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Despite the fact that the global photovoltaic (PV) market has grown rapidly during the
last two decades, driven by global climate change concerns and public policy supports
of renewable energy sources, a PV system is still considered an expensive alternative
energy source when compared to other sources of electricity. Emerging organic-based
PV solar cells may lead to significant price reductions of a PV system. Though, in the
short and medium term, the lifetime, efficiencies and reliability are expected to be lower
than current commercially available silicon wafer-based and mature inorganic thin film
PV modules.

A consortium formed by inter-disciplinary scientists and engineers between the
University of Manchester and Imperial College London was set-up to investigate
organic-based hybrid solar cells. Potential solar cell materials with higher resultant
conversion efficiency in research, targeting lower costs than other PV technologies were
developed. The designs investigated feature hybrid organic-based quantum dot (QD)
solar cells topology.

This research seeks to integrate this new PV technology concept into future PV micro-
generators. The challenges faced by emerging PV technologies with regard to PV
module lifetime, efficiency and cost / price were summarised. The uniqueness of this
work is that, throughout this research, the issues for commercialisation of emerging PV
technologies for micro-generation; in particular with regards to low efficiency, short
lifetime and high efficiency degradation, and low-cost / price were extensively analysed
in every aspect.

The technical, economic and also environmental viability perspectives of emerging PV
technologies for micro-generation were found. A wide range of models and / or
methodologies were developed, extended or applied for the first time to PV
technologies for micro-generation, with particular focus where possible on the hybrid
organic-based QD solar cells. Lifetime-adjusted calculations and life cycle costing were
used to determine cost boundaries and PV electricity costs. Life cycle environmental
impacts were determined by the use of life cycle analysis. A mixed integer single /
multi-objective optimisation program was developed to determine optimal, compromise
and trade-off relationships on PV system characteristics. =~ These PV system
characteristics, which are analysed on a systems level included module efficiency, grid
interconnection rating, solar fraction, energy storage capacities, annualised life cycle
costs, project worth value and environmental CO, impacts / benefit. Finally, PV
technologies for micro-generation were ranked by the use of multi-criteria decision
analysis. The results clarify, inform and suggest concepts for emerging PV technologies
integration for micro-generation by providing boundaries, trade-offs and suggestions to
all stakeholder including commercial, domestic and public bodies.

The direction for future research in emerging PV technologies for micro-generation is
identified to be the development of customer decision tools for diversified PV
technologies, policy adaptation for the inclusion of emerging PV technologies and
large-scale manufacturing investigations on emerging PV modules that makes use of an
organic-based PV technology.
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Glossary

Irradiance is a term specifically applied to solar energy irradiation.

Irradiation is the energy per unit area on a surface.

Feed-In-Tariffs (FITs) are policy instruments designed to support the adoption of
renewable energy (RE) sources. It typically includes three key provisions: (i)
guaranteed grid access, (ii) long-term contracts for electricity produced, and (iii) the
cost of renewable energy generation.

Peak Sun Hours are the equivalent number of hours per day when solar irradiance
averages 1,000W/m”.

Performance Ratio (PR) defines the system losses such as shadowing, inverter
inefficiencies and soiling effect. PR is the main index for characterising the system
performance under certain conditions.

Photovoltaic (PV) refers to light to electricity conversion.

Photovoltaic Solar Cell is a semiconductor device that converts the energy from
sunlight directly into electricity by the photovoltaic (PV) effect.

Quantum Dot (QD) discovered by Louis E. Brus and termed by Mark Reed is a
semiconductor whose excitons inhibit in all three spatial dimensions. Thus, QDs have
properties in between semiconductors and discrete molecules.

Renewable Energy (RE) is the energy generated from resources which are naturally
replenished, such as sunlight and wind.

Smart Grid is a conceptual modernised energy network that delivers energy with two-
way communication between the network operator and end-user to obtain energy
management, reduce cost or increase benefits, and increase reliability and transparency.

Sustainable defined by Brundtland (1987) as the development that meets the
requirements of the present without compromising the capacity of future generations to

meet their own requirements.
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Introduction

This chapter gives an overview on the world energy resources highlighting the
importance of solar energy and a diverse PV market to meet future energy
demands. The challenges facing emerging PV technologies for micro-generation
are discussed. Then the main aim and principal objectives of the thesis are
identified followed by a summary of the main contributions and a brief outline of

this thesis.

1.1 Overview

The call for alternatives to fossil fuel electricity sources is urgent to mitigate climate
change and secure future electricity supply [1]. In 2008, total global primary energy
consumption was 474EJ which is around 15TW average power consumption [2]. From
a wide collection of plausible global developments the Intergovernmental Panel on
Climate Change (IPCC) anticipates the average power consumption to go up to 20 -
S50TW by 2050 [3]. Most of this current energy consumption, 87%, is driven from the
combustion of fossil fuels, as seen in Figure 1.1. Nuclear amounts for another 6% and
the rest is coming from renewable energy (RE) sources which is mainly driven by hydro

power [2].

Solar energy is the most abundant energy resource, around 86,000TW per year is
received, as seen in Figure 1.2. It is a globally distributed energy. Therefore, in

addition to climate change mitigation, solar PV energy has the following attributes.
o It can improve energy security and independence by having a distributed
energy source and increase the diversification of energy sources. This makes

countries less vulnerable to the uneven distribution of energy supplies among
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countries and the price volatility risks in the oil and gas prices and any
economic turmoil. The recent gas crisis back in 2006 showed Europe’s
vulnerability to this source of energy, and the spiking oil prices back in July
2008 showed modern society’s strong dependence on oil.

It has zero emissions, carbon free and zero waste, no radioactive waste. PV
systems will exceed the energy needs during production by 8 to 30 times within
their lifetime. In fact, solar PV electricity carbon footprint is also lower than
traditional fossil fuel electricity energy source [4]. In addition, there is no
direct pollution in the air such as noise pollution and harmful by-products
during operation.

It has low operations and maintenance costs. Most PV systems have no
movable components and do not require any fuel to operate.

It gives an added value to the area / building such as availability of electricity
in a rural area and opens up many opportunities for better integration by the use
of building integrated PV (BIPV) systems which can be aesthetically pleasant,

in addition to the buildings’ grid energy consumption savings.
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In this review, primary energy comprises commercially traded fuels only. Excluded, therefore, are fuels such as wood,

peat and animal waste which, though important in many countries, are unreliably documented in terms of consumption

statistics. Also excluded are wind, geothermal and solar power generation.

Figure 1.1: Rate of world energy usage in terawatts (TW), 1965-2005 [2]
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The volume of the cubes represents (a) the amount of available fossil fuels and nuclear fuel in the world compared to
the annual solar energy on earth, and (b) the amount of available renewable energy sources as the average global
power availability in TW of geothermal, hydropower, wind and solar energy, although only a small portion is recoverable.

The comparisons are performed with the global energy consumption per annum.

Figure 1.2: Available energy in the world [5, 6]

. It has the capability to create thousands of new green jobs in this new field.
Jobs can be created due to market growth in the production, design,
installation, distribution and supply chains. Other analytic and financial jobs
are also attracted that deal with policies, funding processes and risk assessment.

It is clear, that solar PV energy has many attributes to merit worldwide deployed. Then,
why there is no solar PV module on every roof? The reasons are primarily related to
cost.

In 2010, the average solar module retail price index was $3.72 per Watt peak (Wp) in
the United States (US), and €3.31 per Wp in the European Union (EU) [7]. This may
translate as an average PV electricity price index between 11 and 23p/kWh'. This
electricity price index is based upon a climate with 5.5 hours of sunshine average over
the year from large scale PV systems to small scale residential once. Hence due to
lower solar resource the PV electricity price is higher than this index. Meanwhile the
UK electricity cost for different sources is between 5 to 21p/kWh. The upper range

refers to offshore wind and carbon capture technologies.

"'$1.5589 = £1 as of sterling against US dollar forward rates by the Bank of England in 2010.
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Hence in most cases the prices for PV electricity are still high to make a major impact
without some financial support. The module prices usually follow the crystalline silicon
(c-Si) wafer-based technology, which dominates the PV market with 70 to 80% share.
Hence this high initial cost of PV modules, which accounts for 50-60% of the cost of a
PV system, is holding the penetration and diffusion of this RE source into the electricity
market. Therefore, PV for electricity generation is often limited by its high price,
compared to electricity from traditional sources such as fossil fuels and nuclear.

Second generation thin film (TF) solar cells, classified as mature inorganic TF
technologies, are amorphous silicon (a-Si), copper indium gallium diselenide (CIGS)
and cadmium telluride (CdTe). These technologies are currently cheaper to
manufacture than c-Si. In fact, CdTe modules are manufactured at 0.98$/Wp by First
Solar. However, on the market these inorganic TF PV technologies are still not cheap
enough for widespread deployment.

Whilst high efficiency is desirable, substantial increases in efficiency often involve
expensive processes or complex structures such as tandem cells. The long-term vision
of any RE technology is to make energy use as sustainable as possible [8]. Hence, in
the short and medium term, emerging organic-based PV including dye-sensitised
(DSSC), organic-organic (OPV) and organic-metal oxide (hybrid-OPV) -currently
characterised by lower efficiency, lower cost and lower life expectancy than mature PV
technologies, could present a viable alternative. These emerging organic-based PV
technologies offer significant cost reductions due to the opportunities for radical
changes in the solar cell material design and processes.

Emerging hybrid organic-based solar cells using inexpensive materials and production
processes, were investigated within a consortium between the University of Manchester
and Imperial College London. The aim of this consortium was to construct affordable
hybrid organic-based solar cells for deployment in the UK and worldwide [9]. The
consortium focused on the combination of low cost material synthesis and low
temperature processing together with novel photon harvesting mechanisms in order to
develop PV devices with the long-term potential to achieve power conversion
efficiencies approaching 10%. This research has explored the combination of the light
harvesting and charge transport properties of state of the art semiconductors and metal
oxide nanostructures with the mechanical robustness and flexibility of polymer
semiconductors to deliver a new polymer composite PV device technology, the Hybrid

Organic-Based Quantum Dot (QD) Solar Cell.
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The next section discusses the main challenges of emerging PV technologies for micro-

generation.

1.2  Challenges facing emerging PV technologies

Most PV systems in operation today were installed with various financial support
schemes. PV commercial viability requires understanding of a number of uncertain
factors including electricity markets, cost of fossil fuels, environmental policy
frameworks to penalise CO; emitters, PV system output correlated with local load, and
the need for worldwide electrification [10].

Ultimately PV economic competitiveness is guaranteed by progressing towards the third
generation, that is a high efficiency and low cost, PV technology. However, in the short
and medium term, PV economic competitiveness may be realised even with low
lifetime and low efficiency characteristics. These characteristics will pose challenges
for low-cost micro-generation integration. These challenges which are important
considerations in this research can be grouped into three categories, characterising every
PV technology: namely lifetime / stability challenges, efficiency challenges and finally
cost reduction challenges. A synopsis of these challenges is given below under these

three categories.

1.2.1  Lifetime / stability challenges

Shall emerging PV technologies’ lifetime / stability levels reach mature PV
technologies?

Mature PV technologies, in particular c-Si, have been on the market since 1950 and
therefore, have a proven track record that brings high customer valuation of the product
due to their efficiencies and guarantees. In fact, performance guarantees are usually
based on 80% of the original efficiency at 25 year lifetime, and efficiency degradation
on the fifth and tenth year may also be guaranteed. To some extent this vast historical
experience, in particular a-Si, is also attributed to mature inorganic TF technologies.
Emerging PV technologies are novel technological concepts and hence do not have a
proven track record. Current emerging organic-based PV technologies suffer from
disintegration over time and have only exhibited low lifetimes. Stability remains the
main challenging problem, as materials are susceptible to degradation in the presence of
oxygen and water [11-13]. Hence lifetime for OPV is most often defined as the time

until the efficiency reaches 50% of its original or maximum value [14]. It can be
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critically argued that this may bring system performance down however these PV
technologies may only reach few years life expectancy (3-5 years) for successful
applications [15]. As a low cost PV solar cell technology, even with a short lifetime
period, there is potential to increase deployment of this PV technology in domestic
applications [16]. In this case, replacement of PV modules about their lifetime is
necessary since a higher system lifetime is exhibited.

However, even with low lifetime and higher degradation rates, if produced inexpensive,
emerging PV technologies will not only make it to niche markets such as portable
electronic applications but also for micro-generation. This raises questions regarding
general characteristic boundaries for emerging PV technologies, in the short and
medium term, on PV module lifetime / stability and efficiency levels. Therefore, some
methods and applications are required to discover these boundaries in terms of emerging
PV technologies for micro-generation. The uniqueness of most contributions in this
research is that, throughout this thesis, the issues for commercialisation of emerging PV
technologies in the domestic environment for micro-generation, in particular with
regard to PV module lifetime / stability and efficiency are extensively explored on a

systems level.

1.2.2  Efficiency issues

Should solar cells efficiencies for micro-generation be the highest?

The efficiency of a PV solar cell is the ratio describing the fraction of incident photons
that are converted into electricity. Hence the power produced from a solar cell depends
strongly on the active area being hit by photons, light wavelengths and intensity. The
PV active area is dependent on efficiency: the lower the efficiency, the bigger the active
PV area and vice versa the higher the efficiency, the smaller the PV active area.

High efficiencies are exhibited by expensive multijunction concentrators and single-
junction GaAs, technologies, which are reserved for specific applications. These are
followed by c-Si, mature inorganic TF and emerging PV technologies as shown in
Figure 1.3. Developments in solar cell performance with regard to efficiency have
always been of high importance. Increase in efficiency means lower active area, and
potentially, lower production costs for the same technological process.

So far, in traditional PV devices, any photon energy in excess of the band gap is lost as

heat, and that accounts of around 47% of the incident photon energy. Hence, PV solar
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Figure 1.3: Best research-cell efficiencies [17]

cell efficiency has a fundamental cap for one photon per one exciton generation under
solar irradiation, known as the Queisser-Shockley or Thermodynamic limit which is
about 33% efficiency. However, nanoparticles offer a way in which this efficiency
barrier can be broken and attain the third generation of PV technology, low cost and
high efficiency. In nanoparticles, such as QDs, photoexcited carrier cooling rates can be
slow compared to bulk semiconductors and a process known as impact ionisation
becomes competitive. Here, photon energy in excess of the band gap is used to create
additional electron-hole pairs instead. In theory, the quantum efficiency can become
greater than 100%. This effect is known as Carrier Multiplication or Multiple Exciton
Generation (MEG). Hence, various configurations of QD PV Solar cells that yield at
This

phenomenon has raised the possibility of organic-based QD solar cells with

laboratory scale high conversion efficiencies are suggested in the literature.

photoconversion efficiency of as much as 66% [9, 18-22].
For a PV module market price above $2.00/Wp, increase in PV module conversion
On the other hand, as OPV

efficiency increases from 5 to 15%, a cost reduction from 72% to 24% respectively may

efficiency may not substantiate economic benefit [23].

be achieved from the present cost of TFs [24].
New concepts and emerging PV technologies have always started from low efficiency,

and their performance is optimised by further research and development. Currently lab-
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based OPV has reached 7.9% in 2009 [25]. However, emerging organic-based PV
technologies are suggested to exhibit a minimum 5% efficiency for market deployment
[26], while 5-10% efficiencies may be achievable with some stability concerns [27]. By
the application of QDs for MEG, efficiency levels can also increase significantly for
organic-based PV module.

However, it is evident that low-cost PV module will have a profound impact in the PV
market. If area availability is not a concern, these low-cost PV modules, having low
levelised electricity cost, may also integrate the micro-generation market. Under no
financial support schemes, having domestic local load mostly not correlated with the
solar resource may even favour smaller systems ratings or low efficient modules.
However, as argued above lifetime and efficiency boundaries are also important for
sustainability. Another niche market may be created through a trade-off between
individual user interests and public expressed through the necessary supporting schemes

for PV micro-generation to integrate emerging PV technologies.

1.2.3  Cost reduction challenges
What is the cost of hybrid QD solar cell and can we solve the problem of high initial
capital cost in the short and medium term?
The capital costs for a PV system are typically divided into two:
i. the Balance of Module (BOM) costs / prices include modules’ materials,
production and overhead costs; and
ii.  the Balance of System (BOS) costs include area and energy related costs for a
complete system.
Nowadays, the BOM and BOS costs are fairly on the same level. In addition, the
maintenance costs are minimal, hence most of the time neglected in grid-connected PV
system studies, due to the current high reliability and in most cases absence of tracking
systems.
The long term US Department of Energy TF solar cells goal is $0.33/Wp [28]. PV
system costs are falling. However, further reduction in costs may be achieved by
economies of scales or cheaper PV technologies. On the other hand, TF technologies
including emerging PV technologies are deemed to have a higher cost reduction
potential than c-Si technologies thanks to several technology intrinsic advantages:

i.  Better light absorption, allowing for much thinner materials;
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ii.  Potential to achieve low manufacturing costs by large-scale high-throughput
module production;

iii.  Potential for production on flexible substrates, allowing low-cost roll-to-roll
manufacturing process. This increases the range of potential applications, in
particular building integrated PV (BIPV) systems.

Target cost reductions of around 0.5€/Wp are deemed achievable by around 2020,
provided that the expected increase in the production facility sizes and improvements in
efficiencies are realised [29-31].

Emerging organic-based PV may hypothetically reduce even further production costs
due to a number of reasons such as high throughput, simpler process and cheaper
materials. However, emerging PV technologies must cost less than or equal to today’s
BOM costs, when considering same energy output as mature PV technologies. In this
way emerging PV technologies will penetrate the PV market competitively with mature
PV technologies. Though, the challenge to produce affordable and sustainable PV
systems will remain.

Future eco-societies might tend to be encouraged by affordable capital on BOM costs to
opt for domestic PV systems with emerging PV technologies. However, this
encouragement remains as long as the energy production and present capital costs are
maintained. Understanding the future PV developments is critical to formulate public
policies. Public policy amendments could drastically affect the nature of investment,
such as pay back time (PBT) and the RE market, affecting the supply and demand
chains. This philosophical idea is another uniqueness of most contributions in this
research that is emphasised throughout this thesis.

Studies on OPV manufacturing costs have already showed the potential of cost

reductions [32, 33]. Hence understanding large-scale manufacturing costs of OPV and
their hybrid version is important, as hybrid OPV might even offer a better efficiency

performance. This interest is another contribution in this research work.

1.2.3.1 From laboratory to commercialisation

Many technical barriers and basic science questions need to be solved before these
emerging PV technologies can make their way to the commercial stage. In order to face
the challenges discussed above, several options exist from the lab to commercialisation
development stages. One route is by reducing materials usage for an increase in

efficiency or reducing material thickness. Another option is materials substitution and
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solutions that are currently explored for substitution of both PV active layers and
transparent conductors (TCs) with alternative materials. Hence the innovation both at
the material and device level can help in addressing possible future material concerns
and in delivering TF technologies cost reduction potential. It could also play a decisive
role in defining future relative cost level and market penetration for the main group of
here considered TF technologies.
Therefore, in the short and medium term, regular PV module replacement within a PV
system using emerging organic-based PV technology would be required every few years
to re-gain its operational performance. Hence due to the attraction of low investment
cost per module, even with a short lifetime period than current mature PV technologies,
there may be increased deployment of PV technology especially in domestic
applications [16]. However, before widespread commercial deployment can be
achieved, three critical factors were suggested to be addressed:
1. The solar cell must attain a minimum 5% efficiency. 5 to 10% efficiency may
be attainable with some stability concerns [27],
ii. The cells must be stable over their lifetime. Efficiency degradation is one main
factor of stability. Lifetime over 10 years is desirable [34], and
1il. The solar modules must have an equivalent life cycle investment cost (LCIC)
and possibly energy output to mature PV technologies.
As organic-based PV technology emerges from the laboratory and commercialisation
begins, the result presents an opportunity for the PV market. Researchers are always
seeking advancements that extend lifetime, improve reliability and provide higher
efficiencies. Emerging PV technologies can lead to new value propositions, services,
markets, and business models.
Therefore, emerging PV technologies are currently attracting interest within the
academic and industry arena. These technologies are still at the research and
development stage although some innovative industrial initiatives are beginning to
explore the potential for their full scale commercialisation. As of 2009, eight
companies were involved in the organic TF solar cell production process [35].
However, these challenges discussed above have not been yet addressed consistently
with regards to emerging PV technologies for micro-generation.  Traditional
methodologies have been used to assess the feasibility of mature PV technologies for
micro-generation and their financial support requirements. There is therefore a clear

need for the extension, development and application of models and approaches to
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investigate the importance of these challenges posed by emerging PV technologies for

micro-generation due to their possible market integration and future deployment.

1.3  Aim and objectives of this research

The developments in emerging PV technologies have excited interests in the integration
of these technologies within micro-generation, the largest market for PV. Even with the
issues to commercialise emerging organic-based PV technologies, such as, low
efficiency, short lifetime and high efficiency degradation, this technology may
potentially increase deployment of PV technology for micro-generation applications
[16]. However to fully grasp this opportunity, appropriate frameworks and
methodologies need to be used on the particular group of technology (organic-based
PV) or structure (hybrid organic-based QD PV). Previous literature has not addressed
boundaries, costs, environmental concerns and integration frameworks at system level
for both end-user interest (micro-level) and public interest (macro-level), in particular
for hybrid organic-based QD PV, due to lack of data availability, maturity of the
technology and uncertainty in manufacturing processes.  Therefore, this research
provides the tools, analysis and frameworks necessary to assess any market integration
within micro-generation for any emerging PV technology and suggests essential

elements for market penetration. Therefore, the principal aim of this research is:

to investigate the integration of hybrid organic-based solar cells for micro-generation

More specifically this research aims to achieve the following five objectives:

i.  to investigate and identify emerging PV technologies cost boundaries with
respect to mature PV technologies for market competitiveness (chapter 3)

Emerging PV technologies upper price boundaries compared to the current
commercialised mature PV technologies are crucial to enter the market competitively
[36]. Economic competitiveness is compared with lifetime performances and costs.
Lifetime performances, owed by probable high efficiency degradation for emerging PV
technologies, are a relation to the energy production. In addition, the project costs may
also be a factor of other future costs arising from regular replacements of PV modules.
The developed lifetime-adjusted approach is based on life cycle costing (LCC)

techniques. The methodology takes the following aspects into account efficiency
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degradation, PV module lifetime, PV module efficiency, system lifetime, and financial
parameters. As a result cost / price boundaries are investigated and identified by the

estimated price reduction factor (PRF).

i. to develop a cost model for hybrid organic-based QD PV module and
suggest large-scale manufacturing cost reduction opportunities (chapter 4)

The few cost models on emerging PV technologies, based on DSSC or OPV, do not

consider large-scale manufacturing, and therefore, are based on lab-scale productions.

In addition, cost models for emerging organic-based QD solar cells do not exist. The

interest in emerging organic-based QD solar cells is important as these technologies

may offer the potential for higher efficiencies in the long term. Hence a cost model is

developed and further assessment is based on large-scale manufacturing opportunities.

ii. to develop a life cycle analysis for possible hybrid organic-based QD PV
modules to demonstrate sustainability (chapter 5)

Life Cycle Analysis (LCA) for hybrid organic-based QD cells does not exist, and
emerging PV technologies LCA are based on DSSC or OPV. These LCA studies do not
usually consider system integration. Sustainability was demonstrated on other PV
systems using mature PV technologies. Hence, sustainable weightings on typical hybrid
organic-based QD PV modules were developed based on an extended LCA
methodology.

iii.  to identify methods for the optimisation of a PV system within a domestic
environment for micro-generation and suggest essential technical, economic

and environmental elements for market penetration (Chapter 6 and 7)
This PV system integration framework draws attention to the optimal and compromise
characteristics of PV modules in a PV system and also the optimal and compromise
sizing of a PV system. While the former, PV module characteristics, were never
suggested in literature, PV system sizing has yet not identified the potential of emerging
PV technologies under a comprise solution between two objectives. Hence a systems
level optimisation is developed for the optimal integration of PV technology.
Parameters such as optimal efficiency / area, energy storage (if available) and grid
interconnection are evaluated. The overall problem minimises the economic objective

by the annualised life cycle cost (ALCC) or maximises the net present value (NPV) of
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the system. However, other objectives are also considered. These objectives are (i)
minimising grid energy imports on a micro-level objective, or (ii) minimising CO,
emissions on a macro-level objective. These added objectives, which in total consider
the economic, technical and environmental factors, formed the basis for development of
the conceptual framework for multi-objective optimisation for PV market penetration
subject to energy management constraints in a domestic environment, grid

interconnection and energy storage response constraints.

iv. to demonstrate a decision support tool for ranking current available PV
technologies with potential developments in emerging PV technologies
(Chapter 8)

The use of multi-criteria analysis (MCA) for ranking PV technologies in a domestic
environment is required due to the wide range of future available PV technologies. The
demonstration of MCA is performed with ELECTRE III method for a fixed available
area site [37]. Both qualitative and quantitative criteria are identified based on
technical, economic and environmental factors. However an MCA study has to be
taken in the context of a number of assumptions and estimates that are the result of the
compilation and integration of other sections in this research work and available

literature.

1.4 Main thesis contributions

This research has made significant and novel contributions in the area of integration of
emerging PV technology for micro-generation focusing on technical, economic and
environmental factors. These factors are investigated and compared mainly with the
current PV technologies used in micro-generation based on the energy produced,
investment, cost, and sustainability. The main contributions are summarised below:

o Literature review is presented in such a way as to make it accessible to all
stakeholders: on PV technologies developments, trends and characteristics,
including energy policy support schemes to encourage PV deployment, and
updates of recent studies related to applied or extended methods or within the
PV technology field. There is a throughout focus on low-cost hybrid organic-
based QD PV. This is new on the system level discussions.

o Comparison of PV systems using mature PV technologies and emerging

organic-based PV from the standpoint of economic, technical and
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environmental considerations based on LCC and LCA methodologies. All the
methodologies were extended to take into account frequent replacements of PV
modules for emerging technologies. Different efficiency degradation and
efficiency levels for the two PV technology groups, mature and emerging, and
equal energy outputs were also included. These are notable features within the
application of methodologies within the research.

Development of the first cost model for a typical hybrid organic-based QD PV
in comparison with OPV for large-scale production. This model adds to the
few cost models on emerging PV solar cells available in the literature. This
simplified cost model can be adopted for other emerging PV technologies.
Development of emerging PV technologies cost boundaries and sustainability
weightings for possible hybrid organic-based QD PV modules based on LCC
techniques and LCA methodology. A lifetime-adjusted calculation model was
proposed and developed. Also, LCI of ‘green synthesis’ of PbS QD, which
was performed within the LCA study, expanded the lack of inventory data in
emerging PV technologies.

Application of single/multi-objective optimisation for the adaptation of
emerging PV technologies within a domestic environment for two on-grid PV
system configurations namely with and without energy storage. The
optimisation problem was formulated as an hourly time series mixed integer
programming (MIP). This conceptual framework showed trade-offs
relationships between different objectives on the micro, as well as macro level
namely energy costs, PV contribution to load and CO2 impacts / benefits; and
suggested essential values of efficiency and cost of solar cell designs taking
into account criteria such as module design, lifetime / stability, energy payback
and overall environmental impact / benefit.

Application of multi-criteria decision tool ELECTRE III to compare and rank
current PV technologies with potential developments in emerging PV
technologies for a micro-generation application. The need for MCA analysis
within the micro-generation market is needed as the diversity of PV
technologies is increasing. This demonstrated the first MCA study on PV

systems.
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It is thereby shown the relations and essential characteristics where these emerging PV
technologies would become feasible considering the assumptions taken and case
studies. By providing models based on tested techniques, this work supports future

production and development of emerging PV technology.

1.5  Thesis structure

The topics covered in nine chapters of this thesis are sequentially organised, as per
research objectives, to gather the knowledge required for an overall understanding of
the issues related to emerging organic-based PV technologies and their integration in the
energy system as micro-generators.

Chapter 1: Introduction. This chapter gives an overview on the world energy resources
highlighting the importance of solar energy and a diverse PV market to meet future
energy demands. The challenges facing emerging PV technologies for micro-
generation are discussed. Then the main aim and principal objectives of the thesis are
identified followed by a summary of the main contributions and a brief outline of this
thesis.

Chapter 2: PV Technologies in a PV System. This chapter starts by discussing the PV
market status and a general overview on the financial support schemes for PV systems
market integration as a catalyst for renewable energy deployment. An overview of
typical PV system components is given followed by the system level fundamentals of a
PV system energy analysis which is used throughout the research. A review is given on
PV technologies, focused on the typical hybrid organic-based QD PV solar cell
underdevelopment which makes use of the Multiple Exciton Generation (MEG) by
Quantum Dots (QD).

Chapter 3: Lifetime-Adjusted Calculations Based on Life Cycle Costing Techniques.
This chapter describes the basic philosophy of life cycle costing. A scenario description
is illustrated to explain the aspects of lifetime-adjusted calculations. This is followed by
a description on the developed methodology. Cost boundaries for emerging PV
technologies are derived, and competitive module prices are shown.

Chapter 4: Cost Assessment for Hybrid Organic-Based QD PV Module. This chapter
sets out the first developed cost model for typical hybrid organic-based QD solar cells
which in parallel also analysis an organic PV (OPV) for large-scale production with
well known components in this field. Some discussions on alternative material

components and roll-to-roll high throughput manufacturing are performed throughout.
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The PV levelised electricity cost (LEC) is then described, and comparison has taken
place with other sources of electricity generation. Further discussion on the PV LEC
grid parity is given based on irradiance, BOS costs, BOM costs and lifetime. Finally,
the chapter concludes with a discussion on future development promise by emerging PV
technologies.

Chapter 5: Life Cycle Assessment for Hybrid Organic-Based PV Module. The
environmental aspects of typical hybrid organic-based QD PV modules are explored. In
this chapter, LCA studies on PV energy generation are reviewed. The standardised Life
Cycle Assessment (LCA) methodology is then introduced, and discussed LCA
interpretation metrics used for sustainable evaluation. The assumptions and boundaries
are given followed by the results, comparison with other PV technologies. Comparable
criteria for sustainability of electricity-generating systems namely net energy ratio
(NER), energy pay-back time (EPB-T) and electricity carbon footprint (ECF) are found
to be lower than mature PV technologies. In addition, PV module lifetime and
efficiency boundaries are found for the sustainability of emerging PV technologies.
Chapter 6: PV System Optimisation Within a Domestic Environment. This chapter sets
the two system configurations namely with and without energy storage, and their
mathematical models to formulate the mixed integer program (MIP). The general
scenario is a PV system optimisation problem within a domestic environment which is
investigated under no financial support schemes. Two case studies, with fixed and
dynamic electricity tariffs, are presented to provide optimal characteristics of a PV
module on a system level analysis followed by a discussion on PV module lifetime with
respect to BOM costs and a sensitivity analysis of system parameters. Finally, the
optimal sizing of PV system using emerging PV technologies is also investigated based
on the technology and price development trends discussed in Chapter 4.

Chapter 7: Multi-objective Optimisation of a PV System. This chapter describes the
proposed multi-objective (MO) approach as a basis of PV deployment support schemes.
The MIP developed in chapter 6 is used to investigate another conflicting objective with
the economic objective on a micro-level, which describes the end-user interests by
minimising grid consumption, or macro-level, describes the public interests by
minimising the carbon footprint. The application of three suggested MO methods is
demonstrated on the two system configurations. Hence, the chapter firstly reviews MO
studies for PV systems, which show the gap in studies related to on-grid systems. Then

three suggested MO methods are explained, followed by the objectives definitions for
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the applied model. The trade-off results of 16 scenarios are illustrated, and discussions
on their compromise solution set are provided. Finally, the chapter highlights the use of
MO approach PV system integration framework that draws attention to the optimal and
compromise characteristics of PV modules in a PV system and also the optimal and
compromise sizing of a PV system.

Chapter 8: Decision Support System for Ranking PV Technologies. This chapter
emphasises the need for a decision support system when designing a PV system.
Hereinafter, a review on the use of ELECTRE III and similar ranking methods in RE
applications is given. The ELECTRE III algorithm is then described. Next, the design
and implementation of the decision support tool and its evaluation are discussed.
Finally, a summary of the main points on PV technology ranks for micro-generation is
given.

Chapter 9: Conclusion. This chapter highlights the main conclusions as well as

contributions of the work undertaken in this research and suggests future research work.
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PV Technologies in a PV System

This chapter starts by discussing the PV market status and a general overview on
the financial support schemes for PV systems market integration as a catalyst for
renewable energy deployment. An overview of typical PV system components is
given followed by the system level fundamentals of a PV system energy analysis
which is used throughout the research. A review is given on PV technologies,
focused on the typical hybrid organic-based QD PV solar cell underdevelopment
which makes use of the Multiple Exciton Generation (MEG) by Quantum Dots

(OD).

2.1  Introduction
Over the last couple of decades, there have been rising concerns with reference to global
warming and climate change caused by green house gas (GHG) emissions. In 1992, the
Kyoto Protocol has been taken on board by the United Nations Framework Convention
on Climate Change (UNFCCC). By January 2009, the Kyoto protocol was ratified by
184 countries [38]. This protocol suggested limits by which industrialised nations have
to bring GHG emissions back to 1990 levels [39]. Renewable energy (RE) policies
existed in few countries since the 1980’s, however, these policies started to materialise
in many more countries from the second half of the 90’s, with a significant increase in
the last few years [40, 41].
At the European Level, under the Kyoto Protocol, the European Union (EU) has
committed to reducing GHG emissions by 8% from the 1990 levels between 2008 and
2010. Furthermore, the EU commission has published the so-called 20-20-20 package
that sets an ambitious target by 2020 on all community which includes proposals:

1. toreduce GHG emissions to 20% of 1990 levels,

il.  to increase RE systems share to 20% of the overall EU energy consumption, and
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iii.  to reduce 20% in energy consumption by 2020 [42, 43].
These targets are major policy drivers for RE deployment, including PV technologies.

It is estimated that reaching 20% RE target requires 33% to 40% RE contribution [44].

2.2 The PV market status

By the end of 2009, an unexpected growth, due to the economic recession, was
registered. The worldwide production volume of PV modules reached 11.5GWp, and a
22GW cumulative PV generation capacity [40]. Over the years, the PV market has
grown radically, and the price for PV systems has decreased rapidly. This uninterrupted
PV market growth made PV the world’s fastest growing energy source. The market
expansion in a number of countries is also overwhelming this continuous PV market
growth.

This impressive PV market growth mostly represented by grid-connected PV market is
mainly due to the variety of incentive schemes; thanks to regulatory and policy drivers
[40]. These PV incentive schemes are designed to minimise the current PV burden of
high capital costs and disparity with the grid electricity prices. This has also driven PV
prices down thanks to the always expanding production and the grid-parity price target
for all REs. Figure 2.1 shows the current PV market status and future trends, as well as
estimates for the PV solar cell production, PV installations and price of PV modules.
Currently the EU is leading the installed PV capacity by nearly 70% (16GW) [40]. The
EU goal of this decade is 20% RE sources of the current energy consumption. This
means more than 35% RE electricity [45]. By 30 June 2010, the Member States had to
notify the Commission about their National Renewable Energy Action Plans. So far,
the PV share by 2020 within the EU RE electricity mix seems to be on average 7.3%
from 19 member states [46]. As the EU electricity demand increases annually by 1 to 2
%, a further increase in RE is essential [47]. For PV systems to increase to 1% EU
electricity share by 2020, there are challenges encompassing PV technology, RE
support frameworks and grid interconnection constraints [48]. Therefore, future PV
system design frameworks based on emerging PV technologies may have the potential
to address these challenges and have the ability to mitigate both climate change and

future electricity increasing demands amongst other RE sources.
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Figure 2.1: PV module production capacities, installations and costs [40, 48-51]

So far, the PV market growth has not been homogenous among countries. Recent
market growths were seen in Spain, Germany, France, United States, South Korea, Italy
and Japan. A variety of incentive schemes were adopted over this decade. However,
the recent PV market growths were mainly influenced by the feed-in-tariffs (FITs)
introduced successfully by French and Italy. The FITs were initially adopted in
Germany in 1999, and has been the model policy mechanism designed to encourage the
adoption of RE sources. In fact, last April 2010, the United Kingdom (UK) launched its
FITs for solar and other RE sources.

The search for affordable PV technologies to penetrate into the market competitively
has increased as a result of the current PV demand, grid-parity RE energy prices and
future smart grids. In the future, the importance of diversified PV technologies ensures

a sustainable PV energy supply to the market.

2.3 Renewable energy financial support schemes

There is a number of regulatory frameworks and policy options for the promotion and
deployment of RE technologies. RE support schemes can be broadly divided into
operative, which consists of demand pull policies aimed to increase demand for a

t