Fig-

ure 6.18. For each illumination intensity point on the LSD, as shown in Figure 6.19,

a Beer-Lambert penetration profile is calculated, and the Peeters & Eilers model

(Equation 6.4), is applied through the penetration profile to obtain a growth rate

profile of the algae as a function of penetration depth into the algae culture. This

is shown in Figure 6.20. Each of these graphs is integrated as a function of pene-

tration depth, and multiplied by the surface area of each LSD slice to obtain the

integrated growth rate for the volume of algae. The integrated values for the growth

rate increase in the raceway pond is given in Table 6.8.
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Figure 6.18: The light power density across the depth of the pond at each algae
slice. This is done for 1, 0.6 and 0.3 suns (1678, 1007 and 503 µmolm−2s−1)

Figure 6.19: Each illumination value above in Figure 6.18 is the peak light intensity
at the wall of the LSD. A Lambertian absorption profile is assumed horizontally
through the algae slices. This means the total integrated amount of light absorbed
is different with each slice.
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Figure 6.20: The growth rate of algae as a function of penetration depth for each
LSD slice, corresponding to the relevant algae slice referencing in Figure 6.16. In-
cident intensities are 1 sun (top), 0.6 suns (middle) and 0.3 suns (bottom). The
profile is also shown for the algae if there was no LSD. The growth rate as a function
of penetration depth matches well with a similar graph in Figure 3 of Ritchie et
al. (2012) of net photosynthesis as a function of penetration depth into a raceway
pond [254].
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Incident light intensity Algae growth increase

1 sun 57.0 %
0.6 sun 50.2 %
0.3 sun 35.2 %

Table 6.8: Increase in growth rate of algae when using a LSD

The growth rate of algae in a raceway pond is increased by using a LSD even

in low incident light conditions by at least 35%, and at 1 sun light conditions the

growth rate of algae is improved by 57%. The LSD in this chapter has been opti-

mised for incident light at normal incidence to the the raceway pond. In order to

optimise the LSD for best average performance over the course of a day, optimisation

simulations must be run over a number of incident angles. The importance of each

angle of incidence can be weighted by the likelihood of it being the sun’s zenithal

angle over the course of a day or year, given the global location of the raceway pond.

A secondary byproduct of more optimal light intensities into the algae and their

more efficient use of it is a decrease in heat dissipation. This leads to less evap-

orative loss in a raceway pond, a small but not insignificant (∼ 1.5%) amount of

operating costs in an algae farm [131]. Furthermore, the LSD would take up space

in the pond, displacing some volume of algae mixture. The illuminated surface

area:volume ratio for algae is improved. This removes “dead volume” within the

raceway pond where it is too dark for algae to photosynthesize and grow.

The added capital cost of buying the LSD, as well as the added operating cost

of cleaning, cannot be overlooked. Plastic pond lining alone can constitute around

25% of the total capital cost of an algae farm [131]. It would not be unreasonable to

think that filling raceway ponds with bespoke PMMA-based LSDs would at the very

least match the cost of pond lining. Reliable cost analysis to determine whether

the LSD is an economically viable concept cannot be made without first knowing

practically by how much the LSD would increase algae yield.
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6.4 Conclusion

Algae raceway ponds are the cheapest method of large scale algae farming for

biofuel production, yet there is a lack of investigation interest into innovative op-

tics for intrinsic loss mechanisms. The fact that algae has an absorption coefficient

of the order of 100m−1 means that of the 30cm depth of pond, only the top few

centimetres are actually effective in algae growth. This algae over-absorbs incident

light and energy is lost both through radiative (optical and thermal) dissipation and

through active inhibition of algae survival and growth. This chapter introduced a

novel optical device in the form of a retrofitting luminescent solar diffuser (LSD).

The device, a form of optical funnel, spectrally converts incident light into a more

desirable wavelength and distributes it uniformly across the depth of a pond, both

increasing the illumination surface area:volume of the algae and minimising energy

losses due to over-absorption.

Using a root-mean-square comparison of a perfect illumination distribution

across a pond depth as a figure of merit, a 2D raytrace model in pvtrace was

used in conjunction with a genetic algorithm to optimise design parameters of a

LSD designed to be retrofitted into a 30cm deep raceway pond using C. Vulgaris

as the algae species. Whilst less light is absorbed in total (90% without the LSD,

64.1 - 72.3% with the LSD), the light incident on the algae with the LSD is at a

lower light intensity closer to that for optimal growth rates. Using the optimised

illumination profile across the LSD depth literature data on growth rates of algae

as a function of illumination intensity, it is calculated that by using a LSD one can

obtain an increase in growth rate for algae of 57% at 1 sun, 50.2% at 0.6 sun and

35.2% and 0.3 sun intensities.

Improved light distribution and more optimal incident light illumination, spec-

tral conversion of incident light and higher surface area:volume ratios are the main

benefits of the LSD. Secondary effects caused by these benefits would be less evap-
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orative loss in a raceway pond due to less heat dissipation losses in the algae and

less optically dark “dead zones” within a raceway pond.
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Chapter 7

Conclusions

This thesis aimed to contribute to the fields of luminescent solar concentrators

(LSCs), photoelectrochemical (PEC) water splitting and algae farming for biofuels.

The thesis addressed optical phenomena related to the geometry of cylinders, a

waveguiding solution to illuminate a two-sided PEC reactor and an optical method

to mitigate the loss mechanisms of photosynthesis in algae.

7.1 Thesis Achievements

7.1.1 Pvtrace

The raytrace model pvtrace was upgraded to be parallelisable using the Paral-

lelPython module. Simple as well as truncated cones were added as shape geome-

tries. 3D mesh generation capability was also added as a separate module which

utilises the “Polygon” shape class. Different light sources were added to pvtrace:

a planar light source which uses the Sun’s zenithal and azimuthal values as in-

put variables, and a hemispherical light source was added to simulate diffuse light

conditions.
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7.1.2 Cylindrical array LSCs

First, a practical demonstration showed that photon concentration of fibre LSCs

increases linearly with fibre length up to 2m. This is due to losses from re-absorption

and re-emission occurring mostly in the first 5cm of the fibre, shown by the red-

shifting of the edge emission.

Using pvtrace for 2D raytrace modelling, it was found that light trapping of

incident light occurs in a circular array from an angle of incidence of 60◦. This light

trapping effect then starts to decrease at 70◦. A hypothesis was put forward that

the optical efficiency of a cylindrical LSC array would increase at solar angles of

incidence between 60◦ and 70◦.

A north-south aligned cylindrical LSC array was simulated in clear sky light

conditions in London, UK for four separate days. The cylindrical LSC array expe-

riences an efficiency boost for the times of the day where the Sun’s incident zenithal

angle is within the light trapping range of 60◦ - 70◦, an effect not seen in planar

geometry LSCs with identical simulation conditions. At peak light trapping, that

cylindrical LSC efficiencies reach a value 5%-10.7% higher than that of planar LSCs.

This efficiency boost could be seen as a practical way to improve a LSC array in the

field; Effective alignment of the array could provide an efficiency boost at desired

time or seasonal periods.

7.1.3 Concentrating waveguide optics for a water splitting reactor

A novel method to illuminate a double-illuminated PEC reactor was introduced.

A reflective cone is embedded inside a waveguide, where it reflects incident light

concentrated by a Fresnel lens into the waveguide, and therefore in the PEC reac-

tor. Pvtrace simulations show that with reflective material on three out of the four

waveguide edges, the optical efficiency of the cone in a waveguide can be 49.6%.

Having reflective material on the waveguide edges also homogenises the illumination
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profile across the edge.

Practical flash lamp high concentration illumination experiments with a drilled

cone in a PMMA waveguide gave an optical efficiency between 1.15% and 3%. This

was due to cone surface roughness due to drilling striations, scattering much of the

incident light.

A full demonstration PEC reactor with a reflective cone / Fresnel lens optical

system was tested outdoors. Measuring the illumination profile across the waveguide

edge confirms that the cone acts Lambertian rather than specular. The middle

of the waveguide edge produced 1.5x and 2.5x concentration without and with

edge reflectors respectively. Using a specular cone and better edge reflectors could

improve the concentration by a factor of 4.

A quantum well solar cell (QWSC) was used as a luminescent centre, to replace

the reflective cone in a waveguide. Measuring the photoluminescence (PL) out of

the edge of a sample showed that the waveguiding efficiency of a QWSC is four

orders of magnitude less than the needed value to validate the concept of using the

PL of a QWSC for secondary optical processes.

7.1.4 The luminescent solar diffuser

A luminescent solar diffuser (LSD) is an optical funnel that can be retrofitted

into an algae raceway pond in order to homogenise the illumination profile of inci-

dent light through the depth of the pond. This is beneficial as on the top surface

the algae receive too much light, which is detrimental to its growth rate. The high

optical density of algae also means most of the pond volume is dark, meaning the

algae do not grow.

A pvtrace 2D model of the LSD was merged with a genetic algorithm to prove

that the LSD is optimisable within the pond constraints. By using a LSD one can
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obtain an increase in growth rate for algae of 57% at 1 sun, 50.2% at 0.6 sun and

35.2% and 0.3 sun intensities, with values calculated by using literature data on

algae growth rates as a function of illumination intensity.

The main benefits of the LSD are improved light distribution, more optimal

incident light illumination, spectral conversion of incident light to more favourable

wavelengths and higher surface area:volume ratios in a raceway pond. Secondary

effects caused by these benefits are less evaporative loss in a raceway pond due to

less heat dissipation losses in the algae and less optically dark ”dead zones” within

a raceway pond.

The LSD increases algae yield as a way to improve economic viability in algae

raceway ponds, already the cheapest method of large scale algae farming for biofuel

production.

7.2 Further work

A significant amount of the achievements of the thesis have been through ray-

trace modelling. As such, most of the next steps for the pieces of work is to deter-

mine whether experiments agree with the modelling.

7.2.1 Cylindrical LSCs

A practical demonstration of the efficiency boost in cylindrical LSC arrays due

to light trapping can be shown to complement the results obtained from the pvtrace

simulation. This would require buildling a module-sized cylindrical LSC (CLSC)

array. Multiple arrays could be oriented North-South and East-West. The tilt of

the module can be investigated along these two cardinal orientations. The two ob-

jectives of this work would be to a) confirm the efficiency boost when the sun is at

the light trapping angle-of-incidence, and b) to practically quantify this efficiency

boost. The setup would be similar to that of the sound barriers constructed by
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Kanellis et al. [256].

A further research topic would be to quantify the efficiency boost for CLSCs

with different luminophores. It was hypothesised that the efficienct boost would be

more significant with aligned luminophores that luminescence with an anisotropy

favourable to waveguiding.

7.2.2 Waveguiding optics for water splitting

For the fully functioning PEC reactor, the final measurement needed for pub-

lication is direct collection of hydrogen to determine the solar-to-hydrogen (STH)

efficiency of the setup. Measuring the photocurrent gives an indication for STH

efficiencies [77] and is suitable for conferences, but is unsatisfactory for publication.

The embedded cone in a waveguide manufacturing can be improved. Polishing

can be done on the cone surface, and reflective material can be coated on or placed

on the cone surfaces. Reflectors with a higher reflectivity can be used on the waveg-

uide edges. These improvements can improve the amount of light coming out of the

waveguide edge by a factor of 4.

Neverthless, the ideal distribution of light on a photo-electrode is uniform.

Therefore whilst the cone/Fresnel lens configuration can be improved on, the next

step should be to utilise a linear Fresnel lens and a reflective wedge. This is demon-

strated in Figure 5.7. A further benefit of using a wedge / linear Fresnel lens include

the need to only have single-axis tracking, rather than dual-axis tracking for the

cone / Fresnel lens setup. This would make a larger scale up cheaper and easier to

manufacture.

Raytrace modelling should be performed to determine the optimal angle of the

reflective wedge. Light from the edges of the Fresnel lens will be impinging on
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the wedge at an acute angle, and so would be reflected into the waveguide an

an angle inside the escape cone. Placing reflectors on the top and bottom of the

waveguide would help direct this light towards the PEC reactor windows.Raytrace

modelling can be performed on placing reflectors on the top and bottom surfaces

of the waveguide to determine the efficacy of this idea (Figure 7.1).

Figure 7.1: Having reflectors on the top and bottom of the waveguide might help
contain escaping light.

Linear Fresnel lenses and new waveguides have been purchased and are in the

possession of Dr. Anna Hankin. The waveguides are awaiting final design confir-

mation before wedges are cut into them.

Further to the optics, the triple-junction photo-cathode can be optimised. The

current device is a standard high efficiency solar cell, optimised for conventional con-

centrator PV operation with an AM1.5 spectrum. It also has tall (micron height)

gold contacts, which mean the evaporated layer of titanium dioxide (TiO2) is highly

non-uniform. This introduces many locations for which the electrolyte to attack and

dissolve the underlying device material.

The light impinging on the device in the reactor has a different spectrum due

to light interacting with reflectors, passing through a PMMA waveguide, which

has its own absorption spectrum, and through the electrolyte. Due to Kirchoff’s

law of current being the same throughout the whole circuit, the top junction is
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current limiting the whole device as the PMMA, electrolyte and TiO2 layer absorb a

significant amount of light in the UV/blue region. Therefore there is an opportunity

to design the device’s three junctions in order to not have any junction current

limiting the others.

7.2.3 Luminescent Solar Diffuser

A practical demonstration of a LSD can be built and tested in an algae raceway

pond to confirm this thesis’s claim that the growth rate of algae can increase by

35.2 - 57%. This will require collaboration with a research group or company with

access to experimental sized raceway ponds.

Preliminary investigation into plastics manufacturing has determined that either

extrusion or machining a LSD from a solid block of PMMA is the most practical and

fastest way to manufacture small numbers of LSDs to place into a small raceway

pond. Extrusion means the LSD will be of a linear configuration (see Figure 6.2).

Further 3D raytrace modelling should be undertaken to determine how the figure

of merit differs from a circular configuration LSD.

Once the LSD has been practically proven to improve algae growth rates, fur-

ther 3D raytrace models should be built to optimise LSDs for a certain location in

the world. The distribution of light across the pond depth will change as the sun

moves across the sky, and so the LSD performance should be analysed for all angles

of incidence.

The current version of pvtrace is not up to task for extended 3D simulations.

The core intersection algorithm for a polygon mesh should be changed to make it

operate faster. Because computer graphics cards are highly optimised for paral-

lel tasks, they would complete raytrace simulations much faster than a computer’s

CPU. The algorithm should be modified so that it can be run through a computer’s
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graphics card (the calculation functions need to be made basic enough to be com-

municated to the graphics card via CUDA [257] or PyCUDA [258]). Conversely, a

different raytrace software should be used if the task proves too difficult.

There are practical aspects to investigate with the LSD. The best performing

LSD design currently has a highly curved top surface. This might prove difficult

to clean, and so there should be an investigation on the cost trade-off between

increased algae yield and higher maintenance due to cleaning.

174



Appendix A

Matlab fitting of cone in a

waveguide emission profiles

A.1 Specular Cone and reflectors on waveguide edges

General model Sin2:

f(x) = a1 ∗ sin(b1 ∗ x+ c1) + a2 ∗ sin(b2 ∗ x+ c2)

Coefficients (with 95% confidence bounds):

a1 = 2.858 (-228.8, 234.5)

b1 = 19.43 (-137.3, 176.1)

c1 = 1.58 (1.47, 1.689)

a2 = 1.918 (-229.8, 233.6)

b2 = 23.08 (-187.6, 233.8)

c2 = -1.56 (-1.712, -1.408)

Goodness of fit:

SSE: 0.04347

R-square: 0.9724

Adjusted R-square: 0.9684
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RMSE: 0.03575

A.2 Lambertian Cone and reflectors on waveguide edges

General model Gauss1:

f(x) = a1 ∗ exp(−((x− b1)/c1)2)

Coefficients (with 95% confidence bounds):

a1 = 0.9507 (0.9332, 0.9682)

b1 = 0 (fixed at bound)

c1 = 0.09395 (0.09124, 0.09666)

Goodness of fit:

SSE: 0.03808

R-square: 0.978

Adjusted R-square: 0.9775

RMSE: 0.03166
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Appendix B

Irradiance spectra for a cone in

a waveguide
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B.1 Spectral irradiance of a reflective cone in a waveg-

uide for 5 concentrations as stated in Table 3.2

(a) P5 (b) P4

(c) P3 (d) P2

(e) P1
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B.2 Spectral irradiance of a reflective cone in a waveg-

uide with reflectors on 3 of its edges, for 5 concen-

trations as stated in Table 3.2

(a) P5 (b) P4

(c) P3 (d) P2

(e) P1
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Appendix C

Irradiance spectra for a

quantum well solar cell in a

waveguide
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C.1 Isolated spectral irradiance of QT1604 in a waveg-

uide for 5 concentrations as stated in Table 3.2

(a) P5 (b) P4

(c) P3 (d) P2

(e) P1
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Appendix D

Quantum Well Solar Cell

Structure

Table D.1: Structure of Photoluminescence sample QT1604

Layer Repeats Material
Thickness

(Å)
Dopant
Type

Dopant
Dopant
conc.
(cm-3)

Cap 1 GaAs 2200 p Zn 3x1019

Window 1 Al0.8GaAs 450 p C 2x1018

i-region 1 GaAs 100
1
2 barrier

22
GaAsP0.06 210

QW In0.17GaAs 80
1
2 barrier GaAsP0.06 210

i-region 1 GaAs 100

Base 1 GaAs 20000 n Si 1.4x1017

Buffer 1 GaAs 3000 n Si 1.5x1018
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E.2 Conferences

Videira JJH, Bilotti E, Chatten AJ, “Cylindrical and square fibre lumines-

cent solar concentrators: Experimental and Simulation comparisons”, IEEE 40th

Photovoltaic Specialist Conference (PVSC), Denver, USA (2014), p. 2280-2285,
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Videira JJH, Bilotti E, Chatten AJ, “Cylindrical and square fibre luminescent

solar concentrators compared”, Proc. of the 6th World Conference on Photovoltaic

Energy Conversion (WCPEC), Kyoto, Japan (2014).
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