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Abstract

The global adoption and use of photovoltaic modules (PVMs) as the main source of energy
is the key to realising the UN Millennium Development Goals on Green Energy. The
technology - projected to contribute about 20% of world energy supply by 2050, over 60%
by 2100 and leading to 50% reduction in global CO, emissions - is threatened by its poor
performance in tropical climate. Such performance discourages its regional acceptance.
The magnitude of crucial module performance influencing factors (cell temperature, wind
speed and relative humidity) reach critical values of 90°C, 0.2 m/s and 85%, respectively in
tropical climates which negatively impact module performance indices which include power
output (PO), power conversion efficiency (PCE) and energy payback time (EPBT). This
investigation reviews PVM technologies which include cell, contact and interconnection
technologies. It identifies critical technology route(s) with potential to increase operational
reliability of PVMs in the tropics when adopted. The cell performance is measured by PO,
PCE and EPBT while contacts and interconnections performance is measured by the
degree of recombination, shading losses and also the rate of thermo-mechanical
degradation. It is found that the mono-crystalline cell has the best PCE of 25% while the
Cadmium Telluride (CdTe) cell has the lowest EPBT of 8-months. Results show that the
poly-crystalline cell has the largest market share amounting to 54%. The CdTe cell exhibits
0% drop in PCE at high-temperatures and low irradiance operations — demonstrating least
affected PO by the conditions. Further results establish that back contacts and back-to-back
interconnection technologies produce the least recombination losses and demonstrate
absence of shading in addition to possessing longest interconnection fatigue life. Based on
these findings, the authors propose a PVM comprising CdTe cell, back contacts and back-
to-back interconnection technologies as the technology with latent capacity to produce
improved performance in tropical climates.

Keywords

photovoltaic modules; solar cell technology; contact technology; interconnection
technology; energy payback time; power conversion efficiency; fatigue life.
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1. Introduction

The annual electrical power consumption of the entire planet can be generated by the sun
in just one hour [1]. Thus, solar energy is abundant in addition to being clean, sustainable
and renewable [2], [3]. Surprisingly, some parts of the world are still struggling to meet their
energy needs. It may suffice to say that the regions experiencing energy issues may be
having energy conversion problems rather than energy supply problems [2], [4]. It is
projected that if 100% exploitation of the energy potentials of the sun can be achieved, the
world would cease to have energy crises [2], [3]. The photovoltaics are currently poised to
be the promising technology to be used to harness this energy — though at reduced
efficiency. The performance of a PV module can be characterised by its power output (PO),
power conversion efficiency (PCE) and reliability [5]-[8]. The PO measures the capacity of
the module and the amount of electricity (in watts) it can generate. On the other hand, the
PCE quantifies the percentage of power generated by the module in comparison with the
total solar energy available to the module. Thus, a module may generate more power than
another module but possess a lower PCE. Generally, module reliability measures the
probability that it will perform the intended function over a specified interval under stated
conditions. Therefore, mean-time-to-failure (MTTF) and cycle to failure are terms
associated with the rate of failure of PVMs and thus used in its reliability measurements [9],
[10]. The major components of a PV module are the cells, contacts and interconnections.
These components are selected for investigation because they are known as the key
determinants of module performance as well as the failure mode [11]. The overall
performance of a PV module is dependent on the individual performances of the
components.

Ambient conditions significantly influence the level of performance of PV modules. These
are the intensity of solar radiation, cell temperature, wind speed and humidity [12]-[14]. PV
modules are designed to operate under standard test conditions (STCs). The conditions
are: solar radiation of 1000 W/m?, cell temperature of 25 °C, wind speed of 1 m/s and air
mass (AM) of 1.5. These STCs are different from actual operating conditions which vary
with climatic zone [15]. This review focuses on the tropical climate. The zone is
characterised by high-temperature and humidity, high density of tall trees and vegetation,
heavy cloud cover and high rates of precipitation. High precipitation produces cloudy skies
and more shades on some days of the year. The high-temperatures range from 18 to 40 °C
and forces the PV cell temperature to rise up to 90°C. The relative humidity is in the range
of 35% to 85% with wind speeds of 0.2 m/s and lower [12]-[14],[15]. Consequently, PV
modules operating in the tropics possess higher failure rates than those in temperate
climates. The failure modes observed in the field include delamination and discolouration of
EVA, solder bond and ribbon degradation and cracking as well as burn marks [11], [16],
[17]. Since the tropical climate ambient significantly deviates from the STCs, further
research aimed at providing more information is needed to predict the performance of PV
modules in the climatic zone[18]-[23] accurately.
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A number of researches have focused on the performance of PV cells in tropical climatic
conditions [24]-[29]. ke C.U [24] in his study, investigated the effect of ambient
temperature on the performance of PV modules in Nigeria tropical climate. His results show
an indirect proportionality between ambient temperature and power output. He reported that
PV modules in the test region demonstrated high PO at low ambient temperatures while the
reverse is the case at high ambient temperatures. Mekhilef et al [28] in their study,
investigated the individual and combined effect of dust, humidity and air velocity on the
efficiency of photovoltaic cells. They reported that USA demonstrated 1-4.7% reduction in
PCE in a two month period, 32-40% reduction for 6-8 months period in Saudi Arabia, 17-
65% reduction over 38 days in Kuwait, 33.5-65.8% reduction over for 1-6 months period in
Egypt and 11% reduction in Thailand. These findings indicate the poor performance of PV
cells in tropical climate. They indicated that humidity and dust deposition resulted in low
heat dissipation and shading respectively hence PCE reduction while increased air velocity
improved PCE. Ndiaye et al [27] investigated the degradation of PV modules in the Senegal
tropical climate. They focused on the degradation of short circuit current (Isc) and open
circuit voltage (Voc) which translate to PO and PCE. They reported a 13% and 11%
reduction in lscand V. respectively over a ten month period. Although Ike, Mekhilef, Ndiaye
amongst other researchers in their respective studies have investigated the performance of
PV modules in tropical climate, they have not carried out wide spread researches as their
results are solely based on the mono crystalline silicon PV cell. Our study, however, aims to
review available PV cell technologies: commercially available and state-of-the-art, as will be
thoroughly discussed in section 2 of this paper.

Walsh et al [25] in their study , proposed an optimised PV module for the Singapore tropical
climate. They highlighted the poor performance of some commercial PV modules under the
Singaporean climate. Their optimised PV module was developed by making material
changes in glass, encapsulant and back sheet parts of the conventional PV module. Their
aims to reduce reflection and increase the surface area exposed to radiation led to changes
in glass material, increased radiation transmittance led to encapsulant change while
increase in thermal conductivity resulted in change in back sheet material. However, there
were no changes to the PV cell material, type of contact or interconnection technologies
hence no mention of PCE, PO and reliability which are the measures of PV module
performance. These, amongst other gaps were identified by our study. In order to promote
robustness, increase reliability and all round improved performance of PV modules in
tropical climate, this paper proposes model of PV module which includes the cell, contacts
and interconnection technologies as will be discussed in sections 2, 3 and 4 respectively.
There has been no such research which dissects the major parts of the PV module so as to
identify the particular technologies which demonstrate best performance in tropical climate.

Cost has been identified as an important factor in the choice of energy sources especially in
the developing countries. In order to increase the adoption of the module globally and
especially by the developing countries, the cost has to be as low as possible. It is basic
experience that cost determines the choice of energy for the individual, company,
community or nation. Figure 1 presents a chart with plot of cost of different energy sources
in USD ($) which also applies for any mention of cost in this paper. It can be seen in the
plot that the cost of energy from PV (solar) is highest. Currently, the fossil fuels cost
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$0.50/W while the cheapest PV modules cost $0.75/W [30]. It is pertinent to mention that
there has been urgent, aggressive and on-going research to reduce the cost of PV modules
as well as the energy payback time (EPBT) while increasing the net energy ratio (NER) of
the cells. The trend of the achieved cost reduction is depicted in Fig. 2. However, despite
the progress, people generally choose fossil fuels because they are cheaper while
neglecting the detrimental environmental effects [31].

A plot of the quantity of greenhouse gases (GHG) emitted by different electricity generation
sources is presented in Fig. 3. The plot shows that GHG emission by Solar PV is about
7.95% of the quantity emitted by Lignite — which has the largest quantity of emission.

Cost (Dollars per kWh)

Solar Wind Coal

a Natural Gas

50.20
$0.18
80.16
$0.14
s0.12
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Fig.1: Price comparison of energy sources[161]
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Fig. 2: PV module price over time[160]
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Fig.3: Comparison of CO, emissions of electricity generation sources [162][163]
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Figure 4 depicts the plot of world energy consumption from 1990 to 2012. It shows a
significant increase in the consumption of renewables (including hydro) compared to the

4



O J o U bW

AT UTUTUTUTUTUTUTOTE BB BB B DD DSDNWWWWWWWWWWNNNNNNNNNNNRE R PR PR RRP R R
O WNROWVWOUJdANT D WNRPRPOW®-TAUBDWNROWOWO®O®-JdNUD™WNRFROW®OW-JONUD™WNR OW®W-IOU D WN R O W

fossil fuel. To progress this trend, it is proposed that improvement of the performance and
reliability of PV module in the tropics would engineer its adoption and usage.
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Figure 4: World energy consumption [164]

Most regions in the tropical climate struggle to meet their energy demands. Some of them
have less than 40% of their total population with access to electricity [32], [33], [3], [4]. In
addition, electricity supply to this region is as unreliable as it is unavailable at most times
[2], [33]. PV technology is poised to meet the energy needs of these regions owing to its
decentralised, sustainable and renewable nature [2], [3], [34]. However, due to the lower
cost of fossil fuels coupled with the poor performance of PV modules in these regions, the
fossil fuels have been the dominant energy source. Thus, to engineer adoption and use of
the PV technology, modules with improved performance have to be designed and
manufactured. To achieve the proposed advancement in the technology, review of the
current performance and reliability of PV modules operation in the tropical regions are
urgently needed. It has been reported by reference [34] that there is lack of information
about this technology with few literatures on its failure mechanisms particularly in tropical
regions and hence the low technical knowledge of the systems’ operation in the tropical
environment.

The aim of this paper is to review photovoltaic module technologies for increased
performance in tropical climate. This research seeks to review the cell, contact and
interconnection technologies utilised in PV module manufacture. The review will identify the
most suitable technology with potentials for producing a robust PV module for improved
performance at elevated temperatures.
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2. Cell technologies

Fig. 5 presents the schematic of a PV cell assembly while showing the incident sunlight.
The cell and the contact technologies of the assembly can be seen. This section presents
and discusses a review of the different cells utilised in PV assembly. Its objective is to
identify the cell(s) that the usage in manufacture of PV assembly will produce robust
module with improved performance in hot climate. With the current recorded value of
maximum power conversion efficiency (PCE) of PV cell at 45%, there is a strong belief that
this value can be improved drastically in the near future considering the huge on-going
research in this direction.

e =electron

=photon

Front contact

! !

e e

N-type semiconductor

P-N junction

Back contact

=
Electric current ——

Figure 5: Component parts of a typical PV cell

A PV cell is made of semiconductor materials that remain electrically neutral until excited by
the solar energy [35], [36]. Exposure of the semiconductor material to photons forms
electron-hole pairs in the material [37]. Different PV materials have different energy band
gaps which characterise their absorption capacity. Photons with energy equal to the band
gap energy of the PV cell material are absorbed to create free electrons while photons with
less energy than the band gap energy pass through the material. On the other hand,
photons that possess higher energy than the band gap energy release excess energy in the
form of heat as they are absorbed [38], [39], [40]. Advancement of this technology has been
challenged by improvement of the absorption capacity of the materials and thus the

6
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conversion efficiency of PV cells. It has therefore necessitated and supported continuous
and consistent research and development focused on identification of materials which
possess wide energy band gap to be used as PV cells. Fig. 6 presents the market share of
the six common PV cell materials. It can be seen in the Figure that poly-crystalline silicon
demonstrates having the highest share with value of 54%.

B Mono-crystalline

M Poly-crystalline

B Amorphous silicon

B CopperindiumGalliumSelenide
B Cadmium Telluride

M Gallium Arsenide

Figure 6: Market share of PV cells (%)

Sections 2.1, 2.2 and 2.3 discuss the past, present and future of PV cell types and
materials. The sections seek to identify the particular PV cell type and material that the
employment in PV manufacture will produce modules with increased overall operational
performance in the tropics.

2.1 Crystalline silicon PV cells

These cells are referred to as the first generation PV cells because they were developed
first as early as the 1950s. They are produced from 100 to 200 um thick wafers sliced from
bulks of solar grade silicon [6]. They are also called conventional or traditional or wafer-
based solar cells. The cells could be mono-crystalline (mono-Si) or polycrystalline (multi-Si)
in nature depending on the mode of production. Further discussions on the mono-crystalline
and poly-crystalline silicon PV cells are presented in subsections 2.1.1 and 2.1.2,
respectively.

2.1.1 Mono-crystalline (mono-Si) PV cell

This type of cell has market share of 30% of all PV cells. The share in relation to other cells
is shown in Fig. 6. The cell is produced by slicing wafer from a single high purity cylindrical
crystal ingot. To optimise cell density, the wafers are cut into octagonal shape. The practice
leads to silicon wastage during the manufacturing process [41]. The purity of mono-

7
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crystalline silicon cells is very high when compared with that of poly-crystalline counterpart
[42]. A measure of the high degree of purity is a homogeneous blue/black colour a single
crystal possesses. A single crystal possessing a uniform blue black colouration is
presented in Fig. 7(a). The manufacturing procedure of mono-crystalline cell is complicated,
sophisticated and expensive — making its price relatively high in comparison with the other
cells. It costs about $1.6/W [43], [44] and it may be economical to use the modules in
situations that space is the concern. Mono-crystalline cell possess band gap energy of
1.1eV, a PCE up to 25% [45] and energy payback time (EPBT) of 4 years with a designed
operational lifetime of 30 years. The cell demonstrates best performance at standard test
conditions (STC). However, with a temperature coefficient of power output (pmax) at -0.5%, it
performs poorly at elevated temperatures [12], [13]. Modules manufactured with this cell
show significant reduction in power output (PO) when one of its cells is shaded.

2.1.2 Poly-crystalline (multi-Si) PV cell

Multi-Si cell dominates the PV cell market with a market share of 54%. Fig 6 presents
statistics which shows that the cell share is the highest. The technology achieved the
highest market share because it experienced accelerated growth in efficiency and decrease
in cell cost in recent time. The cells are produced by sawing a square cast block of silicon
first into bars and then into wafers. The wafers are square shaped hence less silicon is
wasted during manufacturing compared to the production of mono-crystalline cell [41], [46],
[47]. The cell consists of small crystals known as crystallites with visible crystal grain. This
gives it a metal-flake appearance as seen in Fig. 7(b). The manufacturing process is more
cost effective and less sophisticated than that of mono-crystalline PV cell. Its costs about
$1.4/W [45], [43], [44]. The cell possesses band gap energy of 1.1eV, a PCE of up to 20%,
EPBT of 3 years and operational lifetime of 30years. Polycrystalline cells demonstrate best
performance at STC and moderately elevated temperatures. With temperature coefficient of
power output (pwmax) at -0.5% [12], [13], the cell demonstrates poor performance at high
temperatures [43]. The PO of modules manufactured using them decreases when their
cell(s) is/are shaded.

(a)
Figure 7: (a) Mono-crystalline PV cell and (b) Poly-crystalline silicon PV cell [165].
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2.2  Thin-film PV cell

This type of cell is referred to as second generation PV cell. It is manufactured by
depositing one or more thin film layers of photovoltaic material on a substrate such as
glass, plastic, ceramic or metal. The thin film layers range from nanometres (nm) to
micrometres (um). Thus, the cell is flexible and light-weight. Fig 8 shows the cell in a
flexural loading condition. Thin film cells are less expensive unlike crystalline silicon PV
cells which require expensive and sophisticated ingot-growth techniques [48], [49]. Their
manufacture consumes less PV material. Thus, its manufacture is cheaper when compared
to the first generation PV cells. A thin-film cell cost about $0.75/W [50] on the average.
Thin films cells are unlike single-crystal silicon cells that must be individually interconnected
in a module. A thin-film device can be made as a single unit - that is monolithically—with
layer upon layer being deposited sequentially on a substrate [51]-[53]. Generally, thin film
cells demonstrate best performance at high temperatures due to temperature coefficient of
power output (pmax) at less than -0.25% [48], [49], [54]. In addition, these cells are very
slightly affected by high temperatures and shading [55]-[57].

There are various types of thin film PV cells. The market dominant thin film PV cells are:
Amorphous silicon, Copper Indium Gallium Selenide (CIGS), Cadmium Telluride (CdTe)
and Gallium Arsenide (GaAs). The cells are discussed further in subsections 2.2.1, 2.2.2,
2.2.3 and 2.2.4, respectively.

Figure 8: A thin film PV cell under flexural loading [166]

2.2.1 Amorphous silicon (A-Si) PV cell

This is the first thin film PV cell ever made as early as the 1970s. Compared to the
crystalline counterparts, the cell is less popular in the market with a market share of 5% as
seen in Fig. 6. It is made by sandwiching thin film cell materials of 1 um thick amorphous
silicon between two panes of glass. It possesses band gap energy of 1.7eV [58]. The
application of the thin film technology enables amorphous silicon cell to be thinner and
cheaper than crystalline cell. Amorphous silicon is known to absorb sunlight more
effectively than crystalline silicon [43], [44]. This implies less silicon; about 1/600™ of the
material required for crystalline silicon cells is used for its manufacture [58]. A-Si PV cell
demonstrates better performance than the crystalline cells in shaded conditions [43], [44].

9
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In addition, the cell possesses good heat resistance and thus is more efficient in elevated
temperature climate than the crystalline silicon cells. This is due to a temperature coefficient
of power output (pmax) of -0.25% [8], [13], [59]. However, modules manufactured using them
are more fragile, larger and heavier than the modules manufactured using conventional first
generation cells. Consequently, this type of cell is used when space is in abundance. Their
application is limited to low power applications [45] because module manufactured using
the cell possesses low PCE in the range of 6 t013%. The EPBT is 2 years and operational
lifetime is 25 years [45], [6], [8], [43], [59], [50].

2.2.2 Copper Indium Gallium Selenide (CIGS) PV cell

The CIGS thin film PV cell has 4% market share as shown in Figure 6. The cell is made by
using vacuuming manufacturing procedure to deposit a thin layer of 2 um copper, indium,
gallium and selenide on glass or plastic backing along with electrodes on the front and back
sides. The produced current flows via the electrodes.

Gallium-free variants of the semiconductor material are abbreviated as CIS. The
manufacturing cost is lower than the crystalline silicon PV cells but more expensive than
other single junction thin film cell like Cadmium Telluride (discussed in section 2.2.3). Over
the years, the CIGS cell has been poised to be the promising cell and thus many
companies and research institutes took particular interest in it. The companies and
institutes drive research geared towards improving the lifecycle reliability, power output
efficiency and cost of modules made using the cells [44], [47], [60], [61]. In recent years, the
supply of CIGS cells has dwindled causing major manufacturing companies like Nanosolar
and Solyndra to be out of business. Companies and research institutes which include Solar
Frontier continued to maintain their presence in the PV industry while the hope of CIGS cell
bouncing back to the PV cell market in the future remains unpredictable [48], [54]. CIGS
has band gap energy of 1.45 eV, a high sunlight absorption coefficient and PCE of 20% as
well as EPBT of 1 year [7], [43], [62], [63]. Its performance is slightly affected by shading.

2.2.3 Cadmium Telluride (CdTe) PV cells

Cadmium is abundant in nature because it is a by-product of other industrial metals like
zinc. It is a carcinogen with detrimental effects to the kidney and bones. It is one of the six
deadliest toxic materials known to man. There are numerous legislation, including the
Restriction of Hazardous Substances (ROHS) directive, restricting the use of Cadmium and
some other substances because of their hazardous nature [64]—[66]. Although the element
is this hazardous, the compound Cadmium Telluride (CdTe) used in PV cells is much more
environmentally friendly. CdTe contains <7g of elemental Cd in each square metre of PV
cell than the average single cell nickel-cadmium battery. CdTe is more stable and less
soluble than elemental Cd and so is less toxic [67].The second material, telluride is scarce
and as rare as platinum in nature. Telluride increases the price of the CdTe cell.

Presently, CdTe cells amount to about 40% of the thin film PV market and 6% of PV cells
as seen in Fig. 6. The manufacturing procedure is simple, cheaper than the crystalline cells
and other thin film cells [48], [53]. They are the only thin film material so far to rival
crystalline silicon in cost/watt [48], [51], [53]. The band gap energy is 1.5 eV which is

10



O J o U bW

AT UTUTUTUTUTUTUTOTE BB BB B DD DSDNWWWWWWWWWWNNNNNNNNNNNRE R PR PR RRP R R
O WNROWVWOUJdANT D WNRPRPOW®-TAUBDWNROWOWO®O®-JdNUD™WNRFROW®OW-JONUD™WNR OW®W-IOU D WN R O W

optimal for a single junction PV cell [50], [68]. The cel’'s EPBT which is the lowest of all
mass-produced PV technologies can be as short as eight (8) months [43], [69] in favourable
locations as seen in Fig. 11. In addition to possessing temperature coefficient of power
output (pmax) 0% which implies good performance at elevated temperatures, the PCE can
reach up to 21% and the operational lifetime is 20 years [45].

2.2.4 Gallium Arsenide (GaAs) PV cell

GaAs PV cells are made majorly from gallium and arsenic. Gallium is rarer than gold and a
by-product of the smelting of other metals - notably aluminium and zinc. Arsenic is not rare,
but it is poisonous. However, the compound GaAs is stable and not toxic [70]-[72]. GaAs
cells possess band gap energy of 1.43 - 1.7 eV so they can absorb photons with higher
energy levels than crystalline silicon PV cells [56], [57], [72]. In addition, GaAs has high
absorptivity. It requires a few microns thick cell to absorb significant sunlight unlike
crystalline silicon which requires over 100 microns thick cells. In addition to possessing a
PCE of 29% which is the highest for any single junction PV cell [55], [73], GaAs cells are
heat and radiation resistant. They possess a temperature coefficient puyax 0f 0% which
means no performance loss with respect to temperature rise from STC [56], [57]. However,
GaAs cells fail to dominate the market with just about 1% of the market share as seen in
Fig. 6. This is due to high cost. GaAs cells are limited to specialty applications where
efficiency, performance under high temperature and radiation are favoured over cost[57],
[72], [73]. Such applications include multi-junction PV cells, concentrated PV cells, satellites
and demonstration solar powered cars.

2.3 State-of-the-art PV cells

These are the third generation PV cells. They are also termed emerging technologies
because they are at experimental stage with little or no market significance. A large range
of substances, mostly organic; often organo-metallic compounds are used. Sections 2.3.1
through to 2.3.6 discuss the most common 3" generation PV cells.

2.3.1 Perovskite PV cells

Perovskite PV cells utilise thin film technology with thickness of <1 um [74]-[76]. The
manufacturing processes include a few steps and no sophisticated equipment. This makes
the cells cheap to produce and simple to manufacture. Perovskite is more abundant in
nature than silicon [77] which means availability of raw material is no contest. In addition to
low cost, these cells are the fastest improving PV cells to date[74], [76], [78]. The first
Perovskite PV cells were developed in 2010 and currently the PCE is above 15% [45], [74],
[78], [79] and E-PBT is 2-3 months. The value is the shortest for any PV cell [80], [81].
Perovskite will make PV cells more affordable once commercialised. However, the
technology has some shortcomings. The cells degrade quickly when exposed to the
environment because they are made from organic materials [75], [76]. In addition, lead has
been used in the cell to absorb sunlight which increases the technology’s toxicity[75], [76],
[79], [82].
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2.3.2 Dye PV cells

Dye solar cells (DSC) and dye synthesized solar cells (DSSC) are thin film cells. The dyes
possess photovoltaic properties and the manufacturing procedure does not require
elaborate equipment. It is substantially easy to make. Thus the cells are cheap and can be
manufactured utilising do-it-yourself (DIY) techniques[48], [83], [84]. Organic materials that
are environmentally friendly which include fruits are used to make the cells. Dye PV PCE
falls between 8-14% [45] and EPBT is 3 years [85]-[87]. Sadly, the cells are sensitive to air,
moisture and temperature so they possess lifetime of 10 years [48], [88], [89]. They show
poor performance at high temperatures and thus they are limited to low temperature and
low light applications. The cells have the tendency to be corrosive and toxic.

2.3.3 Concentrated PV (CPV) cells

A concentrator is a PV cell designed to operate under illumination greater than 1 sun.
Typically, the value ranges from 2 - 1000 suns and are characterised as low-to-high-
concentration [90]-[92]. The operation involves that the incident sunlight is focused or
guided by optical elements such that a high intensity light beam shines on a small PV cell
with average surface area of 0.25 cm? [57][92], [93]. The short-circuit current from the PV
cell depends linearly on light intensity. Thus, a device operating under 10 suns would have
10 times the short-circuit current as the same device under one sun operation [94]-[98].
Most concentrators use mirrors made from aluminium or plastic lenses to concentrate the
beam of light onto a PV cell. Large mirrors are used to reflect sunlight to tiny highly efficient
PV materials. GaAs is the principal material because the cells made from it can resist high
heat dissipation characterising this technology [1], [40], [50], [51]. Less of the PV material
and more of the mirrors are used to manufacture the CPV cell shown in Fig. 9. The
inflatable aluminium-plastic composite mirrors are even cheaper[90], [99], [101]. The use of
concentrators can increase the quantity of electric power by five-fold from typical operations
[50], [92], [102], [101]. The savings in material enable the technology to achieve great
decrease in unit price of electricity produced from the cell and lower the module price[5],
[63], [92], [96], [101]. In addition to lower cost, concentrators have several potential
advantages which include a PCE of up to 40% [50] and EPBT of 9 months. However, CPV
cells require direct sunlight hence they are affected by shading.

2.3.4 Silicon Germanium (SiGe) PV cells

The continuous research to improve the PCE of silicon cells evolved a new technology. The
technology utilises a new PV material which is a combination of silicon and germanium.
Pandey et al [103] compared silicon cells to SiGe cells and discovered the latter possesses
higher PCE. Their results show that a 5 pym thick SiGe cell is 11.3% efficient while a 10 ym
thick Si cell is 11.8% efficient. In addition, SiGe cells show higher mechanical strength,
higher electrical conductivity, lower recombination coefficient, higher minority carrier lifetime
and higher optical performance [103]-[105]. Also, they possess lower module cost because
the technology leads to material savings[103], [104], [106].
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2.3.5 Nanofibre PV cells

These PV cells are an upgrade from regular thin film cells. They are highly flexible, semi-
transparent and extremely light weight [50]. The cells are shown in Fig. 10. The materials
used in the manufacture of nanofibre cell are majorly amorphous silicon, CIGS and CdTe.
The technology is not faced with restriction to panels of particular dimensions and/or sizes.
The cells can be installed on surfaces such as windows, walls, airplane wings and car
screens - thereby transforming them into PV modules [107]. Although the technology has a
PCE of 20% [85], nano PV cells are presently limited to low power applications.

Figure 9: Concentrated PV (CPV) cells [120] Figure 10: Nano PV cells [167]

2.3.6 Multi-junction /Tandem /Cascaded PV Cells

This technology utilises multiple p—n junctions connected in series to create a PV cell by
stacking different layers of semi-conductor materials. Most common materials used are
gallium arsenide, amorphous silicon, micro-crystalline silicon and germanium. The p-n
junction of each material produces electric current in response to different wavelengths of
light [72], [108], [109]. Operating band gap energy range is 1.1 to 1.7 eV [50], [56], [94],
[98]. The top cell material possesses the highest band gap and covers the highest
absorption area [50] while underlying cells absorbs the section of the solar spectrum with
smaller wavelengths. The use of multiple semiconducting materials allows the absorbance
of a broader range of wavelengths thereby improving the PCE of the cell [105]. The
technology possesses PCE of 45%. This is the highest values for any PV cell. Theoretically,
an infinite number of p-n junctions would have a limiting efficiency of 86.8% under highly
concentrated sunlight [50]. However, such technology would be very expensive with little or
no commercial value[110], [111]. Currently, the technology is limited to space applications.

2.4 Section summary

The PV cell materials are summarised in this section. The sub-sections 2.4.1 and 2.4.2
discuss EPBT and PCE respectively, while the comparison of commercial PV cells is
presented at sub-section 2.4.3. The section presents a recommendation of cell material for
tropical climate applications at 2.4.4.
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2.41 Energy payback time (EPBT)

Energy payback time (EPBT) of a PV cell is a measure of the performance of the
technology/system. The EPBT quantifies how long it takes the system to recover all the
energy that went into its manufacturing [43], [69], [112]. The EPBT is used here as a
measure of commercial viability of the PV cell technologies. From the economic and
business point of view, a consumer, who is eager to know when they will reap the benefits
of investments, is provided a timeline by EPBT. Also, necessary comparisons can be made
with fossil fuel energy sources. Figure 11 shows the plot of EPBT of some popular PV cells.
The Figure shows that the best system in terms of EPBT is Perovskite cell which possesses
3 months EPBT [80], [81]. The value can be seen as the best for all PV cells. However, the
commercial value is yet to be maximised. The CdTe cell is the second best with 8 months
EPBT [43], [69]. This technology is the best for all commercial PV cells.
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Figure 11: Energy payback time (EPBT) of popular PV cells.
2.4.2 Power conversion efficiency (PCE)

Fig. 12(a) shows maximum attained PCE of PV cells which have been discussed
extensively in previous sections. The multi-junction PV cell with a PCE of 45% is the best of
all PV cells. However, it should be noted that the commercial value is yet to be exploited.
Fig. 12(b) shows maximum attained PCE for commercial PV cells. It can be seen in the
Figure that mono-crystalline PV cell with PCE of 25% is the best for all commercial PV cells
while the CdTe with PCE of 21% is the best for commercial thin film PV cells.
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Figure 12b: Maximum attained PCE of commercial PV cells

2.4.3 Comparison of commercial PV cell materials

Table 1 presents the comparison of relevant properties of commercial PV cells. The factors
used in the comparison include PCE, EPBT, performance under high-temperature and low
irradiance, complexity of manufacturing process, carbon footprint and cost. It can be seen
from the results presented in the table that the performance under high-temperature
conditions of mono-crystalline and Poly-crystalline silicon PV cells decrease by 15% and
20% respectively while thin film cells are unaffected[55], [56] [47], [113]. The cell
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temperature coefficient puyax Which measures the percentage decrease in PCE with each
degree rise in temperature from STC was also used to compare the PV cells performance.
It is observed that puax of both mono-crystalline and poly-crystalline silicon PV cells are -
0.5% while the amorphous silicon cell is -0.25% whereas CIGS and CdTe are both 0%[51],
[52]. Under low irradiance conditions, the crystalline silicon PV cells demonstrate
considerable power output reduction but there is negligible impact on power output for the
thin film PV cells. The thin film PV cells possess lower cost ($/W) than the crystalline silicon
PV cells. The cost per wattage of CdTe, CIGS, amorphous silicon, poly-crystalline and
mono-crystalline are $0.7/W, $0.75/W, $0.8/W, $1.4/W and $1.6/W, respectively[46], [47],
[114], [115]. In the case of limited space applications, the crystalline silicon PV cells are
more suitable as they occupy a maximum of 9 m? for every 1 kW of power produced while
the thin film cells cover a minimum of 9 m? per 1 kW power generated[114].

2.4.4 Recommendation

Based on the results and findings of this section, the CdTe PV cells are recommended for
application in the tropics. The characteristics warranting the selection are presented thus.
The cell:

= demonstrates PCE of 21% which is the highest for all commercial thin film cells.
= temperature coefficient of power output (pmax) is 0%.

= High-temperature effect on PCE results to 0% drop.

= demonstrates negligible impact of low irradiance on power output.

= EPBT of 8 months which is the best for all commercial PV cells.

= cost of $0.7/W is the lowest for all commercial PV cells closest to the $0.5/W cost of
fossil fuel energy sources.

It is important to note the CdTe PV cell demonstrates best performance in tropical
climate while retaining its short EPBT and low cost.
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Table 1: Comparison of commercial PV cell materials

1 Crystalline Silicon Thin Film

2 Cell Type Mono- Poly- Amorphous Cadmium

3 . . - . CIGS

4 crystalline crystalline silicon Telluride
Max. Efficiency 25% 20% 13% 21% 20%

6
High temp.
effect on 15% drop 20% drop 0% drop 0% drop 0% drop
efficiency
10
11
Temperature o, -0.5% -0.25% 0% 0%
fgeﬁ’lment Pmax
15
Low irradiance power output power output low impact on low impact on low impact on
%);erformance reduction reduction power output power output power output
19
20
gptimal performs well performs well in  performs well in performs well in performs well in
Performance in cool weather cool weather but cool weather, hot cool weather, hot cool weather,
Temp. but poorly in poorly in hot weather even in weather even in hot weather
22 hot weather weather extreme heat extreme heat even in extreme
27 heat
28 "
sprfacearea o o 8-9m? 13-20m? 11-13m? 9-11m?
for 1kW power
31
32
Cost ($/W) 1.6 1.4 0.8 0.7 0.75
34
Complexity of  complicated, simpler and less lower cost than lower cost and lower cost and
ﬁanufacturing sophisticated expensive than  crystalline silicon less sophisticated less
process and expensive  mono crystalline because less than crystalline sophisticated
39 silicon required silicon than crystalline
40 silicon
41
garbon
Footprint 45 44 50 35 46
£{gCO,-eq/kWh)
46

7
Energy
Payback Time
{EPBT) 48 36 36 8 12
génonths)
53 _ _ _ less dominant
M easily most dominant  less dominant than :

arket . . . . . largest market for than crystalline

55 ailabilit available and with largest crystalline silicon in thin film silicon in the
Sy y dominant market share the market
57 market
ﬁwironmental no known no known no known effects elemental no known
Effects effects effects Cadmium is toxic  effects
61
62 17
63
64

65




O J o U bW

AT UTUTUTUTUTUTUTOTE BB BB B DD DSDNWWWWWWWWWWNNNNNNNNNNNRE R PR PR RRP R R
O WNROWVWOUJdANT D WNRPRPOW®-TAUBDWNROWOWO®O®-JdNUD™WNRFROW®OW-JONUD™WNR OW®W-IOU D WN R O W

3. Contact technologies

A contact attached to a PV cell is an electrical conductor that collects electrons and holes
liberated in the PV material when exposed to photons [108], [116]-[118]. Contacts function
to complete the circuit and enable electric current to flow from the PV cell to a load.
Electrons are attracted to positively charged contacts while holes are attracted to negatively
charged contacts. The contacts in an ideal PV cell exhibit complete selectivity [6], [72],
[112], [114], [119]. Thus, while electrons migrate to one contact, the holes migrate to the
other contact. Unfortunately, this situation is different from an actual PV cell where
recombination of electrons and holes occur. Recombination is a process in which the
electrons recombine with the holes before they can be conducted away as electric current.
There is ongoing research to increase the performance of PV modules by improving
selectivity of contacts and reducing recombination to the barest minimum [120]-[122].

Sections 3.1 and 3.2 present design considerations of contacts and types of contacts
respectively while discussions on recommendations of contact technology for tropical
climate application are at section 3.3.

3.1  Design Considerations

In order to improve PV module performance in tropical climate, the choice of suitable
contacts is vital. In contact selection, certain design factors are considered. Desired
qualities of contacts include high thermal conductivity, high electrical conductivity and low
resistivity [123]-[125]. Additionally, a contact acts as a support/reinforcement for the PV cell
thereby increasing the assembly strength. Thus, the contact material should possess good
mechanical strength in addition to the high quality electrical and thermal properties [79],
[116], [117], [125], [126].

Sections 3.1.1, 3.1.2 and 3.1.3 discuss in detail the mechanical, thermal and electrical
design considerations of contacts respectively.

3.1.1 Mechanical Properties

PV interconnection (contacts, solder and ribbon interconnects) is made from different
materials with distinctive properties. Thus, the interconnection experiences a mismatch of
coefficients of thermal expansion (CTE) of the different materials in the interconnect
assembly. Material expansions at different rates introduce mismatch related degradation in
the joint. The contact which possesses a greater CTE will expand more than the ribbon
interconnects with lower CTE. Figure 13 shows the interconnection under flexural loading
occasioned by the differential linear expansion CTE mismatch of bonded materials.
Thermal stress is induced in the interconnection.

18



O J o U bW

AT UTUTUTUTUTUTUTOTE BB BB B DD DSDNWWWWWWWWWWNNNNNNNNNNNRE R PR PR RRP R R
O WNROWVWOUJdANT D WNRPRPOW®-TAUBDWNROWOWO®O®-JdNUD™WNRFROW®OW-JONUD™WNR OW®W-IOU D WN R O W

Heat

Figure 13: PV interconnection showing effect of different rate of material expansion

AL = aLdT (1)

g=" 2)

Combining (1) and (2),
e =adT (3)
o=Ee¢ (4)

Where AL is expansion and L is initial length (metres). a is the CTE (K™), dT is temperature
rise (K), € is deflection, o is stress and E is Young’'s Modulus (Pascal). Equation (1) through
(3) presents the relationship between temperature rise (dT) and deflection (g). It is observed
that with each degree rise in temperature, deflection increases. Equation (4) shows stress
(o) is directly proportional to deflection. This implies stress increases as temperature rises.
In order to assure thermo-mechanical reliability PV interconnections, materials with very
close values of CTE are recommended for use.

3.1.2 Thermal Properties

Operations in tropical climate increase the range of operating temperature of the module.
This impacts on the quantity of heat accumulated in the materials bonded together in the
interconnection. Recalling the relationship between the parameters as:

Q = mcdT (5)

where Q is quantity of heat (Joules), m is mass (kg) of the material and c is the specific heat
capacity (JK'kg™).

Equation (5) presents the relationship between temperature rise (dT) and quantity of heat
(Q) accumulated in the system. It is observed that with each degree rise in temperature,
there is an increase in heat. Heat accumulation in PV modules negatively impacts the PCE,
PO, thermal reliability and performance. To achieve good heat management through
efficient heat dissipation, high thermal conductivity is a desired property for contacts.
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3.1.3 Electrical Properties

It is a basic knowledge that as the temperature of a material increases, its resistivity
increases while electrical conductivity decreases. As temperature rises, electrons are
thermally agitated and energized. Thus, they vibrate and collide with one another and this
activity increases their resistance to flow as electric current. Consequently, high resistivity is
not a desired quality for a contact. In the tropical climate where temperatures are high, the
resistivity of contacts is also high.

p =po[l+a(dT)] (6)
Rx p (7)
R =Ry [1+ a(dT)] (8)
=< (9)
P = I’R (10)

Where p, is initial resistivity (Qm), p is final resistivity (Qm), R, is initial resistance (Q), R is
final resistivity (Q) and « is temperature coefficient of resistivity (K'). | is electric current
(amp.), V is voltage (volts) and P is electrical power (watts).

Equation (7) shows resistance is directly proportional to resistivity. In tropical climate where
temperature conditions are higher than the STC, with each degree rise in temperature,
there is a corresponding increase in resistivity and resistance. Equation (6) presents the
relationship between temperature rise (dT) and resistivity (p) while Equation (8) presents
that between temperature rise (dT) and resistance (R). Equation (9) demonstrates that at
constant voltage (V), an increase in resistance (R) results in electric current (I) decrease.
Additionally, any decrease in electric current leads to decrease in electrical power
generated by the PV cell. Equation (10) shows the relationship between electric current and
electric power. Thus, PV cells/modules operating in the tropics tend to generate low
magnitude of electric current which leads to low power output and low performance.

3.2 Types of Contacts

The sections 3.2.1, 3.2.2 and 3.2.3 discuss the different types of contact technologies used
in PV module manufacture. These include the front-to-back, back/rear and buried contacts
technologies respectively. Section 3.3 discusses recommendations on contact technology
for tropical climate application.

3.2.1 Front-to-back contact

This is the most common type of contacts used in PV cells [40], [118]. In this type of
arrangement, one contact is placed at the front of the cell and the other is placed at the
back [46], [112], [117]. The architecture is shown in Fig. 5. The front contact is attached on
the face of the cell and thus shades that part of the cell. This arrangement reduces the
surface area of the cell exposed to direct sunlight. Consequently, the module power output
and cell performance are adversely affected by shading losses [96], [103], [122], [127]. The

20



O J o U bW

AT UTUTUTUTUTUTUTOTE BB BB B DD DSDNWWWWWWWWWWNNNNNNNNNNNRE R PR PR RRP R R
O WNROWVWOUJdANT D WNRPRPOW®-TAUBDWNROWOWO®O®-JdNUD™WNRFROW®OW-JONUD™WNR OW®W-IOU D WN R O W

interconnection is from front to back of the cell with noticeable space between them as seen
in Figs. 16 and 17. This architecture is susceptible to fatigue failure and recombination
losses in the cell.

3.2.2 Back/Rear contacts

This type of contact is an improvement of the conventional front-to-back contact [57], [92],
[96], [128]. Both contacts are placed at the back of the cell which increases the surface of
cell exposed to direct sunlight. The arrangement eliminates shading on the front of the cell.
Rear contact PV cells achieve potentially higher efficiency by moving all or part of the front
contact grids to the rear of the device [122]. They are especially useful in high current cells
such as concentrators or large areas. An additional benefit is that with both contacts on the
rear, cells are easier to interconnect and can be placed closer together in the module since
there is no need for a space between the cells as seen in Fig. 14. Recombination losses
are reduced [103], [122], [106].

3.2.3 Buried Contacts

In order to overcome some disadvantages of the conventional front-to-back contacts, buried
contacts were introduced to replace the front contacts. Buried contacts are achieved by
cutting a series of trenches in the top surface of the PV material with either a laser or a
mechanical saw. The architecture of buried contact technology is shown in Fig. 15. The
trenches which are about 30 ym wide and 80 ym deep are filled up using electroplating
process. The deposited metal, usually copper, using the plating process is the contact
[121], [127], [129]-[131].

This type of contact allows for a large metal height-to-width aspect ratio. A large metal
contact aspect ratio in turn allows a large volume of metal to be used in the contact finger,
without having a wide strip of metal on the top surface. Therefore, a high metal aspect ratio
allows a large number of closely spaced metal fingers, while still retaining a high
transparency and low resistive losses. For example, on a large area device, a front-to-back
contact cell may have shading losses as high as 10 - 15%, while in a buried contact
structure, the shading losses will only be 2 - 3%[46][121], [130], [131]. These lower shading
losses allow low reflection and therefore higher short circuit currents. Furthermore, a buried
contact structure includes a self-aligned, selective emitter, which thereby reduces the
contact recombination and also contributes to high open circuit voltages and short circuit
currents.

This technology improves the performance of PV cells by up to 25% when compared with
the conventional front-to-back contacts [121], [129], [131]. The efficiency advantages of
buried contact technology provide significant cost and performance benefits. In terms of
$/W, the cost of a buried contact solar cell is the same as a screen-printed front contact in a
PV cell [120]. However, due to the inclusion of certain area-related costs as well as fixed
costs in a PV system, a higher efficient solar cell technology results in lower cost electricity.
An additional advantage of buried contact technology is that it can be used for concentrator
systems [121]. The interconnection goes from front to back as in front-to-back contacts.
Shading losses though reduced are present as well as recombination losses.
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3.3 Section summary and recommendations

The back contact technology is recommended for tropical climate operation because it
results in higher power output, higher PCE, easy and reliable interconnection as well as
reduced recombination loss [49], [92], [122], [125], [132].
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Figure 14: Back contact solar cells [116]
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Figure 15: Buried Contact [120]
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4. Interconnection technologies

The PV module interconnection is made up of the solder and the ribbon as seen in Figs. 16
and 17. Solder is used to join contacts and ribbon interconnects. The ribbon is used to
connect one cell to another to amplify voltage and power output. The configuration forms a
module assembly [117], [119], [133]-[136]. PV cell interconnect occurs when individual PV
cells are joined. Usually about 6 - 10 cells are joined in a cluster. This architecture is
frequently referred to as cell stringing. In PV module assembly, these interconnected PV
cell clusters are joined together to produce a complete PV module. There are typically 20 —
80 PV cells in a module. This is frequently referred to as cell bussing [61].

The ribbon interconnects are usually made of copper while the solder materials are made
from the various lead-free solders. The solder alloy composition is discussed in section 4.1.
The materials, ribbon bonded with the silver contacts in the interconnection, possess
different coefficient of thermal expansion. At elevated temperature, the differential material
expansion mismatch induces thermal stresses on the interconnection which culminates in
fatigue loading occasioned by the environmental temperature cycle history. Consequently,
the interconnection surfers delamination, crack initiation, propagation and rupture [126],
[137]-[142]. Interconnection degradation has been reported by [117][143], [144] as causing
over 40% of PV failures and this figure is greater in the tropical climate. Thus, there is the
need to mitigate this challenge by investigating interconnection degradation mechanism to
increase prediction accuracy of lifecycle of solder interconnections in various environments
and climates. This will increase the operational reliability of PV module interconnections
especially in the tropics. It has also been reported that interconnection degradation
contributes to increase in series resistance of PV modules which decreases their power
output [126], [137], [138], [141], [145].

Section 4.1 discusses the solder material while section 4.2 examines interconnection
technologies and materials with the focus of identifying suitable technologies with potential
of improving PV module performance in tropical climate.

A

Ribbon

Solder

—

Figure 16: showing cell, contacts and interconnection [159]
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Figure 17: Front-to-back interconnection[157]

Bussing

ribbon

Stringing
ribbon

Figure 18: Ribbon Interconnects[61]

4.1 Solder material

In the PV module assembly, solder joins the ribbon interconnects to the contacts. Solder
materials composition include SnAgCu (SAC) which is the most common. Other
compositions are AuGe. For a SAC solder composition, increase in silver content leads to
increase in elastic modulus, thermal induced stress, accumulated strain energy and fatigue
life as well as a decrease in accumulated plastic work [136]. Thus, the alloying composition
of constituent solder material plays a key role in the nature of the PV interconnect
degradation.
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4.1.1 Lead free solder

Prior to the Restriction of Hazardous Substances (RoHS) directive by the European Union
(EU) which took effect in June 2006, lead based solders which include SnPb were used in
the manufacture of the majority of electrical and electronic devices [64], [66], [146]. In the
PV industry, lead based alloys were used for various interconnection technologies [147].
Currently, there is a shift from lead-based alloys to lead-free alloys because of the
environmental impacts of lead, globally [144], [65], [148], [149]. More and more lead-free
solders are being developed to substitute lead based solders [141], [142], [150]-[152]. The
tin-silver-copper (SnAgCu or SAC) solder alloys have been reported to be the best
alternative for eutectic SnPb solder in the PV industry [144], [153]. Section 4.1.2 focuses on
the thermo-mechanical reliability of mainstream SAC solder alloys which include SAC305,
SAC405 and SAC387.

4.1.2 Thermo-mechanical reliability of solder interconnection

PV solder joint damage has been reported by numerous studies including [117], [125],
[135], [113], [154] as responsible for over 40% of PV module failures and this figure is
higher in the tropical climate. Degradation of solder interconnections is due to the
coefficient of thermal expansion (CTE) mismatch between bonded materials - silver
contacts, solder and copper ribbon. During the operation of PV modules in the tropical
climate, temperature rises from the STC to as high as 90°C and then falls after some time.
This repeated temperature cycle induces thermo-fatigue failure of the solder joint which
begins with solder cracking. This phenomenon accounts for the higher PV failure rates in
the tropics.

4.2 Ribbon interconnection

Photovoltaic ribbons are prevalently made of solder-coated copper. They possess high
electrical conductivity and low yield strength making them “deadly soft” [61], [125], [155]-
[157]. There are majorly two types. These are shown in Fig. 18. The cell interconnect
ribbon, also called stringing ribbon, connects individual cells to one another in a cluster
and delivers current to the bussing ribbon. Stringing ribbon is typically 2 mm wide. For PV
module assembly, interconnected PV cell clusters are joined together using 5 mm wide
tabbing ribbon, also called bussing ribbon. Bussing ribbon delivers current to the module's
junction box for final power output [60].

The sections 4.2.1 and 4.2.2 discuss the different types of interconnection technologies
used in PV module manufacture. These are the front-to-back and back-to-back
interconnection technologies respectively. Section 4.3 discusses recommendations on
interconnection technology for tropical climate application.

4.2.1 Front-to-back interconnection

As can be seen in Figs. 16 and 17, the stringing ribbon originates from the front of one cell
and terminates at the back of the next cell. As the name implies, this architecture form a
string in the PV module. The configuration is used for front-to-back and buried contact PV
cells which have been extensively discussed in sections 3.2.1 and 3.2.3, respectively. The
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61
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arrangement results in reduced power output and PCE of the PV module assembly. Owing
to existing gap between connected cells, the technology is challenged with recombination
losses. Front-to-back interconnection technology is characterised by “knee” regions which
are highly susceptible to fatigue loading[125], [140], [143]. They are found to be the critical
point of fatigue failure[60], [143]. The knee region is shown in Fig. 17.

4.2.2 Back-to-back interconnection

As can be seen in Fig. 14, the stringing ribbon connects the back of one cell to the back of
the next until all the cells in the module and connected. This type of interconnection are
found in back contact PV cells where there is no ribbon interconnect on the face of the PV
cell. It ensures the maximum cell surface area is exposed to direct sunlight. Less of ribbon
material is used and the technology has a higher packing density as well as reduced
recombination losses when compared with front-to-back interconnection[122], [158].
Moreover, the fatigue failure critical points are eliminated which improves the thermo-
mechanical reliability of the interconnection and hence the PV module[117], [147], [159].

4.3 Section summary and recommendation

Owing to low recombination losses, longer fatigue life and better thermo-mechanical
reliability of back-to-back interconnection technology, the technology is recommended for
use in the manufacture of modules which are designed to operate in tropical climate as they
are projected to possess enhanced thermo-mechanical reliability.

5. Summary and recommendations

This review has presented an investigation which focuses on identifying the suitable cell,
contact and interconnection technologies which have potential of producing a robust PV
module that can operate with enhanced performance in tropical climate. The results and
findings of the critical review identifies a module technology comprising CdTe cell, back
contacts and back-to-back interconnection as poised to have the characteristics and
potential for improved performance at elevated temperature typical of tropical ambient. The
technology is therefore recommended to be used to assemble PV module for tropical
climate applications.

Acknowledgement

The authors acknowledge the Schlumberger Faculty for the Future Foundation for providing
the funding for the research reported in parts in this article. They are grateful to the staff of
the University of Wolverhampton for their support/assistance and also to the University of
Benin, Nigeria for providing some field data on PV module operations.

References

[11  “Solar energy sustainability.” [Online]. Available:
https://www.google.co.uk/search?q=price+comparison+of+energy+sources&source=|
nms&tbm=isch&sa=X&ved=0CAgQ_AUoAWoVChMI2r_R0caXyQIVhdcUCh3ZRg2D
&biw=1366&bih=633#imgrc=DCxYoltS8eL_PM%3A. [Accessed: 17-Nov-2015].

26



O J o U bW

AT UTUTUTUTUTUTUTOTE BB BB B DD DSDNWWWWWWWWWWNNNNNNNNNNNRE R PR PR RRP R R
O WNROWVWOUJdANT D WNRPRPOW®-TAUBDWNROWOWO®O®-JdNUD™WNRFROW®OW-JONUD™WNR OW®W-IOU D WN R O W

[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

A. Belward, B. Bisselink, K. Bdédis, A. Brink, J. Dallemand, A. De Roo, T. Huld, F.
Kayitakire, P. Mayaux, H. Ossenbrink, |. Pinedo, H. Sint, J. Thielen, S. Szabd, U.
Tromboni, L. Willemen, and F. Monforti, Renewable energies in Africa. 2011.

H. Gujba, Y. Mulugetta, and A. Azapagic, “Power generation scenarios for Nigeria: An
environmental and cost assessment,” Energy Policy, vol. 39, no. 2, pp. 968-980, Feb.
2011.

A. S. Aliyu, A. T. Ramli, and M. A. Saleh, “Nigeria electricity crisis: Power generation
capacity expansion and environmental ramifications,” Energy, vol. 61, pp. 354-367,
Nov. 2013.

B.D. Tsai, Y. T. Hsu, T. T. Lin, L. M. Fu, C. H. Tsai, and J. C. Leong, “Performance of
an INER HCPV Module in NPUST,” Energy Procedia, vol. 14, pp. 893—-898, 2012.

A. Goodrich, P. Hacke, Q. Wang, B. Sopori, R. Margolis, T. L. James, and M.
Woodhouse, “A wafer-based monocrystalline silicon photovoltaics road map: Utilizing
known technology improvement opportunities for further reductions in manufacturing
costs,” Sol. Energy Mater. Sol. Cells, vol. 114, pp. 110-135, Jul. 2013.

Yoshihiro Hamakawa, Thin-Film Solar Cells: Next Generation Photovoltaics and Its
Applications. Springer Science & Business Media, 2013.

S. G.and J. Yang, U. S. O. Corporation, and M. Troy, “High-Efficiency Amorphous
Silicon Alloy Based Solar Cells and Modules; Final Technical Progress Report, 30
May 2002--31 May 2005 - 38728.pdf,” National Renewable Energy Laboratory
(NREL)Final Technical Progress Report 30 May 2002 — 31 May 2005, 2005. [Online].
Available: http://www.nrel.gov/docs/fy060sti/38728.pdf. [Accessed: 12-Nov-2015].

“‘NREL: Photovoltaics Research - Performance and Reliability R&D,” 2014. [Online].
Available: http://www.nrel.gov/pv/performance _reliability/. [Accessed: 13-Nov-2015].

A. M. T. Allen Zielnik, “PV Durability and Reliability Issues - Renewable Energy
World,” 2009. [Online]. Available:
http://www.renewableenergyworld.com/articles/print/pvw/volume-1/issue-5/solar-
energy/pv-durability-and-reliability-issues.html. [Accessed: 13-Nov-2015].

G. Marc Kontges et al (Institute for Solar Energy Research Hamelin, Emmerthal,
‘review_of failures _of pv_modules_final.pdf,” 2014. [Online]. Available:
http://www.isfh.de/institut_solarforschung/files/iea_t13 review_of failures_of pv_mod
ules_final.pdf. [Accessed: 13-Nov-2015].

E. Skoplaki and J. a. Palyvos, “On the temperature dependence of photovoltaic
module electrical performance: A review of efficiency/power correlations,” Sol.
Energy, vol. 83, no. 5, pp. 614-624, 20009.

S. Dubey, J. N. Sarvaiya, and B. Seshadri, “Temperature dependent photovoltaic
(PV) efficiency and its effect on PV production in the world - A review,” Energy
Procedia, vol. 33, pp. 311-321, 2013.

E. Skoplaki and J. a. Palyvos, “Operating temperature of photovoltaic modules: A
survey of pertinent correlations,” Renew. Energy, vol. 34, no. 1, pp. 23-29, 20009.

O. M. Eludoyin, I. O. Adelekan, R. Webster, and a. O. Eludoyin, “Air temperature,
relative humidity, climate regionalization and thermal comfort of Nigeria,” Int. J.
Climatol., vol. 34, no. 6, pp. 2000-2018, 2014.

A. K. P. (lota T. Ltd), “ReliabilityChallengesforSolarModules.pdf,” 2011. [Online].
Available:

27



O J o U bW

AT UTUTUTUTUTUTUTOTE BB BB B DD DSDNWWWWWWWWWWNNNNNNNNNNNRE R PR PR RRP R R
O WNROWVWOUJdANT D WNRPRPOW®-TAUBDWNROWOWO®O®-JdNUD™WNRFROW®OW-JONUD™WNR OW®W-IOU D WN R O W

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

http://www.asmeconferences.org/InterPACK2011/pdfs/ReliabilityChallengesforSolarM
odules.pdf. [Accessed: 13-Nov-2015].

N. Bosco and N. R. E. Laboratory, “Reliability Concerns Associated with PV
Technologies - failure_references.pdf,” 2010. [Online]. Available:
http://www.nrel.gov/pv/performance_reliability/pdfs/failure_references.pdf. [Accessed:
13-Nov-2015].

S. Pacca, D. Sivaraman, and G. a. Keoleian, “Parameters affecting the life cycle
performance of PV technologies and systems,” Energy Policy, vol. 35, no. 6, pp.
3316-3326, 2007.

D. L. King, W. E. Boyson, and J. A. Kratochvil, “Analysis of Factors Influencing the
Annual Energy Production of Photovoltaic Systems,” pp. 1356-1361, 2002.

H. M. S. Hussein, G. E. Ahmad, and H. H. EI-Ghetany, “Performance evaluation of
photovoltaic modules at different tilt angles and orientations,” Energy Convers.
Manag., vol. 45, no. 1516, pp. 2441-2452, 2004.

T. Huld, R. Gottschalg, H. G. Beyer, and M. Topi¢, “Mapping the performance of PV
modules, effects of module type and data averaging,” Sol. Energy, vol. 84, no. 2, pp.
324-338, 2010.

K. Obinata, N. Kato, Y. Takeda, and T. Motohiro, “Geometrical Optimization of
Arrangement of Solar Cells in Photovoltaic Modules,” pp. 31-35, 2010.

A. Woyte, M. Richter, D. Moser, S. Mau, N. H. Reich, and U. Jahn, “Monitoring of
Photovoltaic Systems: Good Practices and Systematic Analyes,” 28th Eur. PV Sol.
Energy Conf. Exhib., 2013.

C. . lke, “The Effect of Temperature on the Performance of A Photovoltaic Solar
System In Eastern Nigeria,” Res. Inven. Int. J. Eng. Sci., vol. 3, no. 12, pp. 10-14,
2013.

T. M. Walsh, Z. Xiong, Y. S. Khoo, A. a. O. Tay, and A. G. Aberle, “Singapore
Modules - Optimised PV Modules for the Tropics,” Energy Procedia, vol. 15, no.
2011, pp. 388-395, 2012.

N. Park, C. Han, and D. Kim, “Effect of moisture condensation on long-term reliability
of crystalline silicon photovoltaic modules,” Microelectron. Reliab., vol. 53, no. 12, pp.
1922-1926, 2013.

A. Ndiaye, C. M. F. K??b??, A. Charki, V. Sambou, and P. A. Ndiaye, “Photovoltaic
Platform for Investigating PV Module Degradation,” Energy Procedia, vol. 74, pp.
1370-1380, 2015.

S. Mekhilef, R. Saidur, and M. Kamalisarvestani, “Effect of dust, humidity and air
velocity on efficiency of photovoltaic cells,” Renew. Sustain. Energy Rev., vol. 16, no.
5, pp. 2920-2925, 2012.

R. Dubeyl, S. Chattopadhyayl, V. Kuthanazhil, J. J. Johnl, J. Vasil, K. Anil, M. A. .
Brij, K. L. Narsimhanl, V. Kuberl, C. S. Solankil, A. Kumar, and O. S. Sastry,
“Performance degradation in field aged crystalline silicon PV modules in different
Indian climatic conditions,” in Photovoltaic Specialist Conference (PVSC), 2014 IEEE
40th, 2014.

Jonas Hamberg, “Falling silicon prices shakes up solar manufacturing industry,”
Down to Earth, NDTV WorldWide, 2011. [Online]. Available:
http://www.downtoearth.org.in/news/falling-silicon-prices-shakes-up-solar-

28



O J o U bW

AT UTUTUTUTUTUTUTOTE BB BB B DD DSDNWWWWWWWWWWNNNNNNNNNNNRE R PR PR RRP R R
O WNROWVWOUJdANT D WNRPRPOW®-TAUBDWNROWOWO®O®-JdNUD™WNRFROW®OW-JONUD™WNR OW®W-IOU D WN R O W

[31]

[32]

[33]

[34]

[35]
[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

manufacturing-industry-34045. [Accessed: 23-Nov-2015].

N. Hultman, D. Rebois, M. Scholten, and C. Ramig, “The greenhouse impact of
unconventional gas for electricity generation,” Environ. Res. Lett., vol. 6, no. 4, p.
049504, 2011.

S. Obasi, “75% Nigerians lack access to regular power - Vanguard News,” Breaking
News, 2015. [Online]. Available: http://www.vanguardngr.com/2015/11/75-nigerians-
lack-access-to-regular-power/. [Accessed: 24-Feb-2016].

T. Lindeman, “Without electricity, 1.3 billion are living in the dark,” Washington Post,
2015. [Online]. Available: https://www.washingtonpost.com/graphics/world/world-
without-power/. [Accessed: 24-Feb-2016].

A. Jager-Waldau, “PV Status report,” jrc-cover-pvreport2013, 2013. [Online].
Available: http://publications.jrc.ec.europa.eu/repository/bitstream/JRC84082/jrc-
cover-pvreport2013-pdf_full.pdf. [Accessed: 23-Nov-2015].

H. E. Hans G. Fitzky, “Large-area photovoltaic cell.” 24-May-1983.

Maria van der Hoeven, “Technology Roadmap-Solar Photovoltaic Energy,”
International Energy Agency, France, 2014. [Online]. Available:
http://www.iea.org/publications/freepublications/publication/TechnologyRoadmapSola
rPhotovoltaicEnergy 2014edition.pdf. [Accessed: 23-Nov-2015].

NREL, “Photovoltaic Systems,” Renewable Energy World, 2013. [Online]. Available:
http://www.renewableenergyworld.com/solar-energy/tech/solarpv.html. [Accessed:
23-Nov-2015].

NREL, “Solar Photovoltaic Technology Basics,” U.S Department of Energy, 2014.
[Online]. Available: http://www.nrel.gov/learning/re_photovoltaics.html. [Accessed: 23-
Nov-2015].

A. J. Sangster, “Solar Photovoltaics,” Green Energy Technol., vol. 194, no. 4, pp.
145-172, 2014.

M. Bird, “How does Solar PV work,” eco2solar, 2014. [Online]. Available:
http://eco2solar.co.uk/solar-electricity/how-does-solar-pv-work/. [Accessed: 23-Nov-
2015].

C. Changes, “Types of Solar Panel - Polycrystalline, Monocrystalline and Hybrid solar
panels - Solar Panel Installers - C Changes,” 2015. [Online]. Available: http://www.c-
changes.com/types-of-solar-panel. [Accessed: 23-Nov-2015].

S. C. Forum, “How solar cell is made - material, manufacture, making, used, parts,
structure, procedure, steps,” Solar cell Forum, 2006. [Online]. Available:
http://www.madehow.com/Volume-1/Solar-Cell.html. [Accessed: 23-Nov-2015].

J. Peng, L. Lu, and H. Yang, “Review on life cycle assessment of energy payback
and greenhouse gas emission of solar photovoltaic systems,” Renew. Sustain.
Energy Rev., vol. 19, pp. 255-274, Mar. 2013.

M. J. (Mariska) de Wild-Scholten, “Energy payback time and carbon footprint of
commercial photovoltaic systems,” Sol. Energy Mater. Sol. Cells, vol. 119, pp. 296—
305, Dec. 2013.

M. A. Green, K. Emery, Y. Hishikawa, W. Warta, and E. D. Dunlop, “Solar cell
efficiency tables (version 46),” Prog. Photovoltaics Res. Appl., vol. 23, no. 7, pp. 805—
812, Jul. 2015.

29



O J o U bW

AT UTUTUTUTUTUTUTOTE BB BB B DD DSDNWWWWWWWWWWNNNNNNNNNNNRE R PR PR RRP R R
O WNROWVWOUJdANT D WNRPRPOW®-TAUBDWNROWOWO®O®-JdNUD™WNRFROW®OW-JONUD™WNR OW®W-IOU D WN R O W

[46]

[47]

[48]
[49]

[50]

[51]
[52]
[53]
[54]

[59]

[56]

[57]

[58]

[59]

[60]

[61]

T. Saga, “Advances in crystalline silicon solar cell technology for industrial mass
production,” NPG Asia Mater., vol. 2, no. 3, pp. 96-102, 2010.

G. Bunea, K. Wilson, Y. Meydbray, M. Campbell, and D. De Ceuster, “Low light
performance of mono-crystalline silicon solar cells,” Conf. Rec. IEEE 4th World Conf.
Photovolt. Energy Conf., pp. 1312-1314, 2006.

A. J. Sangster, “Solar Photovoltaics,” Green Energy Technol., 2014.

L. C. Andreani, P. A. Kowalczewski, C. |. Mura, M. Patrini, M. Acciarri, S. Binetti, A.
Sassella, and S. Marchionna, “TOWARDS CIGS SOLAR CELLS WITH REDUCED
FILM THICKNESS: A STUDY OF OPTICAL PROPERTIES AND OF PHOTONIC
STRUCTURES FOR LIGHT TRAPPING.”

T. M. Razykov, C. S. Ferekides, D. Morel, E. Stefanakos, H. S. Ullal, and H. M.
Upadhyaya, “Solar photovoltaic electricity: Current status and future prospects,” Sol.
Energy, vol. 85, no. 8, pp. 1580-1608, 2011.

R. Noufi, “High Efficiency CdTe and CIGS Thin Film Solar Cells: Highlights of the
Technologies Challenges Disclaimer and Government License,” 2006.

K. Ramanathan, J. Keane, and R. Noufi, “Properties of High-Efficiency CIGS Thin-
Film Solar Cells,” 2005.

V. M. Fthenakis, “Life cycle impact analysis of cadmium in CdTe PV production,”
Renewable and Sustainable Energy Reviews. 2004.

“CIGS Solar Cells, Simplified.”

C. Rich Kapusta, Vice President, Marketing, Alta Devices (Sunnyvale, “Silicon vs.
Gallium Arsenide Which Photovoltaic Material Performs Best,” NASA Tech Briefs,
2014.

N. H. Karam, R. R. King, M. Haddad, J. H. Ermer, H. Yoon, H. L. Cotal, R.
Sudharsanan, J. W. Eldredge, K. Edmondson, D. E. Joslin, D. D. Krut, M. Takahashi,
W. Nishikawa, M. Gillanders, J. Granata, P. Hebert, B. T. Cavicchi, and D. R.
Lillington, “Recent developments in high-efficiency Ga0.5In0.5P/GaAs/Ge dual- and
triple-junction solar cells: steps to next-generation PV cells,” Sol. Energy Mater. Sol.
Cells, vol. 66, no. 1-4, pp. 453—-466, Feb. 2001.

C. Algora, E. Ortiz, I. Rey-Stolle, V. Diaz, R. PeAa, V. M. Andreev, V. P. Khvostikov,
and V. D. Rumyantsev, “A GaAs solar cell with an efficiency of 26.2% at 1000 suns
and 25.0% at 2000 suns,” IEEE Trans. Electron Devices, 2001.

M. Stanley, “PV Carnival in Taiwan,” Nanotechnology Now, 2009. [Online]. Available:
http://www.nanotech-now.com/columns/?article=367. [Accessed: 10-Dec-2015].

X. U. of T. Deng and O. Toledo, “High Efficiency and High Rate Deposited
Amorphous Silicon-Based Solar Cells: Final Technical Report, 1 September 2001--6
March 2005 - 39091.pdf,” National Renewable Energy Laboratory (NREL) Final
Technical Report 1 September 2001 — 6 March 2005, 2006. [Online]. Available:
http://www.nrel.gov/docs/fy060sti/39091.pdf. [Accessed: 12-Nov-2015].

K. C. Pfluke, “Soldering Photovoltaic Cells,” Eff. Br. mindfulness Interv. acute pain
Exp. An Exam. Individ. Differ., vol. 1, 2015.

K. C. Pfluke, “Photovoltaic Module Assembly Using SMT Materials and Processes,”
Renewable Energy World, 2009. [Online]. Available:
http://www.renewableenergyworld.com/articles/2009/05/photovoltaic-module.html.

30



O J o U bW

AT UTUTUTUTUTUTUTOTE BB BB B DD DSDNWWWWWWWWWWNNNNNNNNNNNRE R PR PR RRP R R
O WNROWVWOUJdANT D WNRPRPOW®-TAUBDWNROWOWO®O®-JdNUD™WNRFROW®OW-JONUD™WNR OW®W-IOU D WN R O W

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[73]

[76]

[77]

[Accessed: 24-Nov-2015].

“Applied_Materials_Science _Applications_of Engineering_Materials_in_Structural_
Electronics_Thermal_and_Other_Industries D @ www.researchgate.net.” .

a. Nishimura, Y. Hayashi, K. Tanaka, M. Hirota, S. Kato, M. Ito, K. Araki, and E. J.
Hu, “Life cycle assessment and evaluation of energy payback time on high-
concentration photovoltaic power generation system,” Appl. Energy, vol. 87, no. 9, pp.
2797-2807, 2010.

T. H. E. E. Parliament, T. H. E. Council, O. F. The, and E. Union, “the European
Parliament and the Council of the,” no. 235, pp. 12-25, 2014.

IBM (Hrsg.), “Baseline Environmental Requirements For Supplier Deliverables to IBM.
IBM Engineering Specification 46G3772,” 2011.

N. R. P. Summit, “Elimination Of RoHS Substances In Electronic Products,” no. 425,
2004.

Vasilis M. Fthenakis, “Could CdTe PV Modules Pollute the Environment.pdf,” National
Photovoltaic Environmental H ealth and Safety Assistance Center, Brookhaven
National Laboratory, Upton, 2001. [Online]. Available:
https://www.bnl.gov/pv/files/pdf/art_164.pdf. [Accessed: 20-Nov-2015].

J. Dr. Yasunari Matsuno, Associate Prof., The University of Tokyo and J. Dr. Hiroki
Hondo, Prof., Yokohama National University, “Scientific Review on the Environmental
and Health Safety (EHS) aspects of CdTe photovoltaic (PV) systems over their entire
life cycle,” 2012.

V. M. Fthenakis, “How Long Does it Take for Photovoltaics to Produce the Energy
Used ?,” PE Mag., no. July 2011, pp. 16-17, 2012.

D. R. Webb, S. E. Wilson, and D. E. Carter, “Comparative pulmonary toxicity of
gallium arsenide, gallium(lIl) oxide, or arsenic(lll) oxide intratracheally instilled into
rats,” Toxicol. Appl. Pharmacol., vol. 82, no. 3, pp. 405—416, Mar. 1986.

D. R. Webb, I. G. Sipes, and D. E. Carter, “In vitro solubility and in vivo toxicity of
gallium arsenide,” Toxicol. Appl. Pharmacol., vol. 76, no. 1, pp. 96—104, Oct. 1984.

R. Jones, P. R. Briddon, S. F. J. Cox, and R. Lichti, “SERIES ON PROPERTIES OF
SEMICONDUCTOR MATERIALS.”

T. J. Silverman, M. G. Deceglie, B. Marion, S. Cowley, B. Kayes, and S. Kurtz,
“Outdoor performance of a thin-film gallium-arsenide photovoltaic module,” in
Conference Record of the IEEE Photovoltaic Specialists Conference, 2013.

H. J. Snaith, “Perovskites: The Emergence of a New Era for Low-Cost, High-
Efficiency Solar Cells,” J. Phys. Chem. Lett., vol. 4, no. 21, pp. 3623—-3630, Nov.
2013.

O. Malinkiewicz, A. Yella, Y. H. Lee, G. M. Espallargas, M. Graetzel, M. K.
Nazeeruddin, and H. J. Bolink, “Perovskite solar cells employing organic charge-
transport layers,” Nat. Photonics, vol. 8, no. 2, pp. 128—-132, Dec. 2013.

W. E. I. Sha, X. Ren, L. Chen, W. C. H. Choy, W. E. I. Sha, X. Ren, L. Chen, and W.
C. H. Choy, “The efficiency limit of CH3NH3PbI3 perovskite solar cells The efficiency
limit of CH 3 NH 3 Pbl 3 perovskite solar cells,” vol. 221104, no. 22, pp. 1-6, 2015.
W. Chen, Y. Wu, Y. Yue, J. Liu, W. Zhang, X. Yang, H. Chen, E. Bi, |. Ashraful, M.

31



O J o U bW

AT UTUTUTUTUTUTUTOTE BB BB B DD DSDNWWWWWWWWWWNNNNNNNNNNNRE R PR PR RRP R R
O WNROWVWOUJdANT D WNRPRPOW®-TAUBDWNROWOWO®O®-JdNUD™WNRFROW®OW-JONUD™WNR OW®W-IOU D WN R O W

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

Gratzel, and L. Han, “Efficient and stable large-area perovskite solar cells with
inorganic charge extraction layers,” Science (80-. )., vol. 350, no. 6263, pp. 944948,
Oct. 2015.

M. A. Green, A. Ho-Baillie, and H. J. Snaith, “The emergence of perovskite solar
cells,” Nat. Photonics, vol. 8, no. 7, pp. 506-514, Jun. 2014.

M. Liu, M. B. Johnston, and H. J. Snaith, “Efficient planar heterojunction perovskite
solar cells by vapour deposition.,” Nature, vol. 501, no. 7467, pp. 395-8, Sep. 2013.

Ma. Gunther, “Thin film perovskite solar cell passes the efficiency test | Chemistry
World,” Chemistry World, 2015. [Online]. Available:
http://www.rsc.org/chemistryworld/2015/10/thin-film-perovskite-solar-cell-passes-
efficiency-test-0. [Accessed: 23-Nov-2015].

D. (Northwestern U. Borghino, “Perovskite solar cells can recoup their energy cost
within three months,” Energy and Environmental Science, 2015. [Online]. Available:
http://www.gizmag.com/perovskite-solar-cells-energy-payback-time/38550/.
[Accessed: 23-Nov-2015].

D. Liuand T. L. Kelly, “Perovskite solar cells with a planar heterojunction structure
prepared using room-temperature solution processing techniques,” Nat. Photonics,
vol. 8, no. 2, pp. 133—138, Dec. 2013.

C. S. Karthikeyan, K. Peter, H. Wietasch, and M. Thelakkat, “Highly efficient solid-
state dye-sensitized TiO2 solar cells via control of retardation of recombination using
novel donor-antenna dyes,” Sol. Energy Mater. Sol. Cells, vol. 91, no. 5, pp. 432—439,
Mar. 2007.

Y. Chu, “Review and Comparison of Different Solar Energy Technologies,” no.
August, p. 56, 2011.

M. Greg Smestad (Education, “Titanium Dioxide Raspberry Solar Cell | MRSEC
Education | University of Wisconsin—Madison,” University of Wisconsin-Madison,
1998. [Online]. Available: http://education.mrsec.wisc.edu/289.htm. [Accessed: 23-
Nov-2015].

G. Boschloo and A. Hagfeldt, “Characteristics of the iodide/triiodide redox mediator in
dye-sensitized solar cells.,” Acc. Chem. Res., vol. 42, no. 11, pp. 1819-26, Nov.
2009.

M. Gratzel, “Solar energy conversion by dye-sensitized photovoltaic cells.,” Inorg.
Chem., vol. 44, no. 20, pp. 6841-51, Oct. 2005.

Z. (WORCESTER P. I. Xia, “Characterization of the Dye-Sensitized Solar Cell,”
project report, 2012. [Online]. Available: https://www.wpi.edu/Pubs/E-
project/Available/E-project-011113-
092612/unrestricted/Zijian_Xia_MQP_project_report.pdf. [Accessed: 23-Nov-2015].

[. M. Dharmadasa, A. A. Ojo, H. |. Salim, and R. Dharmadasa, “Next Generation Solar
Cells Based on Graded Bandgap Device Structures Utilising Rod-Type Nano-
Materials,” Energies, vol. 8, pp. 5440-5458, 2015.

I. S. Hermenean, |. Visa, and D. V Diaconescu, “On the Geometric Modelling of a
Concentrating Pv-Mirror System,” Bull. Transilv. Univ. Brasov, Ser. | Eng. Sci., vol. 2,
no. 51, pp. 73-80, 2009.

M. Holzmann, “Smart packages for CPV cell devices,” Technology, vol. 3, no. 5,
2010.

32



O J o U bW

U U UTUTUTUTUTOTOT D D DR B DDA DDWWWWWWWWWWNNNNONNNNNDNONRE R R R
CWOW TN BEWNRFROW®OW-JNODdWNROWOW®O-JdNANT D WNROW®M-JOAUBRWNR OWO-ToU S WN F O W

61
62
63
64
65

[92] A. Bett, F. Ferrazza, J. Herzog, A. Marti, and W. Wettling, “Concentration
Photovoltaics (CPV),” Photovolt. Technol. Platf., pp. 1-43, 2006.

[93] S. M. ROMERO, “Concentrating photovoltaic ( CPV ),” Energy Sect. Manag. Assist.
Program., 2014.

[94] N. K. Hector Cotal, Chris Fetzer, Joseph Boisvert, Geoffrey Kinsey, Richard King,
Peter Hebert, Hojun Yoon, “llI-V multijunction solar cells for concentrating
photovoltaics.pdf.” 2008.

[95] S. P. Philipps, A. W. Bett, K. Horowitz, and S. Kurtz, “Current Status of Concentrator
Photovoltaic ( Cpv ) Technology,” NREL, p. 26, 2015.

[96] Z.S. Judkins, K. W. Johnston, C. Alimy, R. J. Linderman, B. Wares, N. a Barton, and
J. Peurach, “Performance Results of a Low-Concentration Photovoltaic System
Based on High Efficiency Back Contact Cells,” no. September, pp. 6-10, 2010.

[97] J. Hashimoto, S. Kurtz, K. Sakurai, M. Muller, and K. Otani, “Performance of CPV
system using three types of IlI-V multi-junction solar cells,” 8Th Int. Conf. Conc.
Photovolt. Syst. Cpv-8, vol. 1477, no. 1, pp. 372-375, 2012.

[98] G.on S. E. Flamand and D. Technical University, Lyngby, “High-efficiency
multijunction solar cells for Concentrator PV applications,” IMEC, 2009.

[99] S.Y.Chiang, T. L. Chou, Z. H. Shih, H. F. Hong, and K. N. Chiang, “Life prediction of
HCPV under thermal cycling test condition,” Microelectron. Eng., vol. 88, no. 5, pp.
785-790, 2011.

[100] C. T. Kuo, H. Y. Shin, H. F. Hong, C. H. Wu, C. D. Lee, I. T. Lung, and Y. T. Hsu,
“Development of the high concentration IlI-V photovoltaic system at INER, Taiwan,”
Renew. Energy, vol. 34, no. 8, pp. 1931-1933, 2009.

[101] M. McGehee, “Emerging High-Efficiency Low-Cost Solar Cell Technologies,” NREL,
2014.

[102] J. Hashimoto, S. Kurtz, K. Sakurai, M. Muller, and K. Otani, “Field Experience And
Performance Of CPV System In Different Climates,” vol. 261, pp. 10-15, 2013.

[103] R. Pandey and R. Chaujar, “Novel back-contact back-junction SiGe (BC-BJ SiGe)
solar cell for improved power conversion efficiency,” Microsyst. Technol., no. MAY,
2015.

[104] E. P. Bulletin, “SiGe: a key to unlocking the potential of solar cells,” Photovoltaics
Bull., vol. 2003, no. 10, pp. 7-9, Oct. 2003.

[105] S. Inthisang, T. Krajangsang, A. Hongsingthong, A. Limmanee, S. Kittisontirak, S.
Jaroensathainchok, A. Moolakorn, A. Dousse, J. Sritharathikhun, and K. Sriprapha,
“High efficiency a-Si:H/a-SiGe:H tandem solar cells fabricated with the combination of
V- and U-shaped band gap profiling techniques,” Jpn. J. Appl. Phys., vol. 54, no. 8S1,
p. 08KB08, Aug. 2015.

[106] R. Pandey and R. Chaujar, “Novel back-contact back-junction SiGe (BC-BJ SiGe)
solar cell for improved power conversion efficiency,” Microsyst. Technol., May 2015.

[107] J. LAMBAUER, S. KOLH, A. KESSLER, U. FAHLAND, and A. VOSS,
“‘Nanotechnology and its Impact on the German Energy Sector,” Adv. Eng. Mater.,
vol. 10, no. 5.

[108] D. KOZANOGLU, “Power Conversion Efficiency Enhancement of Organic Solar Cells
By Addition of Gold Nanoparticles,” no. September, p. 79, 2012.

33



O J o U bW

AT UTUTUTUTUTUTUTOTE BB BB B DD DSDNWWWWWWWWWWNNNNNNNNNNNRE R PR PR RRP R R
O WNROWVWOUJdANT D WNRPRPOW®-TAUBDWNROWOWO®O®-JdNUD™WNRFROW®OW-JONUD™WNR OW®W-IOU D WN R O W

[109] M. A. Green, K. Emery, Y. Hishikawa, and W. Warta, “Solar cell efficiency tables,”
Prog. Photovoltaics Res. Appl., vol. 19, no. version 37, pp. 84-92, 2011.

[110] E. S. Hrayshat, “Three cascade solar cells with graded band-gap layer on the base of
GaAs—AlGaAs heterosystem,” Sol. Energy Mater. Sol. Cells, vol. 73, no. 3, pp. 281—
286, Jul. 2002.

[111] M. Sim, J. S. Kim, C. Shim, and K. Cho, “Cascade organic solar cells with energy-
level-matched three photon-harvesting layers,” Chem. Phys. Lett., vol. 557, pp. 88—
91, Feb. 2013.

[112] V. M. Fthenakis, C. K. Hyung, and E. Alsema, “Emissions from photovoltaic life
cycles,” Environ. Sci. Technol., vol. 42, no. 6, pp. 2168—-2174, 2008.

[113] J. Wohlgemuth, D. W. Cunningham, and A. Nguyen, “Failure Modes of Crystalline Si
Modules,” PV Modul. Reliab. Work., 2010.

[114] C. M. Lewandowski, “Basic Photovoltaic Principles and Methods,” Eff. Br. mindfulness
Interv. acute pain Exp. An Exam. Individ. Differ., vol. 1, 2015.

[115] M. de Wild-Scholten and E. Alsema, “Towards cleaner solar PV,” Refocus, vol. 5, no.
5, pp. 46—49, Sep. 2004.

[116] “PV cell contacts.” [Online]. Available:
https://www.google.co.uk/search?q=PV+cell+contacts&source=Inms&tbm=isch&sa=X
&ved=0CAKkQ_AUoAmoVChMIly-
y5v96YyQIVCTkaCh1C8g1w&biw=1366&bih=633#imgrc=Yoh1Zm3MGmNhQM%3A.
[Accessed: 18-Nov-2015].

[117] M. T. Zarmai, N. N. Ekere, C. F. Oduoza, and E. H. Amalu, “A review of
interconnection technologies for improved crystalline silicon solar cell photovoltaic
module assembly,” Appl. Energy, vol. 154, no. SEPTEMBER, pp. 173-182, 2015.

[118] W. Sinke, “Wafer - based silicon PV technology Status , innovations and outlook.”

[119] W. Hu, C. Liu, Y. Sun, and G. Zhao, “Sensitivity analysis for the dependence of solder
joints fatigue life,” Chem. Eng. Trans., vol. 33, pp. 553-558, 2013.

[120] M. M. A. Bagher, Askari Mohammad, Vahid and M. , Mohsen, “Types of Solar Cells
and Application.pdf,” American Journal of Optics and Photonics . Vol. 3; No. 5;, 2015.
[Online]. Available:
http://article.sciencepublishinggroup.com/pdf/10.11648.j.ajop.20150305.17.pdf.
[Accessed: 12-Nov-2015].

[121] N. S. Wohlgemuth JH, “Buried contact concentrator solar cells -
CellProperties_04.pdf,” 2001. [Online]. Available:
http://www.eng.uc.edu/~beaucag/Classes/SolarPowerForAfrica/BookPartsPVTechnic
al/CellProperties_04.pdf. [Accessed: 12-Nov-2015].

[122] E. Van Kerschaver and G. Beaucarne, “Back-contact solar cells: a review,” Prog.
Photovoltaics Res. Appl., vol. 14, no. 2, pp. 107-123, 2006.

[123] D. D. L. Chung, “Thermal interface materials,” J. Mater. Eng. Perform., vol. 10, no. 1,
pp. 56-59, 2001.

[124] J. H. Wohlgemuth and M. D. Kempe, “Equating Damp Heat Testing with Field
Failures of PV Modules,” IEEE 39th Photovolt. Spec. Conf., pp. 0126-0131, 2013.

[125] F. Kraemer; S. Wiese, “F E M Stress Analysis of Various Solar Module Concepts
under Temperature Cycling Load,” pp. 1-8, 2014.

34



O J o U bW

AT UTUTUTUTUTUTUTOTE BB BB B DD DSDNWWWWWWWWWWNNNNNNNNNNNRE R PR PR RRP R R
O WNROWVWOUJdANT D WNRPRPOW®-TAUBDWNROWOWO®O®-JdNUD™WNRFROW®OW-JONUD™WNR OW®W-IOU D WN R O W

[126] S. P. V. Nadimpalli and J. K. Spelt, “Fracture load prediction of lead-free solder
joints,” Eng. Fract. Mech., vol. 77, no. 17, pp. 3446—3461, Nov. 2010.

[127] S. Wenham and M. A. Green, “Large area, concentrator buried contact solar cells,”
IEEE Trans. Electron Devices, vol. 42, no. 1, pp. 144—-149, 1995.

[128] B. Sopori, “Thin-film Silicon Solar Cells,” vol. 8, pp. 1193-1196, 2003.

[129] S. R. Wenham, C. B. Honsberg, S. Edmiston, L. Koschier, A. Fung, M. A. Green, and
F. Ferrazza, “Simplified buried contact solar cell process,” in Conference Record of
the Twenty Fifth IEEE Photovoltaic Specialists Conference - 1996, 1996, pp. 389—
392.

[130] M. A. Green, S. R. Wenham, C. B. Honsberg, and D. Hogg, “Transfer of buried
contact cell laboratory sequences into commercial production,” Sol. Energy Mater.
Sol. Cells, vol. 34, no. 1-4, pp. 83—-89, Sep. 1994.

[131] S. R. Wenham, C. B. Honsberg, and M. A. Green, “Buried contact silicon solar cells,”
Sol. Energy Mater. Sol. Cells, vol. 34, no. 1-4, pp. 101-110, Sep. 1994.

[132] S. Sagadevan, “Recent trends on nanostructures based solar energy applications: A
review,” Reviews on Advanced Materials Science. 2013.

[133] E. D. R. Committee, Microelectronics Failure Analysis: Desk Reference, vol. 3. ASM
International, 2011.

[134] B. Lechovic, E.; Hodulova, E.; Szewczykova, “Solder joint reliability,” US Pat.
6,246,011, pp. 1-8, 2001.

[135] K. Kato, “PV module failures observed in the field - solder bond and bypass diode
failures -.”

[136] K. C. Otiaba, R. S. Bhatti, N. N. Ekere, S. Mallik, and M. Ekpu, “Finite element
analysis of the effect of silver content for Sn-Ag-Cu alloy compositions on thermal
cycling reliability of solder die attach,” Eng. Fail. Anal., vol. 28, pp. 192-207, 2013.

[137] J. G. . Theeven, “creep and failure of lead-free solder alloys.” [Online]. Available:
http://131.155.54.17/mate/pdfs/1504.pdf. [Accessed: 20-Nov-2015].

[138] J. H. L. Pang, Lead Free Solder: Mechanics and Reliability. Springer Science &
Business Media, 2011.

[139] “Microsoft Word - Nadimpalli_Siva-rev.doc -
fracture_prediction_lead_free joints_smta.pdf.” [Online]. Available:
http://www.circuitinsight.com/pdf/fracture_prediction_lead_free_joints_smta.pdf.
[Accessed: 20-Nov-2015].

[140] S. P. V. Nadimpalli and J. K. Spelt, “Effect of geometry on the fracture behavior of
lead-free solder joints,” Eng. Fract. Mech., vol. 78, no. 6, pp. 1169-1181, Apr. 2011.

[141] J. Zhao, Y. Mutoh, Y. Miyashita, and S. L. Mannan, “Fatigue crack-growth behavior of
Sn-Ag-Cu and Sn-Ag-Cu-Bi lead-free solders,” J. Electron. Mater., vol. 31, no. 8, pp.
879-886, Aug. 2002.

[142] P. T. Vianco and D. R. Frear, “Issues in the replacement of lead-bearing solders,”
JOM, vol. 45, no. 7, pp. 14-19, Jul. 1993.

[143] J.-S. Jeong, N. Park, and C. Han, “Field failure mechanism study of solder
interconnection for crystalline silicon photovoltaic module,” Microelectron. Reliab., vol.
52, no. 9-10, pp. 2326-2330, Sep. 2012.

35



O J o U bW

AT UTUTUTUTUTUTUTOTE BB BB B DD DSDNWWWWWWWWWWNNNNNNNNNNNRE R PR PR RRP R R
O WNROWVWOUJdANT D WNRPRPOW®-TAUBDWNROWOWO®O®-JdNUD™WNRFROW®OW-JONUD™WNR OW®W-IOU D WN R O W

[144] A. Syed, “Accumulated creep strain and energy density based thermal fatigue life
prediction models for SnAgCu solder joints,” 2004 Proceedings. 54th Electron.
Components Technol. Conf. (IEEE Cat. No.04CH37546), vol. 1, pp. 737-746, 2004.

[145] P. Schmitt, P. Kaiser, C. Savio, M. Tranitz, and U. Eitner, “Intermetallic Phase Growth
and Reliability of Sn-Ag-Soldered Solar Cell Joints,” Energy Procedia, vol. 27, pp.
664669, 2012.

[146] K. Sweatman, “Fact and fiction in lead-free soldering,” Glob. SMT Packag., pp. 26 —
8, 2006.

[147] J. Kim, J. Park, D. Kim, and N. Park, “Study on Mitigation Method of Solder Corrosion
for Crystalline Silicon Photovoltaic Modules,” Int. J. Photoenergy, vol. 2014, pp. 13—
17, 2014.

[148] B. R. Bodel and S. U. T. S. Intern, “Lead Legislation : The World ' s Best and Worst
Practice Regulating Lead in Paint Major developments of legislation regarding lead in
paint by national governments,” no. 02, pp. 1-10, 2010.

[149] M. Goosey, “Implications of Legislation for Lead - free Soldering and Assembly,”
2006.

[150] V. Chidambaram, J. Hald, and J. Hattel, “Development of Au—Ge based candidate
alloys as an alternative to high-lead content solders,” J. Alloys Compd., vol. 490, no.
1-2, pp. 170-179, Feb. 2010.

[151] A. Dziedzic and |. Graczyk, “Lead-free solders and isotropically conductive adhesives
in assembling of silicon solar cells - preliminary results,” in 26th International Spring
Seminar on Electronics Technology: Integrated Management of Electronic Materials
Production, 2003., 2003, pp. 127-132.

[152] L. Kehoe and G. M. Crean, “Thermal conductivity and specific heat determinations of
a set of lead-free solder alloys,” in Proceedings. 4th International Symposium on
Advanced Packaging Materials Processes, Properties and Interfaces (Cat.
No0.98EX153), 1998, pp. 203—-208.

[153] E. George, “THERMAL CYCLING RELIABILITY OF LEAD- FREE SOLDERS
(SAC305 AND SN3.5AG) FOR HIGH TEMPERATURE APPLICATIONS,” Univ.
Maryl., vol. XXXIII, no. 2, pp. 81-87, 2010.

[154] M. Stress-induced, “Constant-Temperature Aging Method to Characterize Copper
Interconnect,” no. February, 2015.

[155] Cambridge University Engineering Department, “Materials data book,” Mater.
Courses, pp. 1-41, 2003.

[156] B. W. Boone, C. Sonderen, and D. N. V Gl, “Copper in comparison to aluminium as
common material in conductors of LV and MV power cables ; properties and related
decision framework on how the conductor material is being selected CONDUCTORS
USED IN LV AND MV POWER CABLE NETWORKS.”

[157] K. Y. Robert Kaminski, “Ultra Flexible Copper.” NEOMAX MATERIALS Co. LTD,
2014.

[158] Y. Meydbray, K. Wilson, E. Brambila, A. Terao, and S. Daroczi, “SOLDER JOINT
DEGRADATION IN HIGH EFFICIENCY ALL BACK CONTACT SOLAR CELLS.”

[159] “PV Cell Interconnection
http://www.renewableenergyworld.com/content/dam/rew/migrated/assets/images/stor

36



O J o U bW

AT UTUTUTUTUTUTUTOTE BB BB B DD DSDNWWWWWWWWWWNNNNNNNNNNNRE R PR PR RRP R R
O WNROWVWOUJdANT D WNRPRPOW®-TAUBDWNROWOWO®O®-JdNUD™WNRFROW®OW-JONUD™WNR OW®W-IOU D WN R O W

y/2011/6/23/8569-lower-cost-greater-efficiency-drive-back-contact-solar-module-de.”
[Online]. Available:
http://www.google.co.uk/imgres?imgurl=http://www.renewableenergyworld.com/conte
nt/dam/rew/migrated/assets/images/story/2011/6/23/8569-lower-cost-greater-
efficiency-drive-back-contact-solar-module-
de&imgrefurl=http://www.renewableenergyworld.com/articles/p. [Accessed: 18-Nov-
2015].

[160] “price comparison of PV technology.” [Online]. Available:
https://www.google.co.uk/search?q=price+comparison+of+PV+technology&source=In
ms&tbm=isch&sa=X&ved=0CAgQ_AUoAWoVChMIgMbThYiYyQIVQroUCh1hKAOx&
biw=1366&bih=633#imgrc=00B9X90MocPXcM%3A. [Accessed: 17-Nov-2015].

[161] “Cost $/kWh
http://www.realclearscience.com/blog/Energy%20Cost%20Chart%20Two.png.”
[Online]. Available:
http://www.google.co.uk/imgres?imgurl=http://www.realclearscience.com/blog/Energy
%252520C0st%252520Chart%252520Two.png&imgrefurl=http://www.realclearscienc
e.com/blog/2012/08/natural-gas-not-corporations-killing-solar-power-
1.htmI&h=298&w=454&tbnid=NI3ZHXNsCvbCUYM:&docid=a5SfkVPMSyLt6M&ei=k9J
LVgz6NMuJaPnkuoAE&tbm=isch&ved=0CGIQMyhfMF84rAJqFQoTCOyPo6_nmMkC
FcsEGgodeblOQA&biw=1366&bih=633. [Accessed: 18-Nov-2015].

[162] “CO2 emissions of energy sources -.” [Online]. Available:
https://www.google.co.uk/search?q=CO2+emissions+of+energy+sources&source=In
ms&tbm=isch&sa=X&ved=0CAgQ_AUoAWoVChMIvo3bwomYyQIVx9YUCh209QHnN
&biw=13668&bih=633#imgrc=84G2mJyByu0SdM%3A. [Accessed: 17-Nov-2015].

[163] World Nuclear Association, “Comparison of Lifecycle Greenhouse Gas Emissions of
Various Electricity Generation Sources,” p. 6, 2011.

[164] “price comparison of energy sources.” [Online]. Available:
https://www.google.co.uk/search?q=price+comparison+of+energy+sources&source=|
nms&tbm=isch&sa=X&ved=0CAgQ_AUoAWoVChMI2r_R0caXyQIVhdcUCh3ZRg2D
&biw=1366&bih=633#imgrc=IryotzgZumgJeM%3A. [Accessed: 17-Nov-2015].

[165] “crystalline silicon PV cell.” [Online]. Available:
https://www.google.co.uk/search?q=crystalline+silicon+PV+cell&source=Inms&tbm=is
ch&sa=X&ved=0CAgQ_AUoAWoVChMI5YC13tWYyQIVCVUaCh3iOwlY&biw=1366&
bih=633#imgrc=MYQ8jBBOgK2c6M%3A. [Accessed: 18-Nov-2015].

[166] “thin film PV cell.” [Online]. Available:
https://www.google.co.uk/search?q=thin+film+PV+cell&source=Inms&tbm=isch&sa=X
&ved=0CAgQ_AUoAWoVChMI_ufV6NaYyQIVB50aCh070w1A&biw=1366&bih=633#
imgdii=-2e5GVNEtg6mIM%3A%3B-2e5GVNEtq6mIM%3A%3BqfG-
L4wdwahbTM%3A&imgrc=-2e5GVNEtq6mIM%3A. [Accessed: 18-Nov-2015].

[167] “nano PV cell.” [Online]. Available:
https://www.google.co.uk/search?q=nano+PV+cell&source=Inms&tbm=isch&sa=X&v
ed=0CAgQ_AUoAWoVChMiIro-
nvdiYyQIVQgMaChOxYQSr&biw=1366&bih=633#imgrc=to3ISsHCNaR1LrM%3A.
[Accessed: 18-Nov-2015].

37



Figure

80.20 17

$0.18
80.16
$0.44 ©
$0.12 -
$0.10
$0.08
50.06
$0.04 | -
80.02 -
$0.00

Fig.1: Price comparison of energy sources[147]

Cost (Dollars per kWh)

PV Module Price Per Watt

$6.00

$5.00 \
$4.00 \\
l/"‘ﬁ\

\\

L

$0.00
Natural Gas 1990

$3.00
$2.00
Wind Coal

Solar

1995

2000 2005 2010 2015

Fig. 2: PV module price over time[148]
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Figure 5: Component parts of a typical PV cell
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Figure 6: Market share of PV cells (%)



(a) (b)
Figure 7: (a) Mono-crystalline PV cell and (b) Poly-crystalline silicon PV cell [42].

Figure 9: Concentrated PV (CPV) cell [107] Figure 10: Nano PV cells [153]



N w Y (%] D
o o o o o
I I I I )

EPBT (months)

[any
o
1

o

|

&

2,

Figure

Multi-junction
Nanofibre
SiGe

CPV

DSSC
Perovskite
GaAs
CdTe
CIGS

PV Cell Type

IIIIIE
& i .

o) (2
S 0(9 08\

(9
< Q, X

G ©

PV Cell Type

11: Energy payback time (EPBT) of some PV cells.

'_ 45
E— 0
—— 23
I E— 0
14

—
. 29
—— 1

20
——m

20
—
0 10 20 30 40 50

Max. PCE (%)
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Figure 12b: Maximum attained PCE of commercial PV cells
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Figure 13: PV interconnection showing effect of different rate of material expansion
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Figure 14: Back contact solar cells [102]
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Figure 15: Buried Contact [107]
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Figure 16: showing cell, contacts and interconnection [154]
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Figure 17: Front-to-back interconnection[146]
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Figure 18: Ribbon Interconnects[56]



Table

Table 1: Comparison of commercial PV cell materials

Crystalline Silicon Thin Film
Cell Type Mono- Poly- Amorphous Cadmium
. . - . CIGS
crystalline crystalline silicon Telluride
Max. Efficiency 25% 20% 13% 21% 20%
High temp.
effect on 15% drop 20% drop 0% drop 0% drop 0% drop
efficiency
Temperature ; 5o, -0.5% -0.25% 0% 0%

coefficient pyax

Low irradiance
performance

Optimal
Performance
Temp.

Surface area
for 1kW power

Cost ($/W)

Complexity of
Manufacturing
process

Carbon
Footprint
(9CO,-eq/kWh)

Energy
Payback Time
(EPBT)
(months)

Market
Availability

Environmental
Effects

power output
reduction

performs well
in cool weather
but poorly in
hot weather

7-9m?

1.6

complicated,
sophisticated
and expensive

45

48

easily
available and
dominant

no known
effects

power output
reduction

performs well in
cool weather but
poorly in hot
weather

8-9m?

1.4

simpler and less
expensive than
mono crystalline

44

36

most dominant
with largest
market share

no known
effects

low impact on
power output

performs well in
cool weather, hot
weather even in
extreme heat

13-20m?

0.8

lower cost than
crystalline silicon
because less
silicon required

50

36

less dominant than
crystalline silicon in
the market

no known effects

low impact on
power output

performs well in
cool weather, hot
weather even in
extreme heat

11-13m?

0.7

lower cost and
less sophisticated
than crystalline
silicon

35

largest market for
thin film

elemental
Cadmium is toxic

low impact on
power output

performs well in
cool weather,
hot weather
even in extreme
heat

9-11m?

0.75

lower cost and
less
sophisticated
than crystalline
silicon

46

12

less dominant
than crystalline
silicon in the
market

no known
effects






