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ABSTRACT

Global economic trends suggest that there is a need to generate sustair@b#ble energy

to meet growing global energy demandsSolar enegy hanessed byconcentrated
photovoltaic (CPV) systentsas a potential fostrong contributions téuture energy supjas.
However as a relatively new technologihere isstill a need forconsiderableesearch ito

the relationship between the technola@ndthe solar resourc&kesearch into CPV systems
was carried out at the University of OttaaSolar Cells and Nanostructured Device
Laboratory SUNLAB), focusing onthe acquisition and assessment of meteorological and
local solar resource datasetsnputs to more complex system (cell) models &wergy yield
assessment.

An algorithmaimedat estimatinghe spectral profile of direct normal irradian@NI)
was created. The algorithm was designedsieasily sourced low resolution meteorological
datasetstemporal band pass filter measurement and an atmospheric radiative transfer model
to determine a location specific solgestrum. Its core design involvélde use of an optical
depth parameterization algorithm based on a publisbgttiveregression gorithm. Initial
results showed a specti@jreementhatcorresponds to 0.56% phetarrent difference in a
modeled CPV cell when compared to measured spectrum.

The common procedures and datasets used for longGBWvhenergy yield assessment
was investigted. The aim waso quantitatively deconvolute various factors especially
meteorological factorsesponsible foerror bias in CPV energy yield evaluatiorOver the
time periodfrom June 2011 to August 2012, tlamalysis found that neglecting spectral
variations resulted in a ~2% overestimation of energy yields. It was shown that clouds have

the dominant impact on CPV energy yields, at the 60% level.
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1 Introduction

Industrialization, social and ligtyle demands are factors responsible for increasing energy
requirements. With a global population growth rising at rates faster than 2%, there is a clear
need for more energil]. Energy supply is expected to be proportional to energy demand,
but some issues hamper our capability to generate this required energy. There is
environmental concern regarding the contribution of energy supply systems to global
waming, pollution, ozone depletion, deforestation and radioactive byproducts. Handling
such environmental issues places ethical and political constraints on the energy supply
system thereby introducing significant coatrease on energy producti¢h]. Statistics
suggest that human population may increase by a factor of two by the mid -fikgnty
century [2]. Thus, to maintain global economic and technological development, future
demands for energy will certainly increase, with some sources suggesting it might rise by
high an order of magnitude by year 2050, about B%imes its current ratd, 2]. Over the

last few decades, many jurisdictions have experienced an increase in thé enstgy
resources. An ever increasing energy demand combined with increasing energy costs and
natural resource depletion renders future energy production problematic.

To meet future energy demands, our energy supply must minimize the costs due to
envirormental concerns and the resources used must be sustainable. Sustainability has an
intimate relationship with the renewability of the energsourcel]. Hence, the drive to
integrate sustainable and renewable energies into the energy supply diet is a positive step
towards preparing a viable future energy budget.

Of all energy sources, our sun is the principal supplier t he ear t h[@ls ener
and so is of significant interest in our quest for sustainable energy. Powered by continuous
thermonuclear reactions resulting from the fusion of hydrogen atoms, the sun emits an
estimatedat o p 1 - 7 of light as a kack body radiation spectrurf8]. Several
terawatts of thisengry arri ves at the earthds surface,
through the earthds atmosphere, providing e
plants by photosynthesis, and fuels other climatic components necessary for life on earth.

The sol ar energy incident on the earthodés sur

Jafaru Mohanmed, 2013 1



sustainable and renewable energy. While the science necessary for harnessing the energy into
useful form (electricity and heag significantly understoofl], Anit i s the engin
di fficult[2t4o constructo

Harvesting solar energy with PV technologies for electricity generation presently lacks
economic grid parity with nerenewable energy saes, limiting its market applicability.
This limitation has temporarily been addressed through subsidy and tariff programs driven
by the emerging social consensus on the need to develop the necessary future technologies
for sustainable and renewable enesgiPhotovoltaic technologies have received significant
global research attention as well as financial investments over recent years. Optimization
procedures are required to minimize the cost of energy produced with PV systems.
Geographic and meteorologidaregularities are some of the factors that might affect the
implementation of PV systems, particularly the concentrating photovoltaic (CPV) systems
that are the subject of this thesis. With significantly varying global atmospheric conditions, a
Afonee sfiizts all o optimization routine may b
variability of the incident spectrum with atmospheric and meteorological conditions is
necessary. Additionally, since the incident solar resource has a temporal and spatial
dependence on atmospheric conditions, understanding the impact of local meteorological
conditions on the solar resource is necessary for optimal integration of PV systems into the
electrical grid[5, 6].

A key topicof this dissertatiorare the analyses othe solar resource to detgne the
effects of local spectral variations on energy yield models used to foteeagtneration and
distribution ofPV energy The effects of temporal and spatial local conditjmugh as cloud
cover, temperature, aerosols and perceptible wateruvaglb affect the incident solar
resource.Research tools developed to characterise and med@Jdreystemsare also
discussedA case studyor a specific site irDttawa, Ontario, Canada is usadce temporal
measuremestof the direct normal solar speein and sky condition were accessibia the

University of Ottawai AlvancedPhotonics forEconomicalSystems® project(APECS).

1.1 Background

In the simplest termssolar energycanbe described as the radiative eneligythe form of

light and heat, incidendn the earthSol ar ener gy plays a vital
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budgeti for example sustainingthe food chain by providinglants thelight neededfor
photosynthesis. Harnessing the sakesourcefor various applications has been a goal over
the ags. With ever evolving technologies being developed, recent methods for harnessing
solar energy allow for direcefficient converson of the suids radiation to heat (solar

thermal), and electricityphotovoltaic$.

1.1.1 History and Evolution of Photovoltaics

The term fiphotovoltaiso refers to the use of materidlsat exhibit the photovoltaic effect,
wherelight (photons)is directly convertedinto electricity. In most scenarios, the materials
used forPV are solid state semiconductoiihe discovery of this phovoltaic effect was
first made in 1839, and is credited to Edmund Becqyére8]. Becquerelhadilluminated
silver-chloride in an acidic solutiortontaining platinum electrodespbservinga phote
voltage and photaurrent[8]. The photovoltaic effeatequiresthe separation of an electron
hole paircreded by photon absorption pair recombiration occurringafter current flow
through an electric circuitThis requirementis satisfied by a {m junction where the
separation of electrehole pairsis achieved by an electric field formed withirdapletion
region, as shown in Figure-1. The physics behinthe p-n junction is the basic principle of

operation fomostmodern solid state devices.

4
Distance

«<——— holes diffusion

depletion region | neutral region
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| =
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E - fleld on electrons <— —>'E - field on holes

electrons diffusion
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Figure 1-1: A p-n junction in thermal equilibrium and zero bias voltage.Log scaled concentration of electron and
hole carriers are represented by the blue and red lines respectively. The two gray regions have neutral charges while
the red and blue region are positive and negativeharged zones respectively The direction of flow of the electric
field is shown and thedirection of the electrostatic forces affecting the diffusion of holes and electrons is illustrated.
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A p-n junction is made of twadjacentsemiconductor regionwith differentdoping as
diagramed in Figure-1. An equilibrium carrier concentration is taeved by diffusion of
electrons and holegcross the interface, which createdepletion regiormaintained by the
electric field arising from the exposed dono#région) and acceptor {egion) dopant$9].
Detailed behaviour and characteristics of th@ pnction were first comprehensively
understoodby William Shockley, and his findings were published by 12980 [10].
Consequently, the understanding afi junctions paved the way for growth of the solid state
semiconductor industry in developing micro and macro devices such as diodes, transistors
and integrated circuitExploitation of PVdevicesadvancednore rapidlyint he ear |y 197
when the semiconductor technology had been better understood and methods for design and
fabrication of semiconductor devices had advanced significfiitly A detailed description
of the principles of operation for solar cells is presented in section three distestation

The literature[12] suggests that silicoRV modules were first designed and fabricated
for outdoor use in 1955. This effort was attributeed Bell laboratories in the aim to
investigate methods for powering telecommunication systéihese PV modules were
restricted to spacecraft applicatsdior about 20 years post 195R2]. At this point, the race
for terrestrialPV power systems had beguBy t he ear | y 1 9t&bndlegy s e mi
had advanced enough to allow for the development of very large scale integrated circuits,
presaginghe development of silicoRV technology for energy use. Increasing demand for
electrical energy brought about theewaluation ofPV systems for terrestrial applicatigns
stimulated rapid developmefit2]. By 1976,somestandardization inhe manufactuing of
PV modules for terrestrial applications hddveloped, andV technologywasshown as a
viable source of electricity fordrrestrialusesin small scalamplementationsHowever, i
wasalso apparent that further developmehthe silicon PV systerwas requiredo improve
reliability and efficiency By 1981, standards had been establistoed®V modulequality
control with the Jet Propulsion Laboratory publishitige first module qualification under
the US Department ofEnergyd s  ( [bwW-Eopt solar array prograrfl3]. This set of
gualification testsbecame the déacto standardfollowing the US governmab $8lock V
purchase of moduld41, 14] Alternative technologiesuch as amorphous silicon, cadmium
telluride (CdTe) and copper indiundiselenide(CIGS)-based solar celldbegan to emerge
creating a challenge fahne utilization ofthesingle qualification standard for &\ modules
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[14]. The increaskinterest and researchto PV led to the proposal and implementation of
various standardgor reliability, safety and qualification for a wider spectrum Y
technologieq13]. Existing standardsindergocontinuous evolution as technology growth
and development occurs. Thayclude the American Society for Testing and Materials
(ASTM), and the International Organisation for Standardization (IB@ntained by the
International Electrdgechnical Commissio(IEC) [15].

Despite the relatively poor performance of early PV systems, support continued from
government agencies and businesses alike (perhaps influenced by the powenf ¢hsi
ear | y [12D Thatoperceived solar energy as a clean sustainable and renewable
alternative energy resource. By the year 20@@provements in technology had brought
about upgrades in characterization and qualification procedures for PV modules, and the
financial value of the industry in the global energy market reached-hillitth dollar values
[14, 15] The average price of solar enettipgn dropped to $4/Wlargely due to increasing
system efficienies and dwindling process cost. Figure? lllustratesthe learning curve for
solar electric energy cost per watt between 1985 and, 204j@¢ced into the future. Future
projection suggests awitinuous decrease in cost as the industry continues to mitiifee

projection curve is likely to soon trend asymptotic, with suggestions that this nizgtdve
$1/W15i 17].
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Figure 1-2: Learning curve illustrating cost reduction in installed PV systems between 1990 and 20¥tapted from
[16].

Advances in the design and development of solar aldd rapid improvements in the

conversion efficiency of silicon cel[d2] which helped raise expectations for the efficiency
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of possiblecommercial modulegrigure 13 illustrates the evolution of commercial silicon
modules between 1955 and 200%e curve indicates the development rate, with a slope
variations indicating periods of major breakthrough in silicon cell growth and processing
techniques.A burst in improvement is noted in thearly 1950swhen solar cells were
designed for spacapplications Another jump is noted in the early 1970s when renewed
interest in terrestrial application fueled the research in solar cells. Subseqaqueiyod of

continuous improvement is noted post 19B3.
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Figure 1-3: lllustration of the evolution of efficiency for silicon cells.The black data points represent data from the
University of New South Wales, AustraliaAdapted from [12].
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Figure 1-4: lllustration o f the evolution of commercial silicon module efficiency. The bars show the upper and lower
performance limits of modules commercially available, based on the nominal output of the module as specified by
the manufacturer. The solid line is a guide to the ey Adapted from [12].

Jafaru Mohanmed, 2013 6



Figure X4 illustrates the growth of silicoRV moduleconversion efficiencies between
1940 and 2000. By 197@jgh density packaging allowed for nominal module efficiesof
~4.5%][12], with a reported price of $100/W (1974 Australian dollars).1By2, a French
company(RTC, a subsidiary of Phillipsdeveloped modules with a reported price of US
$50/W in small quantiés and US$20/W in large quantities. By 1973, a report of prices for
modules at US$39/Wor 1000 quantitiehad also been sedth2]. Another report quoted
US$20/W for 1000 quantities by 19738]. Following this period, by mid970s the US
government had begun large scale sponsor prograrfififand interest had been sparked
for terrestrial use oPVsin remote area telecommunicatio@®onsequently, further research
led tomorereliable modules. By 19736, module efficienes werereportedto bebetween
4.8-6.5% with module price®f US$2039/W (1980 dollarg[13,200 A #fA Bl ock |11 pt
by the US government beten 1976 and 1977 involved moduigesgh efficiencies of 6.0
7.4% with price range between US$124/W (1980 dollars)[21]. 197879 witnessed
moduleefficiencies of 6.588.4% with price drops to $USATB/W (1980 dollarsj13, 20] By
198081, major PV module manufacturergvere usinga laminated module approach to
increasehe durability and reliabilityof modules andby 19818 5 |, post ABl,ock V
major modules available exhibited efficiencies above 10%.

By 2005, thephotovoltaicsindustrywas on the cusp of exponential growithough
still expensive due to the high costrafv materialsandrelativelylow module efficiencies,
modules were manufactured in large quantities and trasign wasmade to allow
productiveoperationover twenty yearperiods.Governmers aided thiseffort in countries
like Spain, Germany and the United States of AczerfUSA) by providing lucrative
incentives to investor$l5]. The provision of incentives was tdrive PV technology
development to grid paritgs rapidly as possible. The culative global capacity of PV grew
about 56fold between 2000 and 2011, reaching nearly 70 [@0Y. In southern and eastern
Ontario, it has been suggested that PV will reach grid parity by[20].8

In addition tosilicon PV technology(which include monacrystalling poly-crystalline
and amorphous silicomateriak), the quest for cheaper materials and higher module
efficiendesled tothe development afionsilicon basednaterials for photovoltaic€opper
indium diselenide and related compour{dsich include CuGaSe CulnS and the alloy
Cu(In, Ga)(S, Se)known asCIGS) provide a series of thifiilm PV technologieswith
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complex material propertighat appeared very promisingthe early days aheirdiscovery

[14]. The process conditions were very flexible and allowed the establishment of well
controlled systems for multisource-ewaporationwhich launched CIGSsathe forerunner

in thin-film photovoltaics. Current methods for the production of CIGS cells are lmased
mid-1980s methods devgled by ARCO solar which involvettie sputtering of metal films
with a subsequent selenisation stdj2, 16] The addition of Ga and S helgpto increase
efficiency [14]. Another thinfilm cell technology is based ocadmiumtelluride (CdTe)
which has produced cells with efficiencies of up to 16% and module efficiency of up to 10%
[14]. Ongoing research aim& significantly increas the efficiency as it holds great
prospects for large scale photovoltaics dugh®CdTe materiad $olerance to dislocation

and its easeof production[14]. The quest for higher efficienciedso brought abouthe
development of tandem cell and concentrating systenepBgixially stacking solar cells, Hi

V materials have been successfully used to create-jantttion solar cell{MJSC) Such
MJSC typically exploit oncentrating opticthat deliverhigh intensity solar irradiationonto

the cell,allowing smallercells to be used anthereby reducing coge2, 23] Figure 15
below presents the popul&REL illustration of historical andpresent best research cell

efficiencies.

Best Research-Cell Efficiencies IINREL
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Figure :5: NREL6s <chart of the best r e s eP¥ techhologies bver tireefCliriert i e nci e s

multi -junction cell technology holds the highest efficiency record of 44% where silicon crystalline cells seem to have
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leveled out at a maximum of 27.6% efficiency[24]. The slope of the curve for efficiency growth in multijunction
cells suggestsdditional efficiency increase is expected in the future

1.1.2 Renewable bergy for SustainableDevelopment

Sustainable development as defined by the Brundland reportis described as
Adevel opment that meets the need of the pre
generations t o meemprigedim® ifactorsn(le thel soncpt ofaneed i t
especially thoseft h e wo r ladd@23 thepdeawfr limitation, which technology and
social organizationmposeon t h e e nsvabilityotmn meetnpte$ent and future needs
[25]. A sense of responsibility towards future generatingesa general consensusven in

fast developing economigthat there is a need to develop sustaingb]y The increasing
global population and the grolwv of consumptionimposes acontinuedincrease in the
demand for energy. However, the current dependence onenewable sources of energy
pose significant issues that contradict the terms for sustainable developrAent.
complementary perspective is givey posing the question of how development can be
sustined when fossiland othernonrenewable energy resouscéecome depletedin
addition there is the emission of toxic waste that accumulates for future generations. The
degradation of the environment llge deposition oftoxic materials has a potentiab t
indirectly hamper the ability of future generadn meet their need3he choice of energy
resource for development determines the abilitgariety to develop sustainal26i 28].

Hence, to achievesustainability we must shift our energy dependence to clean and
renewable energs PV technologies using semiconductor materials to directly convert solar

irradiation nto electrical energis one such clean and renewable energy.

1.1.3 A Brief Introduction to PV Systemsand their Limitations

Fundamentalphysics constrains the ability oPV technologyto convert incident solar
radiation into electrical energyt is the band ga of thematerial from which a P\tell is
formed thatdetermines the wavelengths of the incident spectrum available for solar
absorption.Factors such as carrier recombination, carrier life time and the probability of
electron/hole generation via photorcgation in a solar cell provide a basis for determining
the theoretical limit for various solar cell technologi€ell efficiency d is a gauge for

performance and it is calculated as the ratio okthetricalpowerP,,; generated by the solar
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cell to theoptical powerP;, incident upon it, the latter standardizedthe irradiance from an
AM1.5 spectrum normalized to 1000 k.

A PV device such as a silicon solar cell produces its electricity by absorption of photons
from the solar spectrum with eneggiabove its bangap its complex refractive indexs
¢ & "QOhe external quantum efficien¢EQE) isthe wavelengtidependent function
of the ratio of the number of electrtnole pairs collected by the cell to the number of
photonsof a particular wavelengtincident on its exteriorSome of these hptons are
absorbedsome are reflected) fgroduce electroiole pais, as described in Figure 1, but
not all pairscontribute to the device current (some pairs recombi®) a single bandap
material, the rate at which photons are absorbed per unitelgagth per area
(number/s/rfiinm) is

¥ —— 000Q (1)

where'Q_ , the spectral irradiancés the power per unwavelengthincident per area on the
cell W/m%nm), andO _ is thewavelengthdependenphoton.

Among the various solar celtechnologies, one method for improving cell efficiency
involves the use of tandem cellBhesecomprise multiple bandap materialghat absorb
differing portions of the solar spectrum. A common tandiar cell is formed fromlll -V
semiconductor groumaerials,with subcells of GalnP, InGaAs and Ge. In thesaarcells,
subcells connected by a tunnel junctioare stacked in series to increatbe overall
absorption from the incident solar spectrurRigure 16 illustrates typical EQE
measurements fohe three sulzells of a I1-V triple junction solarcell (right axis), and the
consequent photon flux absorbed (left axiglptted againstwavelength.The reference
ASTM G173 AM1.5Dspectral irradiance is shown by the solid black cuRa each sub
cell, the spectral energy absorhbisgroportional to the EQE and the aesch dashedurve
yieldsthe subcell current
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Figure 1-6: Photon flux absorption in proportion to EQE for a sample triple junction solar cell with sub-cells cell 1,
cell 2 and cell 3.Each subcell is designed to absorb specific portions of the photon flux available depicted by their
band-gap thereby increasing efficiency. Sufficiently more sulgells could be added to further increase efficiency
however the selection of materials isiited by their lattice constant

The bandgap of subcell materials for such tandem cells determitmesrange of photon
energies available for absorption. Foe examplein Figure 16, subcell 1 isa 1.8 eV band
gapAlGalnP materia) subcell 2 isa 1.5 eVband gagnGaAsmaterialwith added quantum
dots and subcell 3 is elementalGe with a0.67 eV band gap Each sukcell allows for
selective absorption of the incident spectryghoton energies higher than thend gapof
the materialare absorbed whe lower energies are transmitted to be absorbesubyells
with lowerband gap. In thisexample cell 1 being the topub-cell absorbs photon energies
greater than 1.8V (light with wavelengtk below 689nm), cell 2 being the middlsub-cell
absorbs poton energies greater than 188 (light with wavelengtk from 6897 919 nm)
and cell 3 being the bottosub-cell absorbs photon energies greater th&7 @V (ight with
wavelengthfrom 9197 1851 nm). Photon energiesutside the absorption band of theatb
cells (wavelengths longer than 1851 nmd not contain enough energy to generate an
electrm-hole pair in any of thesubcells. The materialsbeing transparent to these
wavelengthssuch photons are not harvested and their energies are therefore lost.

Additional losses which limit the performance of semiconductor solar cell mataisal
occur due to thermalization. Thisnbe described as the loss of enetgphonon emission
or heat when photons with energies well above the matéaad gapare @dsorbedWhen
photons with energies in excess of thend gapgenerateelectronhole pais, the excess

energy appears as carrier kinetic enerfige rapid dissipation of this kinetic energy is
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known as thermalizatiorthe electroa (holeg coming to rest tathe bottom (top) of the
conduction (valence) band heaing up the semiconductor latticeAn increase in the
semiconductor temperature can alsducethe materiaband gapFigure 17 illustrates the

thermalization process.

A Diagram I A Diagram II
D
A \‘
Ec . Ec .
[ Ec Epn Ec
Electron/Hole pair creation Electron/Hole pair themalization due
from photon absorption Eph ~= Ec to excess exitation where Eph >> Eg

Figure 1-7: lllustration of thermalization of an electron/hole pair. The diagram on the left represents the excitation

of an electron/hole from the valence to conduction band where the photon energy Eph is relatively close to aed

gap EG. The diagram on the right represents a siiitar excitation with photon energy greater than theband gap

energy. Thermalization occurs and is illustrated as 06cd6 w
bottom of the conduction band

A loss mechanisnunique to tandem cellslue b the seriesnterconnectedub-cells, is
current mismatch which manifests as electrdwle recombination (predominantly
nonradiative) A tandem celcanbe illustratedby a simple circuit diagram having dc power
supplies connected in series. For sadircuit, the overall current produced is limited by the
power supply producing the least curreStnce tandem cells are typically designed for
maximal efficiency at a reference spectyudaparturedy anincident solar spectrurfrom
this referencenay chage the current produced by eashbcell, and thus the tandem cell
efficiency. A detailed discussioaf the variationin the incident solar spectrum is presented
in this thesis.

In all PV systers, lossmechanismslue tothe opticsthat deliver light tothe solar cell
also reducesystem efficiencyFor CPV systers, nonrimaging lens, focusing mirrors and
light-guiding optics are all elements thgplay a significant role in the overall system
performancelLosses arise from such elements as not just direcniasion losses (such as
individual Fresnel and absorption losses), but also through their modification of the spectrum

transmitted to the tandem cell, as noted above
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1.2 Research Motivation

Motivation for research in photovoltaics is driven globally byegheergingconsensus on the
need for cleaner renewable energy for sustainable development. Achaegnegner future
requiresbetterunderstandind@uture energy sources, which in this dissertation is solar energy
A key consideration to effectively harvesithe solar resources understandingfs variation

in temporal and spatialimensions since these impact theconomic decisionslriving
investmentinto the technologyEnergy yield analysisnust becarried out to determine the
PV potential of a given & overthe investmenperiod. With better the input data, in both
time and space, more accurate energy yield models may be constructed.

Persistentincreass in population, urbanization and developmental growth combined
with modern lifestyles requiring lge scale manufacturing, construction and commerce lead
to very highenergydemandg28] with escahting costs as nerenewable energy sources are
depleted To ensure the availability of energy for future consumption, as well as a safe
environment free from pollutants, such costs must be comprehensively understood, and
should include such externalities atmospheric pollutants and greenhouse gases (GHG)
emissions.To achieve these goals and mitigate future energy crisis, action must be taken
now to develop and utilize alternative renewable and sustainable deehgyplogysuch as
wind, solar and hydr@nergy.This need to develop and utilize new technology for energy
productionprovides the essential motivation for researchigcs surroundingCPV solar
energy systems in this thesis.

The PV industry has long used measured datasets like the Canadignemenergy and
engineering datasets (CWEEDS), or simulated data from atmospheric radiative transfer
models such as SMARTS2, to provide energy yield estimates within acceptable error
margins. Their use has been employed in energy evaluation applicatkeges such as PV
Watts and R&creen. Spatial and temporal variations of atmospheric constituents like
aerosols and perceptible water vapour impact the components of the incident solar spectrum
(direct and scattered) to various degrg}, and are of particular interest to CPV research
since tandem cells use spectral piarting to increase efficiencylhe cloud sensitivity of
CPV systems is considerably higher than that of PV systemsesearch suggests that CPV
systems mawlsobe more sensitive to spectral variati¢®8]. Hence the assumptions which

allow PV systems to explt existing solar resource datasets faccurateenergy vyield
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evaluation may ndbe truefor CPV. This has motivated a study of thkaracteristics of the
local solar resourcanddrove the implementation of database architecture for acquiring and
storingspectral measurements and atmospheric datarat2e intervals. The data, from the
Uni ver si t ySUNUAB APECSatestssife sprovidehe basis for analysinipe local

spectral sensitivitpf energy yield models.

1.3 Thesis Objectives

This thesis addeses four specific objectives: (1) developing software tools for measurement
systems; (2) the acquisition of solar spectra, their databasing and analysis; (3) developing
faster photovoltaic models; and (4) CPV energy yield analysis. These objectives are
described more comprehensively below.

Intuitive software packages enable researchergerform required tasks in efficient
ways saving time and increasing accuracibg reducing measurement error§he
development of aurrentvoltage (IV) curve acquisitio package was required to allow
measurement of IV systems using a Keithley or Kepco power supiiya Spectrolab solar
demonstrator(XT-30). Likewise, userfriendly software packages to perforoell spatial
uniformity measurementdight source spectrapatial uniformityand cell reliability tests
were developed

A solar test sitavas instrumented dhe University of Ottawa to measurealit normal
spectral irradiancé)NI and a range of meteorological conditio8sftware and architecture
designwas required for the collection and storage of highly temporal datasetprtomote
ease of data retrieveData collectiorwas implemented using dedicated computer system
with adequateutonomousoftware packagecapable of acquiring and storing data recorded
from the outdoor instrument$he datasets were used for location specific spectral analysis
and theevaluationof the local solar resource within the context of local meteorological
conditions

Faster PVmodels enable assessingvery large datasets atninimal cost. Functional
simulation concepts have been proposed RBdf cells using a single or double diode
equivalent circuit mod€31, 32] Conventional methods for implementisgchsimulatiors
with sequential calculatioronsume considerable tim&n object orienteduneablePV cell

model with parallel programmingas developed tensue result accuracy withx@onential
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reductiors in bulk simulation tims. The object characteristics of tR& cell model provide a
window for indepth probse of cell parameters while grsistentdatabasestorage ofthe
simulated cell model allows for post simulation detadedlyss.

Considering the economics and financing involved, energy yield analysis plays a critical
role in feasibility studie for CPV system implementatioSince CPMs sensitie to spectral
variation [30], which in turn is impacted by meteorological conditions, ardepth
understanding of the local temporal meteorological effect on CPV energ)ig/ietededo
assist inong term predictive energy yield evaluation for site specific CPV feasibility studies.
Usingour Ottawa locale as a case sturthe measured spectrdatasetsvere compareith
other datasetsepresentingistorical norms to constructively quantyf the various factors
that affect energy yield evaluation. Using detailed CPV modelserteegy yieldanalysis
involved temporal characterigion of variaions betweerthe measured and other datasets
determining theoverall effectof factors such asloud cover andaerosols on various CPV
architecturesboth at thecell and system level

1.4 Thesis Overview

Five chapters encapsulate theain contens of this dissertation Chapter onédnaspresengéd
an introductiorto the background dPV systens from an historicaperspectivenoting both
theneed todevelop and utilizeustainablendrenewable energgources and the challenges
faced in their realizatiarAn historical evolutionof PV systemavaspresentedand thebasic
physical and practical limits to its implementatiovere highlighted The introduction
providesthe background for discussion$ various factors affectin@V energy production
and usagesuch asthe solar resource and its relationship with the local atmospheric or
meteorobgical conditiols and the economics involved in the implementation of grid
connectedPV systems

Chaptertwo discussesissues that relate t®V and CPV systemsreviewing the
fundamentals behind the nature of the incident solar resdtifoeuseson the atmospheric
absorptive components responsible faitering the extraterrestrialblack body spectral
profile. Here, ai Bnple Model of theAtmosphericRadiatve Transfer ofSunshine version
20 (SMARTS2), is exploitedto simulatethe spectral distribution and power of the solar

resource An overview of the APECS test site at thé&niversity of Ottawa is given
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presentinghe data acquisitiosystemandmaintenance procedurés quality control of the
recorded dataset.

In chapterthreg instruments andoftware tools developed for characterising and testing
CPV systemst the University of Ottawia SUNLAB research latare discussed within the
context of their development, operati@md results.A single diode modelbased on
publicatiors by Sakurada and Varshjdl, 32] is presented andstussed. Their theonyas
used to develop a java applicatiavhich utilized object orientegorogrammingtechniques
to model PV cell responseThejava applicatiorutilizes parallel programmingnd database
storagemethodsto speed upsimulation time andallow storage of runtime results for
recurrent post analysis.

In chapter four, an algorithm to reconstruct the spectral distribution of the solar
irradiance from parameterised aerosol optical ddpth(taken from measured irradiands
presentedDatagathered from the measuring instruments on the APECS teshistt&jcal
data and typical meteorological data wagdin themodel. Acomprehensive approagias
taken toguantitativelyde-convolute temporal effectshat may affect long term CPV energy
yield analysissuch as meteorological variations, atmospheric aerosols anthes. A case
sturdy was performed for the APECS test ggangthe measuretemporal spectral DNI data
sets. Using PV system simulation software introduced in chapter 3 constuctive and
deconstructive comparisons were carried out on various energy Yield recipes.

In chapter 5the simulationsmodels and result®e summarizedrhe advantages of the
systens developedn chapter 4 are discussed ahdir practical limitations ge highlighted.
Suggestiondor further investigation are proposed in the context of sustainable renewable

energy.
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2 The Solar Resource

To effectively analyseenergy production PV systems, modellingnd simulation othe

solar resource is necessahy.this chapterthe fundamentalsf the solar radiatiomncident

on t he e aaredescsbedsndtnef at @ati onshi p between the
observed solar radiatias explainedn terms of its spectral distributio€alculation of the

sola azimuth and elevation angles is necessary for crude tracking in dual axis trackers which
is necessary for CPV system implementation. The algorithms presented in this section

explain the equations to derive temporal solar aginand elevation.

2.1 Introducti on

The sun is the centr al ener g)33gltasraelasaG2Ao r wi t |
yellow dwarf star having a radius 0f96.x 10’ km. Nuclear fusion of hydrogen at its centre
produces radiant energy with helium as a wést@roduct The mean radiation intensity
from the surface of the sun is®x10 (Wm™sr?) for an integrated total of @ x 10°° W
[34]. A small portion of this solar energyr r i ves at the earthodés sur
on the planetAll natural cycles necessary for life on earth which include rain, wind,
photesynthesis and ocean current are directly or indirectly driven by the solar radiation
incident on the earth.

The energy from the sun is radiated by its corona at an effective blackbody temperature
of about 580K. At the meanEarthSun distance, the sunlgands a solid angle of 9.24
milliradians (or®3 ) , t hus the sun is truly not a poi
truly parallel[34]. For the given portion of the solar energy received by the @éaghmean
distance between the earth and sun 60% 10° km limits the power of the radiation
reachingthetopf t he earthoés at mo3dpmoenmé Theelliptedd out 1.
nature of the earthodés orbit causes variatio
Earthds radius vect or[34] Thie distahce isramuhe perihelibn a b o u t
where the ditance is closest tihe aphelion where the distance is farth@3te variation in
distance causemninversely proportional variation in solar radiation intensity received at the
top of the eart ho s ahereRisshe laeius eectabreneanteatdun by 1/

distanceFor this reasons, the solar radiation intengégiesannualy from December (1414
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Wm?) to July (1321 Wrf). Complementary causes for variation in the incident solar
intensity at the top of tohsein beightnesshad the sart, mo s p |
sunspot cycle and solar oscillatioNghere calculations of the solar resource incident on the
eart hdés aheextatepdstaalireadiafice) are required, adequate corrections are
incorporated taddresghesefluctuaions. The total annual energy received from the sun on

the earthds surface i s°kwhwhichisarore thantthe gldba ab o u
energy need in the year 2000 (¥1KWh/a)[33] by a factor of 1500.

Sol ar energy incident on t he athespheredwisichsur f a
contains gaseous and aqueous molecules that absorb solar radiation as a function of
frequency. Diffraction, reflection and partial transmission by atmospheric constituents splits
the solar irradiance into several components #tibit distinctive characteristics and
relationship. These components include the direct beam, global horizontal and global diffuse
irradiance. A range of simple to complex algorithms exists for modeling the atmospheric
radiative transfer of sunshine to estimate ¥arious irradiance components. For the various
configurations for acquiring irradiance data, plane transfer algorithms also exist for
modelling sunshine observations at various planes.

The period and duration of sunshine depends on factors such asphyecajréocation
and weather conditions. The amount of radiation incident yearly varies for various belts of
the planet. Locations at the northern and southern hemisphere generally receive less radiation
when compared to sub and middle belt areas. Meastimingolar irradiance incident on the
e a r tsurfécs requires a plethora of instruments in varicousfigurationsto coverthe
irradiance components. The spectral distribution of solar radiation is measured with
spectroradiometers sensitive to wavelengthetween 280 and 4000 nanometers.
Pyrheliometer and pyranometer instruments are designed for absolute measurements of the

direct beam and global horizontal components respectively.

2.2 Earth and Sun

Electromagnetic radiation from the sun spans the electroriagpectrumfrom X-rays and
gamma rag ranging tovery longwavelength radio wave#n the context of this dissertation,

the range of wavelengthwill be restricted tospectralregionsrelevant for CPV systems,
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namely that between the ultraviolet (UV,dgo@ning at 280hm) and the near infrared (NIR,
ending at 4000m).

221 AEA %AOOESO )T AEAAT O 311 A0 2AAEAOQEIT I

The sun $ a black bodyadiator whose surface temperature is approximately 80the
sun has a spectral emission that can thus be characterisee BtefarBoltzmann and
Planck Radiation Law. The Stef#oltzmann law,a relation which describes the power
radiated from thélack bodyas a function of its surface temperature is given as
o -, "¥o, 2

where 0 is the errgy flux density; is the emissivity for the emitting surface, is the
StefanBoltzmann constant p& Y T@p 1 (J K?), 0 is the area of the emitting surface in
meters,”Yis the temperature of the surface in Kelvin, @and the time in whichthe black
body is observed in seconds.

Pl anckds Radi at i electromagneticadatore emittbdeosn a tblhck

body d thermal equilibrium for any given temperature as

o_AY — —— 3)

where O is the spectral irradiancer radiant flux per unit areavhich is a function of
wavelength_and the absolute temperatifg Qs H an k 6 s agdpq@adagrt (Js)
and G is the speed of ligih vacuum constanat ¢& wax ¢ v 1 (Ms?). Using these
eqguations substituting theappropriatevalues for the surthe overall power incident on the
earthés at mos p hHEe Rlandak theory lprevides & first apprdximation to the
spectral distributiomf the sun34].

Researclsuggets thatthe sun is not a perfect radiator nor is it of uniform composition.
In estimates,hte sun is elementally compakef 92% hydrogen and 7.8% helium. A smaller
fraction of the sun to the tune of 0.2% is made up of a mix of about 60 other elemeahts whi
are mainly metals such as iron, magnesium, chromium, carbon and EBi¢@6] Knowing
this, advanced models have been developgdadict its specal irradianceOne such model
has ber developed b¥urucz[35, 37, 38]who usecelemental compositions to compute the
spectral irradiance at relatively high resolution. He predicted a significanttalepiom the

black body radiation.
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Figure 2-1: Simulated values for extraterrestrial i r r adi ance at the top of the wearth
SMARTS?2, plotted against afiperfectob| ack body radi ati on b aswwithatamperdduee Pl anc k 6
of 6000K.

Figure 21 presents a simulatddw resolution extraterrestrial (ETR) spectrgontrasted
with an ideal black body radiation spectrum based on the Planck function for a temperature
of 6000K. At specific wavelengthm the infrared region beyd 2 um, it should be noted
that the differences are minimal between the two spectra. Significant differences at the
shorer wavelengtls are a result of partial absorption of radiatitargely arising from the
various constituents of the sun earlier dssmd. Each unique elemental constituent of the
sun absorbs the spectrum witlspecific characteristic; hence lines or bands are noted in the
resultant spectrum which corresponds to absorption by unique materials. Thesgrdines,
observed by Fraunhofeare named after hifi34].

2.2.2 Earth-SunTemporal Coordinates

As mentioned previously, sol ar radiation fr
atmosphere is referred to as #wdraterrestriaradiation. Varying swearthdistance due to
the revolution of the earth ats elliptical orbit, among other factordetermineshe power of
the incidentextraterrestrialradiation. For the purpose of describing the solar resource
available on earth andsiperiodic temporal variability, is therefore important to understand
the movement of the earth in relation to the sun.

Gravitational forces between the sun and the earth keep the earth revolving around the

sun on an elliptical patk nown as t heThe earth iB diled oo ram axts
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appr oxi ma telatlve/toit @hitad plage In the month ofJune the position of the

earth on its elliptical orbit is such that the earth is at its farthest distance from the sun
(summersolstice) anddue to the earth axial tilt, the northern hemisphere is pointed away

from the sin in December and toward#e sunin June In the months of March and
September,the northern hemisphere is neither pointing to nor away from ste
(equinoxes. The periodic nature of the earthoés rev
recurrentdate periodsvhere the eartls farthest,closestor at specific positions relativie

the sun. The winter solstice (December 22nd), summer solstice (June 21st), spring equinox
(March 21st) and fall equinox (September 23ddhote specific date periods the earth

orbital cycle where the earunrelative position is of interest

B March 21st

Pecember 22nd

123.44"

~152 x 10° KM ~147 x 10° KM

June 21st

September 23rd

Figure2-22:The eart hds el |l i pt i(exagyerated)dnowingan axialvilhod abouh?2e3 .s4dre r el at i ve
the elliptical orbital plane. The northern hemisphere points away and towards the sun #he winter and summer
solsticer especti vely while the earthds axis is perpendicular

periods inthe yearasillustrated correspond to the four seasons.

From a fixed point on the earthossokther f ace,
earth correspondo an observed apparent movement of any given celestial bamty.
example an observationfahe sun from a stationary point d¢ime earth shows that the sun
appeardo rewlve around the ednt Howevey due to the tilt of the eartbn its axis this
observed movemetibllows a parabolic pathiThe observed velocity of the sdollows the
e a r totatiors Hence the position of the sucan be denoted at any given time and location
from its horizontal and vertical angular coordestRight ascensiors the former, and it is
measured eastward along the celestial equator from the vernal equirethemnhours or
degrees; the declination angle is the latter, and iteasured north (positive) and south

(negative) of the celesti al equator . By di

Jafaru Mohanmed, 2013 21



movement of the sun along its right ascension. Consequently, at those times during the
earthodés revol ut i o mterselte theeequatbrial plane, bhe deealihatiopsi o n e

the sun are equal to zero. Figur8 8hows the celestial sphere that illustrates these positions.

Celestial
North Pole

Tquitorial Plane
(Earth's equator projection)

Figure 2-3: A representation of thee a r tcaldgstsal sphere. The equatorial plane is a projection ahe earthd s
celestalequat or to a position in space. The earthés rotational
extended. The diagram illustrates aight of ascensiom of 6hours,or 9 0 ¢ f (Adapted foen [38]upage 10.

At any given time of thgear, the declination can be calculated as

1 @ uUOQei @ LIDQE—Q Yp , 4)
whereQis the day of the yeawith January T asday1. Equation (4)is valid forall nonleap
yeas and may be adaptddr a leap yeaby replacing 365 with 366. Ehcelestial sphere
(Figure 23) must be tilted to adjust for the offset in the celestial north and south poles due to
the observerods | atitudi n-d.llt shuwdshe tnoten that foas s h-
different latitudinal positions, the closerarsobr ver i s t o t htheadoseuat or
the equatorial plane isto the zeh h ( per pendi cul ar pl)d3®le t o t
Hence, for an observer positioned geographically on the equator, the sun would appear to
travel directly overhead on the spring and f
to t he e aThe localsmeraionalipene uns t hrough the aartho:e
shown in Figure B3 and Figure 24 and is perpendicular to the local E&gest axis
synonymous to the longitudinal axis.i#t defined bythe three directionsdue north, due
south and the zenthf o det er mi ne the sunds coordinate
combination of parameters must lgedto determine right ascension and declination. These
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parameters include the o0bs e mooaletimé @s disaudsedt ud e

below).
Local Meridional Plane
3
Zenith
s‘?'*’fo,,,,,
$ D’SS
‘ADQ 2 Celestial
2h Solar North Pole
Declination
West
-3h'
-4h e
Observer at 45° N Latitude North ®
-5h
-6h

East

-7h
Figure 2-4: Relation of solar anglesfromamobs er ver 6s perspective as seen in the n
north and south directions are in the plane of the page. The east and west directions are out of anditite page
respectivel y. The zenith Iine is perpendicular to the ear
page and is defined by the north, south and zenith points. The equatorial plane is perpendicular to the polar axis
about which the celestial sphere rotates. The solar houranglea, i s t he angle between the sun

the solar noon that is due south and measured along the equatorial plane in hours (abe@thours in this Figure).
(Adapted from [39]).

The solar hour anglé@d denotes the difference between the current position (right
agension) of the sun and its highest position for the day (known as the solar noon). It is
calculated due south and measured in hours along the equatorial plane as shown in Figure 2
4. The hour angles measured in units of time argused tepecify how bngit will take for
the sun to reach the solar noon or how long ago since the sun reached the solaomoon.
each revolution of the earth along its axignsidering the relative motion of the sun
observed by an observer at a fixed locatmn earth, agpreviously discussedhe earth
rotatesaa r at eertlwdr antklte gquivalent hour angt®rrespondert o a 15e€e r ot @
is one hourFortimes prior to solar noon, the hour angle is negative, while for times after the
solar noon, hour angle is pbsi v e . Sol ar noon i s that poi nt
intersects the local meridional plane. At this point, the hour angle is zero. From Figute 2
is seen that the sun lags solar noon by 2 hours, th@bis, ¢

To accurately employ the appat position of the sun, corrections must be made to
adjust for thebehaviour of thee a r tdtionsaround the sun. To quantify this, we carefully
consider the rotation of the earth as it revolves around the sun. This rotation occurs at a

virtuallyconstah r at e due to the eart ho $39.cNenafimer vat i c
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the mearsolar dayas that minimum time interval for which the sun appears over the same
meridian, defined to be equal to 24 hours. This is in contrast ®idbeeal daywhich uses a

distant star, rather than the sun, as a fixed reference. With refeieice distant star, the
motion of theearthi n it s or bit i's negligible, so the
Because the earth rotates in the same direction as it revolves around the sun (prograde
rotation), there are one fewer solar days yssar than there are sidereal days and hence the
earth rotates more than 360e in one solar d
minutes, 4.1 seconds long, abouhifiutesshorter than a solar day.

Duetot he el l i ptical ntathewerae trebofuton praxeedsdastt h 6 s o
when the bodies are closest. Since a day is fixed at 24 hours, consequently, for every true
solar noon when the sundéds path cuts througt
clock time would be differenfThe deviation of true solar noon from that stipulatedooyl
timeis expressed by trequation of times[40]

O MinunmnyxmtnpPAdiO Mo O T Mip Ad® mtt O, (5)

with 1 —, (6)
wheret is the day number with January s day 1Equation(5) provides alaily value that
denoteshow many minutes the sun is behind or ahead of the local meridian at solar noon.
For example, the local meridian att@va, Ontario Canada is aboth.69N which is 4
hours west of the Greenwich meridian¢ | ongi t ud & pquatioD(d) prodacesiaa r y 1
result ofO o& uminutes, meaning thdke actual solar noon i8.75 minutes after local

noon.

Jan 1 Feb 20 Apr 11 May 31 Jul 20 Sep8 Oct 28 Dec 17
200 - -

15.0 1

——Equation of Time

Equation of Time (minutes)
o
=3

1 51 101 151 201 251 301 351
Day number, n

Figure 2-5: lllustration of the equation of time in Ottawa, Canada for the duration of a year. Adjustnents have been
made to cater for the earthdés tilt angle and its noncircul
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For everyfixed observation poinb n t he e ar tomdnstiorsofithed arcteh 602 t i
andits orbital revolutiongives a unique relationship between Huar declination and the
hour angle. When plotted out over the year, this provides the solar analé&igoma 26

presents the solar analemma for a position in Ottawa, Ontario, Canada.

250
Jul 1%

Jun 1%
200
Aug 15t (

. May 1%t

—Solar Analemma
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(=]

-10.0

Jan 15t

-15.0 -10.0 5.0 00 5.0 10.0 150

250

Hour Angle (minutes)

Figure 2-6: Solar analemma for Ottawa, Canada with coordinatesof a ppr oxi mat el-y5 e4\8.e NS calnadr
declination is plotted against the equation of time

2.2.3 Solar Elevation and Azimuth

The previous section introducétk relationshipetweerthe movement of the earth about its

axis andits orbit aroundthe sun; this sectimm discusses the coordinate system used for
referencing or defining the position of the suith respect to a fixed observent he ear t h o6
surface.The zenith is defined as an imaginary point directly alloree o0 b ba@tion er 6 s
[41],or 90e to the astronomical hor i suldemded The s
by thezenith and tb sun[39]. The zenith exists as a fundamental reference for defthang

altitude of the sun as illustrated in Figure72 For any location, by computing the vector
product of the nor mal to the earthés surfac
cosine of the solar zenith angle can be obtained; the complemdrg sblar zenith is the

solar elevation, also known as the altitude. For example, if consideration is given to a
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reference coordinate on tequatoriaplanein the celestial sphere as presented in Figwte 2
with pointsx defined along the eastest axis,pointy defined for the point of intersection
with the local meridian plane and pomtlefined for the celestial polar axtbenfor a given
latitudinal position in degrees the normal to the surface woul@%je
¢ BN G W2 AT OO0 0 Q0 GOMET o Q0 6 QQ (7)
The correspondig unit vectorfrom the sun to the observer is dependent on the tilted
equatorial plane with an offset of the solar declinati®® and t he(@sasnds ho
shown in Figur@-3 and 24 respectivelyand can be illustrated E&9]
(08 AT OQOE® wAl OQAT '@ dzO0EQQ® (8)
Computing the dot product of the normal to the surface with respect to an observer and the
direction of the sun yields theosineof the angle betwen the two. The angle between the
nor mal to the sur f ac esolaredithdehotedl @ nds directi
i @O OEd OO QOOEIDOAT ©%0o Qb TOmOGA T . (9)

Zenith

Lo 4 The Sun
‘. Declination

Altitude Angle

Astronomical Horizon

True Horizon

'\ The Earth /

Figure 2-7: lllustration of the zenith, true horizon and the various angles refereaing the sun from a fixed position on
t he eart hidlso sitrgureéabpeesents the latitudinal angle.The altitude angleshownis also known as the
solar elevationand it forms a complementary angle with the solar zenith.

The solar elevation andenith angles define the vertical position of the sun with
reference to the local or true horizomhile an azimuthal angle defines the horizontal
component of the sunds position dhiseangesr t h ol
given by[39]

one® OET (10)

The expected azimuthal angle isbetwée@ and 3 6 0 e .he ¢qoation (ldhabovea s e s ,

might produce more than one solution

where OEQ® OEd i ®&WAIDEJ ©o Qo 610Ebr such scenaspa conditional

Jafaru Mohanmed, 2013 26



selection is made such théicd @ ® @ a Q&0 6 @ when O Ed d' @

OO ® p YT ® wheni "Qd KR &

cal cul ati on

accuracys presented laten section 2. 2.

T and

. A detailed algorithm for the

o f which &cludes azinsth gnd slevationoangles to high

Figure 28 illustrates the movement of the sun above the horizon and the corresponding

change in azimuth and elevation angled as observed fronre the slud $ ac e .
est a®0¢shamnd btyhsoc8BDmel le va

coordinat e be

ch

may

wh i depend on the

position

The ¢

of omthanges bser v

constantly over the year due to the revolution of the earth, calculation of the solar declination

and right ascension can be made without location specific information. Once a universal time

is specified, the solar hour angle can be calculatedafy given latitude and longitude

combination and can be combined with the solar declination to determineetih,

elevation and azimuth angles. The hour angle and solar declination can be used to point

equatorialmounted equipment in the right dirgxt, while the elevation and azimuth angles

can be used to point azimuthmounted equipment (such as CPV, PV panels and solar

measuring instruments).

sunrise

East § =

sunset

West

noon

Figure 2-8: The path of the sunabove the horizon as observed from the groud in a day. The azimuth agle is
usually measured from the north in such a caseif the sunis directly over the east it would have an azimuth angle of

90e. The azimuth can also be

positive before noon. The elevation is also shown

2.2.4 Time Systems

r ~dnf tree Figure arel by coneentiorhieconsideted h as de

Calculating the azimuth and eleiat of the sun from the solar timarcbe performed with

relative ease as the solar time has a relationship between the observer and the sun position.
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However f or ground based observation at di ffe
calculations basedhahelocal time would be much more appropriate and usé&fii. e océl L

Standard imeo (LST) denotes the time ia specific time zonewithout daylight savings

time correction, and is equal to the mean solar time at the central meridian of each zone.
Mean ® | ar time corresponds to &andé gveobyrtheangl e
AUni ver s al Time 10 (UT1) time scale i(equiv
GMT o, but adjusted for polar wobble). ACooOT ¢
an atomt clock and is synchronized to solar time by the addition of leap seconds. UTC,
being the more precise successor to GMT, is also referenced to the zero degree longitudinal
line. The UTC along with the locaime zone fixes the local standard time. ConJgrse

knowing the local time (and daylight savings offset) and the time zone permits all temporal

measurements to be referenced to UTC

2.3 Calculating Solar Coordinates

Hi ghly accurate calcul ations of the sunos
charges in air mass which is an important factor for accurate simulation of the radiative
atmospheric transfer of sunshine. Tracking algorithms for dual axis trackers also require high
accuracy calculations of the position of the sun to function optim&lyre equations
previously presented in this chapter for the calculation of solar coordinates yield basic
accuracy within +2% of the true values. This section presantietailed algorithnto
calculatethe zenith, hour, elevation and azimuth angiethe sunfor any given longitude
latitude and local timeThe basic inputs required are the location time zone, local standard
time, longitude and latitudel he al gori thm includes <correctd.i
Figure 29 presents a flow diagram illustnagi the process for calculating high accuracy solar
coordinates, as presented by the National Oceanic and atmospheric Administration (NOAA)
[42]. The time used is the Julian ddtee number odays since January 1st, 4713 BC
known as the Julian day plus the day fraction, as a decimafs per astronomical
convention with the Julian day beginning at no@MT. Denoting the Julian century &3
and the Julian day 8@ Che Julian century is given by

VO QQcTtupwWa@ugu (11)
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(uTc)

Julian Century
(uTC)
Sun’s Right of 5un’s Declination — T
Ascension (degrees) {degrees)

Figure 2-9: A flow diagram for deducing high accuracy elevation and azimuth angular values for the position of the
sun from any given longitude and latitude at any given time

The parameters necessary to calieulgolar positioninclude the geometric mean
longitude of the suriQpthe geometric mean anomaly of the si@pthe ecentricity of the
ear t ho®Qéolr & i d@quatioh of centtd gtohe sunoés ,f Odkkee | sngd s L
true anomalyi ;ébohe sunbdés appaoabtikaetebdonigods ahamma obl i
correctionf act or f or t heeéEguations (12 ® (2@)tovidetloe dormulgs for
calculating the parameteé2]:
QO CYBTQ ¢ T NP TR @ w P QST T T 0 TROX @ T (12)
"QUO oLV C wp W WEDL TG @MBTTTTTP L O X (13)

QQEMNPOX MY EWRM TNTT C WP TP C @ X (14)

[ O OEFQo poptorm@int Ypasinnnp OEF QN Mip wwwo

QBT MPIE—"Q0OM8T T Tt ¢ P w(15)

[ 04Qa i 0w (16)

[ 0OWQO i 0 (17)

[ ai oI emint QB pcd&it Opow o ¢ (18)
G ¢O0 CO 8 8 8 8 To 1t (19)
WéE ¢ TMINcAIPS-pc&It Qzp w@PTo 9. (20)
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These parameters permit theu rrighsascensioffi (n degreesand declination angl&X'Q @

in degees to be calculated d42]
i &0 — AOARE &-i OBAT 6-0éz0EHI G (21)
QQO— OETOEHGéz0Ei da. (22)
The equation of timeC} Hin minute$, the solar timei( Gn minute$ and thehour anglg('@y,
in degreescanthenbe computedrom the following[42]:
VoI OAF—— (23

Qo0 T— UOOEFQa ¢QQOEH"QD 1QQE GDEHQHAT ©Qa

™ML GIOE+Qa pg @QLOE+ Q0 (24)
i 0 0 QPRTMOTAEE QP QI Qak p QT 1 (25)

v, T — 8 . % oA i~ AT N T

@ — wéEi ——— AT 600w OAa HGOAT—QQ (26)

where 0 "Qadis(the fraction of the day since midnightt € &i"™@ t he obseinver 6s
degrees due east,Qd ‘Qdi és¢ Q@ he obser vedsiheo i 9§ endatitadednee a n d

north The solar zenitlandelevationanglescannow be calculate@s[42]

a QEQQO

— AT OOEHAa HOEHQQM AT 6-a HAT 6-QQdAT &M (27
Qa QL ®OuIE @ QEQQO (28)

Finally, the azimuth angle can be calculated using equation (10).

2.4 Atmospheric Transmission of Sunlight

The eart hos adretseguenbed gassesiretained liyhaey ear t hés gr av
force The atmosphere igrimarily composed ofbout 78%nitrogen (N)and 21% oxygen
(Oy). Other gasses such agon (AR), arbon dioxide (Cg), water vapour (ED), methane
(CHy), ozone (Q) amd particulate matter e pr es ent about 1% of t
compositonThe commonly referenced boundary bet we

space igivenby the Karman line. The atmosphere acts as a filter with variable transmission
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characteristicshrough which the solar radiation incident on the earth must pass through to
reach thee a r tsurface. The extraterrestrial spectrusmown in Figure 21, becomes
spectrally modifie and attenuated by its passage through the atmosphere due to absorption
and scatteng processes. The solar absorption has a linear characteristic where the absorbed
irradiance is proportional to the apparent distance through which the sun rays travel to the
earthdés surface.

2.4.1 Air Mass

The air mass coefficient is a dimensionlgsantity that is often used to define the length of
the direct optical path through the eart hos
zenith. The air mass for the sun at the top of the atmosphere is denoted as AMO, while

ground based air massd¢omputed from the solar zenith or elevation as either
Qi a wi—H—— (29)
or ®Qi a w—H—— (30)

The air mass coefficient is a measure of the apparent length through the atmosphere which
the sund6és rays pass to get to theemmamnat hds s
average air mass for most typical PV locations. A combination of optical scattering due to
atmospheric diffractive, refractive and reflective phenomena in the atmosphere and
absorption by atmospheric constituents through the apparent lengthe o&irthmass
significantly modifies theAMO spectral distribution of solar irradiances shownin Figure

2-10. The black line represents the AMO spectrum while the green line represents the
AM1. 5D direct i rradi ance s p e fter attenoation bycthed e n t
atmosphere. The shaded portion represents losses due to irradiance attenuation and
absorption in the atmosphere.

Figure 211 illustrates the net radiative transfer, absorption and scattering components
responsible for spectral mdidiation of the extraterrestrialsolar irradiance by passage
through the atmospherBulk spectral absorption and attenuation of the ultraviaét in
the short wavelength region of the solar spectrum (belowr28pis attributed to ozone
molecules. Peeptible water vapour absorbs and attenuated irradiance in the long

wavelength infrared region. Band absorption also occurs at various wavelengths due to
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gasses such as oxygen, carbon dioxide, methane, ozone and perceptible water vapour.
Rayleigh scatterim and atmospheric aerosols which are constituted of dust, smoke and
suspended particulate matter of various sizes, affect a broad range of wavelength in the solar
spectrum.The perceived blue color of the sky which is often observed indaydis as a

resut of the unbalanced spectral absorption of the sunlight. The wavelengths which
correspond to red and green colors are absorbed relatively higher than the blue color

wavelengths.

25 1

—Extraterrestial Spectrum (AMO)

20 ——Black Body Spectrum (6000K)

Direct+Circumsolar Spectrum (AM1.50)

Irradiance (W/m?/nm)
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Figure 2-10: Comparison of a 6000K black body spectrum with spectra at vaous layers of the atmosphere.
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Figure 2-11: Transmission of radiation through the atmosphere. The diagram illustrates bands of the spectrum
absorbed by the amospheric gasses anifradiance scattering phenomenasuch as Rayleigh scatténg [43].
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Air massdecreasesrom sunrise to noon and increases from noon to suarsgthe
apparentdepth of atmosphere that theays of the sunneeds to pass througbaries
proportionall, asdoes theabsorption of sunlightigure 212 illustrates thepectral effect of
the variation in absorptionrefection, diffraction and refractidoy atmospheric constituents
on the incident Direct Normal Irradiance (DNI) component of the sunshirgholld be
noted thatthe peak power wavelengtbhifts with airmass and this phenomenon poses a

challenge for current matching in epitakfagrown multijunction solar cells.
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Figure 2-12: SMARTS2 simulated direct normal spectra irradiance illustrating spectral variation due to air mass
change

2.4.2 DNI, GHI and Diffuse Irradiance

The presence of particulate matter in the atmosphere results in the reflection and scattering of
sunlight. Sunlight detected by an observer from the entire sky @gokmwn as theglobal
irradiance,and it may be subdivided into several classes on the bagswafrious angular
distributions. These components are the direct normal irradiance (DNI), the global horizontal
irradiance (GHI), and the diffuse irradian(@@HI). Each irraiance component has unique
optical characteristicthatdepend on atmospheric conditions, as described below.

2.4.2.1 Diffuse Irradiance

The diffuse irradiance (DHIlprises froma combination ofsources It consists of light
scatteredrom its direct path througthe atmosphere by particulate maitgasesor clouds)

toward the observerThis scattered light can originate directly from the,doom light
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reflected from surrounding infrastructure or tremsdfrom light reflected from the ground
(i . e. , saded. Cormequehtly, the diffuse irradianceesectively isotropic and
primarily a function of the zenith angle or air masglernon-cloudy conditions For most

scenarios, diffuse irradiancedsterminedor a reference horizontal plane

2.4.2.2 Direct Normal Irradiance

The fraction of irradiance passing through the atmosphere without obstruction and normal to
the observatiorsurface plane is the direct normal irradiance (Di$) shown in Figure-23.

Under norcloudy clear sky conditionghe majority oft he | i ght i ncident
surface is direct. In the context of this dissertation,met that direct sunlight is thenly

irradiancethat can be collected by solar concentrators

2.4.2.3 Global Horizontal Irradiance

Global horizontal irradiance (GHI) ihé f u | {steraglianirradianceabove ahorizontal
obsenation plane It consists ofthe direct and scattered rays of the,siimat is,the direct
normal irradiance and thdownwarddirecteddiffuse horizontalirradiance(DHI). Figure 2
13 illustratesseveralsunlight paths that contribute to global horizontal irradiaG@ses and
dust particles absorb and reflect the sunlight in the atmosphere. The clouds reflect and
diffract the sunlight changing the incident angle while some sunlight passes through clear
sky to contribute to direct normal irradiance. Reflections from the clouds that are directed
towards the ground as well as reflections from ground infrastructure contribute to diffuse
irradiance.When the light reflected from the ground is added to the QGHg, resulting
irradiance is known as the total global irradiantbe relationship between the various
irradiation components is given by
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Figure 2-13: Components of sunlight passing through the atmosphere

2.5 Measuring the Solar Resource

Performing PV systems analysis requires knowledge of the local absolute solar resource. In
the case of spectral irradiance, one may wish to measure direct, diffuse or global horizontal
spectral irradiance, depending on thatune of the PV system under consideration. In
particular, setups are required for evaluating the solar resource observed from a tilted plane.
The three main methods for measuring irradiance(Brground based measurement®)
airborne measurements, af8) satellite based measuremerti®t much need be said about
airborne and satellite measurements as they are sparingly used or rarely implemented and
they do not provide results of high spatial granularity. For spatial measurements, ground
based methodsre ideal.

Spectral irradiance is typically measured with a spectroradiometer. In some cases where
absolute irradiance is not required, a spectrometer may be used. Both spectroradiometer and
spectrometer measure the incident sunlight at specific wavetensjitig complex optics and
mechanics to separate, detect and identify absolute or relative irradiance of various light
wavelengths, but the former permits quantitative total irradiance measurements while the
latter does not.

Measuring the direct irradiaacfrom the sun requires an instrument that is always
pointed at the sun. A pyrheliometer is such a device that uses a thermopile to measure the

intensity of incident irradiance. It is often used with a dual axis tracker to keep the field of
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view pointed twvards the sun for a continuous time series measurements are required.
Overall, the pyrheliometer is designed to limit the diffuse light incident on the thermopile to
a degree that allows most direct solar irradiatioough.

When measuring diffuse or dlal horizontal irradiance, a pyranometer is used. Similar
to a pyrheliometer, it likewise uses a thermopile for detecting the intensity of the incident
solar resource; however it differs from a pyrheliometethat its optics design is made to
maximize tle horizontal field of view around the instrument. By applying a shading disk to
block the direct component of sunlight on a pyranometer, the instrument can also be used for

measuring diffuse irradiance.

2.6 Harvesting the Solar Resource

Methods for harvestinghe solar resource are divided between thermal systemd$¥nd
systems, or some hybrid of both. In this dissertation, the focus is on concentrating PV. We
now discuss the optical train and system components that enable this concer@Rtion.
systems makese of concentrating optics to focus direct normal solar irradiance on the solar
cell. Sometimes only a primary optic is used to concentrate the light, but often a secondary
optic is used to refine the process thus allowing better acceptance angle, rebummatic
aberration or increasing flux uniformity on the cell. Numerous designs have been developed

based on lens material, tracker architecture or light focus methods.

I

Primary Optics
Fresnel Len:

Secondary Optics
(homogenizer)

|
* .//Solar Cell

Figure 2-14: lllustration of primary and secondary optics arrangement with a solarcell in a CPV system(not to
scale) In this type, a Fresnel lens is used as the primary optics amdsecondary optics is presertL5].
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2.6.1 Trackers and Concentrators

A brief review of some ofthe technology for trackers and concentrators in CPV system
deploymenis presentedRangingfrom diffractive, internal reflection and external reflective

systems, the various CPV systeanspresated below in Figures-25 to 221.

Figure 2-15: The SUNRISE demonstrator at NREL, Ottawa Canada[15].

Modules of the SUNRISE demonstrator at NREL are made up of six individual optical
systems. Each systeoonsistsof a Fresnel based concentrating primary optic, an acrylic
homogenizer and high efficiency quantum dasdéd multjunction solar cellsimilar to the
design in Figure A4. The tracker is an OPEL solar dual atxesckerwhich isutilizes a pole
mount designAs seen in Figure-25, an advantage dhe trackeiis the fact that ibccupies
little ground spaceHowever, to handle wind loads its installation often requinesrdorced

concretebaseinstalled into aleeptrench.

YYYYYY YYYYYY

"

Figure 2-16: The APECS demomstrator at the University of Ottawa solar test site(Left). An illustration of the light
guide optics used to concentrate sunlight on the mudfunction cell (Right).
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APECS demonstratamodulesat the University of Ottawashown inFigure 216, are
made upof six individual optical systems electrically connected in sef&e€h primary
optic, built with acrylic materialsis based on a light guide system that concentrates light on
a cell by guiding light from a relatively large surface area to a small qualtiion high
efficiency solar cell. The CPV systewasdeveloped by Morgan Solar and the tracker is a
Golden sun dual axis trackehk key featureof the tracker design is its weight distribution
which allows its installatioron a flat surfacevithout theneed for trenchesThe APECS

demonstrator was installed on a rooffigrking lotto take advantage of this feature.

Figure 2-17: An array of Emcore CPV systems with tilt and roll tracking and silicone on glass leng6].

The renownedPV companyEmcore, noted for its development of high efficiency solar
cells forextraterrestriahpplications hasalsodeployed terrestrial systems. They make use of
tilt and roll trackers installed in arragyas illustrated in Figure-27. Their concentration
system which uses silicone on glass ks, operates at a higher concentration of about
1090xthanother CPV systems that operate at about 500x.

Figure 2-18: A parabolic light concentrating dish using mirrors at the Hermannsburg power station in Australia[15,
45].
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A parabolic dish made up sfjuare shapeddividual mirrors shown in Figure A8, has
been used to develop a concentrafihgsystem The system was used to deploy M1V
plantat the Hermannsburg power station in Ausirdtach dish is 130 square meter size
and it concentrates sunlight to an array of Spectrolab high efficiency-jomdtion solar
cells The total concentration of the system is about 500x thadigh efficiency multi

junction solar cellareactively cooled with water

Figure 2-19: Concentrix solar array.[46].

In 2009, Soitec, anothevell knownPV company acquired Concentrik the originators
of the system shown in Figurel®. Subsequsly, ten years of research in conjunction with
the Fraunhofer institute in Freiburg Germany has brought about technological success. The
system uses small Fresnel lenses (4cm by 4cm) to focus sunlight on relative small circular
high efficiency solar cellsvith a metamorphic triple junction desigr2mm diameter).
Secondary optics had been initially omitted, however recent developments has witnessed the
addition of a reflective secondary optics which is said to increase acceptance angle, color
mixing and fux uniformity of their moduld15, 47, 48] The tracker is a duakes system

based on a pole design which regsisiedeep trech for installation.
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Figure 2-20: Dome shaped Fesnel lensesoncentrating systems[44].

For minimizing chromatic aberration and im&nance of short focal lengthacrylic
materials have been used to credtened Fresnel primary optics for CPVIhis system
shown in Figure 20, was developed biado Steel, and a test plahas been deployed in
TokonameCity, Aichi Prefecture, Japajd4].

Figure 2-21: CPV demonstrator developed by Solfocus, deployed in Kailua Kona at the National Energy Laboratory
of Hawaii [15, 47, 49]

Solfocus developed a CPV system whides a nofimaging, two stage reflective optic

that concentrates sunlight up to 650ke systemshavn in Figure 221, has been deployed
at the National Energy Laboratory, Kailua Kona, Haihi, 47, 49]
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3 Models, Simulations, Hardware and Research Tools

The content of this chapter is presented in three major sections. Section one aims at
describing in brief detail the existing research architegtutbe SUNLAB, as wdl as some
specific equipment used for characterization of PV systems. Corresponding software tools
designed and implemented by the authouge sucthardwareare also discussed. Section

two preserdthe measurement and databasing of meteorological e@taacessary for CPV
performance evaluation. In section thraa,algorithm for a high performance modeller to
simulate solar systems (cell and optics assembly) is presented. It utilizes the single diode
model described if15, 31, 32] A java applicationmodeller was developettom the
algorithm and the modeller lays the background for the energy yield analysis performed in
chapter 4.

3.1 Introduction -SUNLAB

The solar cells nanostructured device laborat@WNLAB) is a University of Ottawa
researchgroup founded in 2007 fothe development, testing and characterizatiorsaiar
cells and basi®V systemsand subsystemg&urrently, the group operates two high end solar
simulators capable of simulating one sun irradiance and high concentration irradiance (500
T 1000x). Temperature controlled currénvoltage (IV) measuremenbf samplesare also
possible due to the availdity of adequate source meterGritical PV semiconductor
measurements such as external and internal quantum efficiency, electrolundeeand
photoluminescencarealso perforred.

Advancel computermodels are being developed for complex mjuiltiction solar cells,
as well amovelsingle junction solar cellsisinga large variety osemiconductor materials
With the aim of increasing &l efficiencyto reducePV system costsoftware tools such as
Synopsys Sentaurifa world-leading commercial semiconductor device simulehoebeing
used to modethesecells. Research islsocarried outat themodulelevel, for exampleto
enhance th acceptance anghd reduce chromatic aberratiarfdhe sensitiveoncentrating
optics which focus¢he solar irradiance on the celoftware packages such as Zerteaxay
tracingoptics design applicatigrenable researchers to analyiee flow of lightthroughPV
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systemcomponents Thermal studies of CPV cebn carrierdesignsare carried out to
increaseheat sinking, whiclincreagscell reliability and efficiency.

Evaluation of system performance and reliability is accomplished nabudoor
demastration sitemonitored and maintained by tiBJNLAB researchyroup (presented in
chapter 2)This siteallows for continuoudV measurements smple CPV and PV modules
setup with different configurations to analyse system configuration effects, fiedtilen
reliability and energy vyield. Additionally, atmospheramd weather condition datare
simultaneously collected into a datab&sénform predictivemodek of the solar resource as
it varies under such conditions. These models are used to assesertbmics in deploying

PV technology.

3.1.1 Hardware Systems SolarSimulators & Cell Characterization Equipment

Hardwareavailable alSUNLAB include two solarsimulatorsthat produce artificial lightof
variable intensityfor electrical and optical performamaneasurementsf solar cells under
variable illumination. The use dn artificial sun allows forcontrolledindoor testing of
devices. Norencapsulated bare celty cellson carrier can be tested in the laboratory under
controlled conditions such asmperature and electrical bihefore they are incorporated
into modules andnstalledin the field. Artificial suns also allow for the comparison of
various cell characteristics under wkelown spectral distribution and intensity of the

illumination used

3.1.1.1 Oiriel Solar Simulator

The Oriel solar simulatofmodel 9219} is a low concentration continuous illumination
artificial light sourcedeveloped by Newport Inccapable of producing light with a range of
concentration between 1 and 150 suns. It reliea ®§600W xenon lamfp produe the high
intensity illumination andts maximum uniform beam area is approximatetyrbby 5cm at
low concentration. Since the i mu | &ghtosouwce is a xenon lamp, the spectral
distribution of the output illumination Isaa profile that corresponds to black badgiation

by gasses in the xenon clggsth strong Xe lines)Consequently, aeries of optional filters

are used to control theutput spectrunto simulateirradiance at various AM valuegilters
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for AM O, 1, 15 global, 1.5 direct andAM 2 are currently being used in tIf®UNLAB
laboratory

A PV cell characterization station has been setup to be used with the Oriel simulator. The
system includes a test stage fitted with a temperature controller and a vacuuno @iy
characterization of bare semiconductor solar cells and @elisarriers.Highly conductive
probes are oftemnsed to access and establedbctrical connections otest samples. Other
hardware used for the characterisation process include atagisionsourcemeter used to
biasasampleand record itsesponse.

An intuitive softwareapplication has been developedusethe Oriel station. Its features
include remote temperature setsngconfiguring the source meter bias sweep and
measuremertf test samplke and control of the Oriel shutt@recessary to obstruct the outpu
light coming from the statign The application also providesptions for calculating
parametersand plotting resultsSrom measureddata. A picture of the Oriel station is
presented in Figure-3.

Lamp Controller
Temperature Controller Kgi[hlg‘i Source M

-

yi_

Figure 3-1: The Oriel Solar Simulator at SUNLAB, 2013.

3.1.1.2 XT-30 Solar Simulator

The XT-30 solar simulator is a high concentration system designed witho$t#te-art
technology. It is the firsdf its kind and is designedevelopée and supportethy Spectrolab
Industries. The business end of the simulator produces high concentration illumination using

a 3000w Xenon lamp capable of delivering over 1000 suns continuous illumiratiossa
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uniform 1cm by 1cmarea; higher concentrabns can also be achieved by usirgy
homogenizemwith smaller apertureThe system includes fdter to achieve anAM1.5D
terrestrialspectral distribution. Mdification of the output spectruprofile can further be
achieved with the addition of band filkeDue to the excessive heat produced by the Xenon
lamp, integratedvater coolingis required. A active pump systerirculates chilled water
through pipes andround the housingovering the lampSimilarly, stagesupon which the
cells were mountedvere &so water cooledallowing higher intensity illuminationof cells
without overheating

Other interesting features of the 3D solar simulator include a shutter temporarily
obstructing the illuminationandthe availabilityof four separate stagescesedby moving
t he s i robeam autpatwiffam automated motor control system. This motor movement
capability allows for precisensamplealignment of the X730. A heat dumps used to
dissipates light energy intbecirculating chilledwater supplywhenthe simulator is idle.

The characterization system that accompanies th&Xihcludes electrical connections
on each stagea sourcemeter, aNational Instrument Data dguisition (DAQ) systemand
precise motor control systems for moving the illumoraheadVemexcontrolle). Intuitive
software provide remote control, configuration andeasurementDetail of the software

developed for performing variotiasksis presented later.

Figure 3-2: The XT-30 solar simulator and its accompanying hardwarén SUNLAB6 s | abor at o.rThe April
green bin houses a high powered fan, the Xenon lamp and necessary filters for tuning the mutt light spectral
distribution .
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3.1.1.3 SintonFlash Tester

The Sinton flash tester is a flash tester capable of deliveringta light spectrum ira very
short timeat high concentratiorit is usedfor applications wheremeasurements of the carrier
lifetimesare requiredThe speed dod flashtesteffectivelyremoves temperature effedisce
sample heating is minimal he setupincludes avertically moveablehead which houses a
homogenizer in the form of glass cylinder connected to a diffuser. A high luminance
halogen lamp isnanaged by control electronitts produce the needed power for the flash. A

computer systemrovidesremote control of the lamgnd is used to takmeasuremest

3114 . AxPT 0060 10AT 00iI wAAEAEAT AU - AAOOOAI AT O

Quantum efficiency (QE)s a spectrallydependent carrier collection probability generated
by singlewavelength illumination across the device kimess relative to the number of
incident photonsilt is indicative of the current production process when integrated over all
wavelengthsand gives insight into the recombination processes that reduce cell efficiency
The measurement proceassolvescourting the number ophotons at different wavelengths
incident onthe sample active area and the number of electrons that are collected at the
terminal of the sampléexternal QE (EQE) is the ratio of the number of electroosllected
to the number of photaenexternally incident on the cellnternal QE (IQE) is that ratio
relative to the number of absorbed photons

A Newport quantum efficiency test stationuisedfor measuringhe cell QE The station
is capable of measuring th@E of subcells in a multijunction PV device up to four
junctions It consiss of a numberof light sourcs, a biassource metertemperature control,
wide banddetectos (silicon and germanium) and accompanying software. A Xenon lamp is
used in conjunction with a monochromatoand filters to select individualoptical
wavelengtls used for the tests. Other light sources provide bias light for isolating individual
layers in the case of muitinction solar cellsTemperature control keeps samples af@5
usingathermoelectric devictor heating and coolin¢sincethe processes involved in QE are
temperaturalependent)The sample is fixed to a stage using sucfrom a vacuum pump
and highly conductive gold plategrobes are sometimes used to establish electrical
connection A sampe quantum efficiency measurement of a mjultiction high efficiency
solar cell with quantum dot technologypsesented in Figure-& The Figuredistinguishes
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absorption efficiency of the 8ub-cells within the solar cell. The corresponding portion of
the photon energy of an AM1.5D spectrum is also shown.

3.1.2 Software Systems

To enable characteation ofsolar cells and systemsser friendlysoftware applications are
required to control corresponding hardwavkost hardwarezenders provide basgoftware
applicationsbut additional features argequentlyrequired to perfornspecializedtasks. In
most cases whersoftwareneeds to be modified for custarad features, the process of
modification requires well thought plans for ensuring compatibility aade of use
Described below areenv and modified softwardevelopedfor a series of applications
characterisingndevaluatingPV cells and system

3.1.2.1 Simple, Pluggabl€urrent-Voltage (IV)Utility

Measuring dark and light IV curves of solar cells is a keguirementfor cell
characterigtion In most cases, large, complex setups that come with specific vendor
hardware are the toolset available to take reliable IV measurenidmt choice of a power
supply meter also determines the software to be used andebd to take multiple
measuremestof a single sample is often ignored. For mobile measurements, quick IV
characterization and the use of multigleurcemeters in a user friendly manneéncreass

research efficiencyPlug and playpplicatiors areided in such circumstances

3.1.2.1.1 Aim

A simple, pluggable currenibltage measurement toolsetas driven bythe need for a
harmonized toolset for measuring IV curves on the3dTsolar simulator. As with most
hardware systems, vendor specific software was availatih limited functionalitiesThe
custom application aimed to increase efficiency in taking IV measureni2gessgned for
using interchangeablpower supply meter¢the Keithley 2400 series and Kepco power
supply metey, the applicatiowasto provide auser friendly intuitive interface for taking and
storing multiple IV measurementwith and without the X130 setup. The applicationas
designto beusal with both a general purpose interface bus (GPIB) and a serial connection.
The features include:

1 plugand play application,
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simple interface for intuitive use

usabilitywith both Keithley and Kepcsource meters,
ability to takeand save multiple IV measurements,
plotting of IV measurements in real time

ability to create store and editonfiguration préles for thesource meters and

= =2 A 4 -4

ability to plug-in application segmentsr controlling the XF30 motor

3.1.2.1.2 Method/ Description

Labview was chosen as the prefermelvelopmentplatform for building the filV curve

utility 0 due to itsrelative ease of ussnddeploymentThe corresponding applicatiotesign

usal a finite state machinst r uct ure to coordi natiguret3he app
illustrates a flow chart of the applications initialization routidpon launch, the application

performs a routia to search for connected hardware; loads configuration settings and
initializes the hardware and interface. At this point, user input determines the next course of
action to be taken by the application.

Initialize Interface

v

Initialize Device(s)

v

Wait for User

Input

Figure 3-3: Flowchart illustrating an overview of the start-up procedure used in thea p p| i c finitel state6 s
machine to ensure hardware and software interface is ready for use by the user.

Initializing the application interface consists of resetting the graphs, controls and
indicators to their defaulvalue. Havever, initializing the devices a Keithley or Kepco
source meter interfaced through a GPIB interface, a Vemex motor controller interfaced

through a serial interface and a National Instrument (NI) Data Acquisition system (DAQ)
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interfaced througla univesal serial bus (USB) interfaderequires a fairly complex sub
procedure to search, reset, retrieve settings and thdfngcmathe device for 1 or -2vay
communication. Figure-3 illustrates the search and €dgureroutine performed during the
device initialization processlt should be noted that in some cases where the automatic
routine cannot proceed such as when a device physicalgodisected, the application

required user input.

Device Search

Prompt User,
Retry or Cancel

Retrieve Device Update Interface
Setting in -3  showing available
Configuration File profiles

Settings
Found?

Retrieve Default
Settirgs

Initialize and Store

Status and Pointer €

Figure 3-4: Flowchart illustrating the device initialization process for thesource meters and the Vemex motor
control.

The applicatiorusesa settings file for stonig persistent configurations as illustraiad
Figure 34. These configurations include the Vemex contréllstored referenceositions
that correpondto stages on the X80 and the source met@rofiles The system design
provides for the creation of new profiles as well as editxgsting profiles. This is

implementedin the finite state machine when the user executes a profile save #ation.
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input to initialize a new profile creates a profile with default configuratibasis expected
to be modified and saved by the application uBactors such as voltage limit, protection
current, sweep range and sense mode are among the settings colefigyrthe user that
can be persisted\ sanity check was implemented to ensure profile names are unitiue
defaultprofile names automatically created from timestamp valuekelete feature was also
incorporated to remove profiles from the settings. fil

For each power supply meter ¢mured, a unique initializatioINI) file section records
a list of headerkeys Thesecorrespond to section headings that store the settings for the
specified device. Depending on the devigaque featuresthe range bkey-value pairs
under each configuration key header varies significantly. Similarly, the Vemex controller
stores labelsincluding x andy coordinats for each position. Twelve positions in total are
available for configuration and persistence by thdiegjon user.

Within the finite state machine, a generic module was implemented to perform IV curve
sweep operations. The module was designed generic to allosabdity between the
multiple source metergKeithley and Kepco) and to be used as a {ptugvithin other
applications.This moduleis referred toas the IV measurement module. When the sweep
input is executed on the IV measurement utility, loaded configuration settings in conjunction
with initialized pointers to the hardware device are passdbetdV measurement module
which thenreturrs resultsthat includeVy, I fill factor (FF) andmaximum power Ryax).
Results returned from the IV measurement module are saved in an array Wwittiahmnd
label of the timestamRrovisions are made fthis id to be edited to a custom texftchoice
by the application use®imultaneously, the IV and power curve are plotted on two graphs. A
list option is available for the user to scroll through recorded measurements.

A feature to savesingle and multife recorded results into a spreadsheet file was
implemented. The data for each measurementecorded with identification of the
measurement label previously mentioned. Each record is saved on two spreadsheet rows
which allows ease of access to individual multiple recordsBasic error logging was

implemented to allow for debugging the application.

3.1.2.1.3 Result

Using the IV utility involves connecting required hardware to a computer system and
launching the application. Researchers began using the applitati@arly 2013 at the
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SUNLAB laboratory and ongoing reviews have aided its refinement to its currentlgtate.
curves could beplotted in normal or log scaleThe Figures & and 36 present the
application interface.

Launch Vemex Controller
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— p——
055
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Figure 3-5: Main Interface of the deweloped application showing the I\Ycurve graph. The user friendly interface
offers intuitive Input controls.

BT

Figure 3-6: A contrast betweenconfiguration settingsfor a Keithley source meter(Left) and when a Kepcosource
meter (right). The interfaceisgener at ed accorimput.ng to the userods

3.1.2.2 Spatial Uniformity Measurement Systems

Spatial uniformity in the context of this dissertation refers to the response frantahsity
profile alongx andy coordinatesof the beam exiting the homogenizer on the-30 solar
simulator or the response from a solar cell befvegshort circuitcurrent or maximum power

due to uniform illumination per unit surface ar@a the cell Two applicationshave been
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developed to measure and rectird spatial uniformityf abeam exiting the solar simulator
andthe responsen asolar cell

3.1.2.2.1 Spectral Spatial Uniformity Utility

Understanding the spatial uniformity of the beam exiting the homogenizer is important to
fully understandhe response from a solar cell. Since the so#ll is sensitive to spectral
variations, the spectral response of thisfamaity test is also importantA beam evenly
spread across the fudktivearea of the celvith uniform intensity aeachwavelengths the

ideal However, since the solar simulatoakes use of filters to control its outpspectrum,

and since the various wavelengths of light are affected differently, some tunaftgns
required to acquire the best flAn application existavhich makes use of thitegrated
irradiance from ailicon detectorto measure the overall intensity of the -80 beam through

a pin hole. By moving the homogenizer across this pin hole in a systemic pattern, a 3D

picture could be generated to depict the overall uniformity of the beam.

3.1.2.2.2 Aim

The proposed appktion usesa spectroradiometeas the detectoso thatthe spatial
uniformity as a function of frequency can be measufde: applicationshouldbe able to
generate3D plots to depict the spatial uniformity of the beam exiting the X3D for all
wavelengthbservable by the spectroradiometine intensity of several wavelengttist
correspond to the EQE of individuslibcells shouldbe grouped together to understand the

beam uniformity pesub-cell.

3.1.2.2.3 Method/ Description

The applicationexploited anexising algorithm from a spatial uniformity measurement
systemthat uses silicon detectorThe process involved extending the features of the utility
to record and stor@radiance intensity foindividual wavelengths. Additionally features
were added to plband save the resulisabview was the choice of development platform for
the parent code, so the new application was also developed laikiew for compatibility.

A finite state machine structure was used to manage the operationSSitoilar to thelV
utility described in section B.2.1, the initialization proedureof the application involves

searching for necessary hardware connections and savaigrence. More specifically, the
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Vemex motor controller and an ASDi spectroradiometastbe deteted forthe application
to proceed Subsequently, user actions determine the state of the finite machine and hence
the operation of the application.

Configuration settings used for capturing a measurement inthedbomogenizer size
and an array sizesedasa resolution setting. A configuration filgasused datastored and
retrievedfrom the fileincludeparameters such as an IP addresstlamdalibration files path
for the ASDi spectroradiometer. Capturing a measurement begins by a performing a beam
alignment procedure. Here, thapplicationuser manually places the X30 homogenizer
beam directly centredver apin holereceptor for the spectroradiometand executes the
beam alignment operation. Figur8-7 below demonstrates thecteon performed in His

operation

Read the integrated irradianc
"O"és'Oand store the beam

positiond &
Move the beam extreme left Move the beam extreme top t
to right along the X axis until bottom along the Y axis until
‘OY Tz 0 > ‘OY Tz 0
Record the beam position Record the beam posin
Return to the initial position

Figure 3-7: lllustration of the beam alignment procedure to ascertain the size of the beam in terms of X and Y
coordinates and hence the limits of the scan

Foll owing the beam alignment, the amplicat
which depends on the selected homogenizer size (a 1cm by 1cm unit area or 0.5cm by 0.5cm
unit area). It also estimates the resolution for the measurement (the number of data points
needed) based on the square array settings. The process operatastad itheFigures-8,
where the application remotely moves the-30 homogenizer through the Vemex controller
in calculated steps along the X and Y coordinates within the range determined from the beam

alignment procedure while taking a spectrum measureateeach step. Precautions have
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been taken to ensure that the spectroradiometer detectors are not saturated due to large

fluctuations in the irradiance by performing an optimization procedure at each step.

Move the beam to
position (0, 0)

v

Optimize the
> spectroradiometer <

v

Read and record the
spectrum with the X, Y
Vemex coordinates

v

Move the beam bi directionally
along the X axis in a
predetermined step size

Yes

Is the beam
within the range
across the X axis?

Is the beam within
the range across
the Y axis?

Move the beam a step
- further along the Y axis in
a predetermined step size

No, End
Figure3-8: Fl owchart il | usstcand npyr ocheed Uirrea swheen capt-8dbeamg t he wuni f
3.1.2.2.4 Results

The devel oped ap ppreseatadtin Figur@®19. As earliee discussed the s
application features 3D and 2D graphs for individual wavelength profiles as well asgrofil

for variable wavelength ranges.
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Figure 3-9: The application interface showing a sample run of spectrapatial uniformity measurement

3.1.2.3 Solar Cell Spatial Uniformity Utility

Similar to beam uniformity measurement, the solar cell spatial uniformityurerasntaims
to determine the response per unit area from a solar céll.altsource of complementary

informationthathelps to determine the effect of dead or inactiveliarson solar cells

3.1.2.3.1 Aim

The fisolar cell spatial uniformity utility was designedto perform a taslksimilar to the
fispectral spatial uniformitwutility . However, instead of a pin hodd a spectroradiometer
as a detectoit wasdesigned to use a solar cell as the detector with a characterised beam

from a specifiechomogenizer.

3.1.2.3.2 Method / Description

The application was createginga templatdrom the spectral spatial uniformity utilit§ince
several features were shared between the two applicasiocts as the pattern movement of
the Vemex motor controller for the beam alignmend aapture operation. What differed
between the two applications was the mode of recording or sensing int&gsiiy, a finite
state machine was used. The initialization procedure for the application was similar to that of
the IV Utility as depicted in [gure 36.

The IV measurement module introduced in section 3.3.1.2 vbadtreo determinesolar
cell responsethrough a power supyp meter. Tke new module replacedall aspect of
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spectroradiometer measureneeint the spectral spatial uniformity utilitysed to determine
intensites Two methods of recording solar cell response wapemented (1) use of the
short circuit currenfrom each light IV curveand(2) theuse of themaximum power on the
cel |l 6s | i Thérdata leddrdedurimg\a eaptureperation was stored and plotted on
a 2D and 3D graph. The datgere also made exportable as aesguisheet file for external
use.For each critical operatigrsuch as the beam alignment and the capture operéitmn,
relevantchanges were madssingthe ectral spatial uniformity utility to reflect the change
of detector type.

It should be noted that issues may arise from cell carrier exposure to high concentration
irradiance if the homogenizer used for the measurement is sufficiently larger thanvée act
area of the cell. Increasing the step size for movement of the beam along the X and Y axis
reduces this risk at the cost of measurement resolution. The ideal light source for this

measurement would be one with a beam sufficiently smaller than thected area.

3.1.2.3.3 Results

Results from annitial test measurement carried out on a triple junction solar cell using a
0.5cm by 0.5cm homogenizarepresented in Figurg-10. The Figureconfirms that placing

a beam at the centre of the cell yields the maximument

Figure 3-10: 3D profile of the uniformity across the surface of a triple junction solar cell.
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3.1.2.4 Light-Cycling Utility

With the current growth rate of CPV implementation, besides enhancing cell efficiencies,
researchers also aim to increase afglity of solar cells for longer periods on sun.
Fluctuations of high concentration irradiancerbgvement of clouds andiurnal variatiors
stressCPV system components, particularly the amiicarrier Degradation is expectetd

be adelamination of thecell from its carrier due tarack propagation fronvoids in the
soldered joinbetween the cell and its carri&or researchers to experimentally evaluate this
degradation effectaccelerated aging testsan be conducted in the lab by simulating

temperaure fluctuations on a celrough optical cycling

3.1.2.4.1 Aim

The aimofthelight ycl i ng wutility 1s to simulate f 1l uc
concentration on a cell ian accelerated mannérhe applicatiorshouldleverage the XT
300 sbility to produce high concentration irradiarmea smallsurfaceareaand itsshutter
should be usedo cutoff the irradiance on the cell eglatively fast rate The utility should
be designed to accept schedutemmands and run in an automated fashion littth or no
human supervision. Ishouldrecord a spectrunusing the spectroradiometeiake an 1V
curve using either a Kepco or Keithlsgurcemeter, movehe XT-30 beam output across
stages and actuate a servo to open and close #89hutter using parallel porinterface
The application featureshouldinclude:
1 record and store spectrym
71 record and store IV curves using either a Keithley or a Kepaocemeter
1 move the beam output using the Vemex controller across stages
1 actuate a servo topen or close the XBO shutter
1 implement a scheduled wait in secands
71 dlow time relaive scheduling of each olefeatureand
1

alow saving and loading afcheduls.
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3.1.2.4.2 Method / Description

Labview was chosen as the application development platfornthierutility due to its
relative easeof use and deploymen& c++ platform was also used to create an application
library to communicate with a parallel pofthe utility was desigred in two parts one for
system setup anohefor actual useThe systemetup design was made for the initialization
of connections to the Vemex controller and the power supply meters as well as configuration
setting for thesource metergdescribed in sectior.1.2.12). The actual scheduling or
running of simulations waaccessrestrictedbased on conditiathat must be mesuch as
availability of aconnected sourameter.

Upon application laungtsource meter setup and configurataoe done and subsection
is launched The subsection providean interface to perform thectual target operatioand
an initialization procedure to enable or disable features basedhether certairhardware
are connected andperable A finite state machine structure was used to coordinate
operations. The applicationuses the IV curvemodule described earlier {n section
3.1.22.1.2). Similar modules were creatéor other segmented taskshich include moving
the XT-30 beam output using the Vemeantrollerto any given X and coordinate, taking
a spectum measurement using the spectroraditen and opemg or closing the XT-30
shutter by broadcasting a binary command dkernetwork Forthe purpose o$implicity,
explicit details of the mode of operations of each respective module createchéave
omitted.A c++ application library wasreated to accept broadcast messages and transfer the
binary content to a parallel porthe parallel port was connected to a servo circuit for
opening and closing the X30 shultter.

Each feature availabla the utility after its initialization phaseesdes the wait actigns
designed to beperated with and withoutschedule This allowsfor applicationflexibility
if manual operatiors required.Controls on the application allow for data resutighe form
of IV curve data or spectrum data besave to file.Scheduling actions involve adding the
required action step by step to a schedulelisthe utility The listcanbe editedby deleting
individual or bulk actions and tanbe saved and loaded to and from a persistent file. For
each actiorscheduled, a memory space is allocated to store parameters unique to the action

(such asX and Y coordinate for a Vemex controller movemeart specificsource meter
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configuration settings formalV curve measurementA blank memory space is alsceated
for each scheduled actioo record the status and result of thgkonce completed.

Oncea schedulés initiated a prompt is presented to the utility user to save a spreadsheet
file that would containthe operatiorresults. Subsequently, each operai®mun in a top
down approach from the schedule list and the status of the operation with or without a result
is inserted into the spreadsheet file. Features were also designed and developed to pause,

resume and stop the schedule while running.

3.1.2.4.3 Result

The applicationhas been usesince March 2013 with the X330 solar simulator to apply
light cycling on high concentration solar cellielivering at least 8000 light cycles at 5
seconds intervals with a dark IV curve every hour. Figdtel presents the appktion
interface. Various options are available via the utility. For example, varying the open and
close duration of the shutter on the -80 over the course of a light cycling experiment

could increase or decrease the temperature ramp rate.

Initialization Section (Startup Interface) Experiment Section (Schedule & Run Interface)

Figure 3-11: The two main interface of the Light Cycling Utility (not to scale)

3.2 Data Logging and Databasing of APECS Datasets

The theory of CPV systems suggests thattechnology is sensitive to spectral variation of
the incident solar resour¢seesection 1.1.1 There isthusa need to optimise cell EQE for
location specific deployment of CPV systems to addrsash spectral variations
Performance evaluation through simulations of PV systemsheésefore necessary to
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characterise system behaviour over titneparticular, for eergy yield evaluation, there is a
need for solar resource dathhigh temporal granularityThe need to scientifically evaluate
CPV technology irthe field was a key driveof the Advancing Photonics for Economical
Concentration Systenf&PECS)project, for whicha solar test sitevas builtto evaluae the
performance of prototype CPV technaleg in light of calibratedneasuremestof site-
specific meteorological datgsuch asdirect normal spectral irradiance, direct normal

irradianceand global horizontal irradiancacquired at 2 minute intervals

3.2.1 Overview of APECS, Test Site and Databasing Architecture

The Advancing Photonics for Economical Concentration SysteRECS) project is a
programfor studying high efficiency CPV systents advancetheir economicviability for

grid connected solar power. It began early in 2011 and is futftmeyh the AiOntario
Researchioundationi ResearctExcellenc® program in partnership withthe University of
Ottawa and Morgan Solar InAs part of his project, d@est sitewasset up at the University

of Ottawa, located onthercofop par ki ng | ot of the Universi
75 . 67 68 eshd)vn inFigure 3-12. The site accommodates two daais trackers
mounted withboth CPV and R systens, and instruments for measuring direct normal
irradiance (DNI) and direct spectral irradiance. A CCD camera to record images of cloud
conditions around the solar zenith is also installed on the tracker. Instruments for measuring
global horizontalrradiance (GHI), wind speed and ambient temperature have been set up on

the site.

Figure 3-12: Google map satellite image of the environs around the sports complex of the University of Ottawa. The
red cross indicates the location of the APECS test site
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3.2.2 Measuring Instruments

Most dataat the test sitas recordedonce every two minutes. This includes GHI, DNI,
spectra and cloud cover image. The task of storing the data was made possible through a
series of connections between software and hardwararsysiée electrical and structural
hardware design is outside the scope of this discussion; however, a full description has been
publishedelsewherg50]. Instruments for measuring the GHI, DNI and spectra include an
Eppley pyranometer, Epply NIP Pyrheliometer and ASDi spectroradiometer respectively.

The tracker used is a GoldenSun dual axis system. Table 1 presentsifieatipaes of the

instruments.

Equipment Specification

Eppley PSPPyranometer ISO Secondary Standard

Eppley NIP Pyrheliometer ISO Secondary Standard

ASDi Spectroradiometer 35071 1830 nanometer averaged to 1nm resolut
GoldenSun Tracker Dualaxis,t acki ng accuracy

Table 1: Basic specifications for some instruments on the APECS test site.

3.2.2.1 Eppley PSP Pyranometer

The Eppley Precision Spectral Pyranometer (P&Pyoduct of Eppley laboratory Inés a
radiometer capable of measuring tb&al or defined broadband wavelength of sun and sky
irradiance. The instrument is presentedHRigure 3-13. Irradiance detection is possible
through a circular muHljunction wirewound thermopile which has the ability to withstand
severe mechanical viation and shock. The receiver is coated with Parson's black lacquer
which has a nomvavelength selective absorption. On the instrument, there are two
removablehemispheres of Schott optical glasfie hemispheres are made of clear WG295
glass which is undrmly transparent to energy between 0.285 to 2.8um. A spirit level is built
into theinstrument and an adjustable leveling screw (visiblEigure 3-13) is available to

align it. A desiccator is also included in the pyranometer to keep the optics fressbdire

[51]. Measuring the GHI data from the Eppley pyranometer is performed through an ADC
voltage reference measurement along its oufthe. instrument is built with cast bronze and

its guard shield (top cover) is enameled in white. Calibration of the Eppteanometer

compensates for temperatfdd]. Tabl e 2 | i sts some of the mant
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Figure 3-13: The Eppley PSP Pyranometer.

Criteria Specifications

Sensitivity ~ OuV/Wm*

Impedance ~ 650 Ohms

Temperature Dependence | £1% over ambient tempdrae rangeQ 0 e C t o

Linearity +0.5% from O to 2800Wih

Response Time 1 second

Cosine Reception +1% from normalization.{)7 Oe zenith a
3% 708 0e Zenith angl e

Table 2: Eppley Inc. specifications for the PSP pyranometer

3.2.2.2 Eppley NIP Pyrheliometr

The Eppley Normal Incidence Pyrheliometer (NIP) is also a product of Eppley Inc. and
measure absolute solar radiation at normal incidence. k& ggandalone instrument without

moving parts, and it requires a tracker to keep it pointed at normalrniceide the suriThe
pyrheliometerés detector , -le& areatofrigureBbltis@a m of
wire-wound thermopile. The tube preceding the detector has diaphragms to create baffles and

its inner surface is blackened to reduce refldgti The aperture ratics 1 to 10 of its length

with the opening ubt endi ng an angle of 5e4306300606. The
atmospheric pressure and sealed at the viewing end with a Immirtfrecsil 11 window.

Flanges at each end tbfe pyrheliometer tube provide a target to aid in aiming the instrument

at the sun. Similar to the Eppley pyranomet e
for temperatur@ndtraceable to the world radiation reference. Table 3 presents saime of

manufacturerdés specifications.
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Figure 3-14: The Eppley NIP Pyrheliometer.

Criteria Specifications

Sensitivity ~ 8uV/Wm*

Impedance ~ 200 Ohms

Temperature dependence Jirlflﬂaoover ambient temperature rang2 0 e C t ¢
e C)

Linearity +0.5% from 0 to 1400Wih

Response Time 1 second

Calibration Reference Eppley primary standard group of pyrheliometers.

Table3:Some of the manufacturer 6s gripchomeétdr.i cati ons for the Eppl

3.2.2.3 ASDi FieldSpec3 Spectroradiometer

Spectroradiometerare instruments for measuring light intensity as a function of wavelength.

It produces data which corresponds to the spectral distribution profile of irradiance with
absolute power measurent. The ASDi Fieldspec3 spectroradiometég(re 3-15) is an
integrated system designed for a range of applications in spectroscopy. It uses multiple
detectors (silicon and thermoelectrically cooled InGaAs) for measuring a broad wavelength
band of the spctrum. It supports Ethernet connections and thus is suitable as a remote

sensing systenSome specifications by the manufacturer are presented in Table 4.

Figure 3-15: The ASDi FieldSpec3 Spectroradiometer
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Criteria Specifications

Spectral Range 350-1830nm

Spectral Resolution 3nm @ 700nm

10nm @ 1400nm
1.4nm @ 3561050nm
2nm @ 100a1830nm
Operating Temperature 0 e C t o 40eC

Sampling Interval

Table4:Some of the manufacturerés specification for the ASDi
test site at the University of Ottawa.

3.2.3 System Design

A single tracker on the test site has been dedidatpgirheliometer, spectradiometer and
cameranstrumentation taneasure events along the solar zenith. Figuté provides a full

view of the tracker in questiomvith a closeup of the instrumentation shown beloWwigure

3-16. The spectroradiometer was partially disassemiptedbe installedin a temperature
controlled housing. The temperature control mechanism is made up of an electric heater and
a thermostat setup with conduits along a looped active airflow to keep the spectroradiometer
housing above 5eC. A c o sinstmuement ptate ef phe toackerarals mo L
iswas connected to the spectroradiometer through a fibre optic cable. A direct attachment
that limits sunlight on the cosine receptor to its direct component was then mounted on the
cosine receptor. Parts of the instemhthat make up thgystemare presented iRigure3-17.

A connection for recording data from the spectroradiometer was setup through an Ethernet

cable that was networked to an indoor computer irSthLAB laboratory

Figure 3-16: Instrument panel on atracker at the APECS test site. (a) Spectroradiometer attachment. (b) Eppley
NIP pyrheliometer; (c) CCD camera and (d) temperature controlled ASDi housing for spectroradiometer
environmental stabilization.
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Figure 3-17: Parts of the spectroradiometer setp on the tracker at the site. The spectroradiometer from Figure3-15
has been partially disassembled to fit into an environment controlled housing. (A) The spectroradiometer; (B) The
cosine receptor; (C) The direct attachment; (D) The housing for mountinghe spectroradiometer; (E) A flexible fiber
optic cable which connects the spectroradiometer to the cosine receptor. Adapted frgirb].

Similar to the spectroradiometer, détam the camera is also being recorded through a
networked Ethernet connection on a computer in the laboratory. Data from the
pyrheliometer, pyranometer and module monitoring systems is recorded through a Campbell
scientific data logger (model number CRODOT he data logger takes ADC reference voltage
measurements from the pyrheliometer and pyranometer which are recorded to text files with

timestamps.

3.2.4 Data Logging and Backup Architecture

Large datasets were expected from the instruments on the tesinséetlsee goal of the
measurements was to acquire highly temporal data. Storing and accessing such large datasets
required significant information technology (IT) infrastructure to ease memory management,
data retrieval efficiency and data backup. To thid, @ dedicated servesas set upgo handle

the collection, storage and retrieval of research data gathered from the APECS test site.
Custom computer software gatbdrthe data from the spectroradiometer and camera to
binary files stored on disk. Text fdavith data from the pyrheliometer, pyranometer and
prototype modulesvere similarly generated and stored on disging Campbell scientific

data logger software. Subsequently, a relational database (Microsoft SQL. eae5)lly

tuned for optimization ofnemory and speed in read and write operatioras populated

with data from the binary and text files by a scheduled custom script. A website hosted on

the server (apecs.site.uottawa.ca) provieesoteaccess to the data.
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[ Camera} [ Spectroradiometer} [ Pyrheliometer}[ Pyranometer} [ Test Momles}

\ l Campbell Scientific Data

Logger (CR1000)

High speed Ethernet
network

V

Binary Files(.asd)

SUNLab data server using custorr 1 Jpeg Files
and proprietargoftware to collect > Text Files
and store data | Database Data

Figure 3-18: Diagram illustratin g data collection and storage procedure between tf8UNLAB data server and the
APECS test site.

3.2.5 Measurements

The objective of the test site instrumentation and database design was to collect and archive
spectral radiation, direct and global horizontaldramce and other meteorological data in a
database made across a range of air mass values and atmospheric conditions applicable to
concentrated photovoltaic (CPV) systeriveasurements carried out acr@ssange of air
mass valuegllow the impact ofactars that contribute to modifying thdirect beanmto be
individually understoodDetails of the temporal relationship between air mass and the solar
zenith have been presented in section 2.4r&gallthat the important atmospheric variables
with the highesimpact onthe spectral radiation distribution and solar irradiance are cloud
cover, perceptible water vapour, barometric pressure and atmospheric turbidity (aerosol
optical depth). With proper instrumentation these variatdgsoe independentlymeasured
however methods also exist to accurately resolve some values from other instrument
measurements such as spectral irradiance.

The sunfacing camera mounted on the tracker prodideitable data for resolving the
cloud cover index which indicates the degmf obstruction of direct light. Theracker
mounted spectroradiometer also provitlea means to resolve thiequencydependent
aerosol optical depth and perceptible water vaaum absorption profiles in the measured

spectral data.
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Measurements takert avo minute sampling intervals of DNI, direct spectral radiation,
sky cloud condition and GHI began in March 2011, April 2011, November 2011 and January
2013 respectively and have continuetb date.Occasionally, forperiods of time ranging
from a few ninutes to several weeksome data were not recorded due ristrument
calibration, system upgrade, network failuresoftware errarThe spectroradiometexiso
had to be repaired over the measurement period. Stringent maintenance prosederes
implemertedto clean, align and calibrate the instruments to ensure data accuracy.3igure
19illustrates the worst case scenario noted for data bias due to dirt and misalignment of the
pyrheliometer which measures integrated intensityhrough cleaning and akhgnent was
performed after a period of ngnaintenance that lasted for approximately 7 months, fand t

datawere taken during a sunny period with clear sky conditions

Measured DNI - 13th June, 2012
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Figure 3-19: Measured DNI as a function of time from the APECS test site taken on the3th of June 2012. The
anomaly in the recorded irradiance showed an increase in DNI of approximately 2.7%.

Neglecting spectroradiometer maintenance has a greater impact on the quality of spectral
measurements than neglecting pyrheliometer maintenance doése oquality of direct
intensity data. Rectroradiometemaintenancerequirescleaning and aligning the direct
attachment and c o shutseveralfactarsanatk®rsd st hdee tceocsti onre
detector more sensitive ttontaminants deposited on The DNI data are very sensitive to
directional misalignment given thaperture size of the direct attachmeRurthermore,
experience showed thathe deposi ti on of rai n, snow and
detector significantly biased the spectrooacketers measurement$hese concerns were

addressed with maintenance procedure for all instruments scheduledoomeeky basis.
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Acquisition timelines for dataneasured and recorded in the APECS system database
from the proj ec {aofAprili2018 arepepresented in Bigu@20éy batld
their present and absencEhe complementary representation attempts to overcome the
limited point density of the plot, relative to the extremely high data dedgiyroximately
375,000 spectra, 530,0@NI with concurrent meteorological data and 60,880 GHI datasets
are represented in the figur®ata quality controlas performed toexclude erroneous
measurements and an interactive vgelipt was developed to provide an easy interface for

data acces$iftp://apecs.site.uottawa.ca/dasdurnform/).

—

Commencement of DNI & Temperature Measurements Software lssues DNI
7th Mar, 2011 N\ GHI
£ Commencement of Spectra Measurements -
1]
o / 13th Apr, 2011 DNI Spectra
o © - Ambient Temp.
ﬁ Spectroradiometer Error . Instrument Sent for Calibration
% 2nd Feb, 2012 - 15th Mar, 2012 27th Aug, 2012 - 13th Nov, 2012
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=] @\
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Figure 3-20: Graph illustrating a timeline for data collected and stored from the APECS test site. The data available
and accessible in the database from the commencement of measurements to the 19th ofilA&f13 is represented.
Factors responsible for major data losses are highlighted.

3.3 Photovoltaic System Simulation

There is a criticalneed formodeling andsimulation toolsA solar cellof any givennumber
of junctionsmay be modeled by variomsethodsSimple methodssuch a&£QE convolution
with the solar irradiangerequire less computatio(and are less detailedhan complex
methods such aghe simulation of electrehole transportlf system parameters of a given
accuracy will suffice, then a trad#f betweencomputatioml speedand detailed system
response may be madEghe single diode model has been shown to yielod agreement

with system measuremenji], and itsparameterization is sufficient for our purposesach
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subcell being represented by its own motsing this model, extensive@mulatiors may be
made within reasonable timgeriods Using the Java programming languaga, @bject
oriented implementatiothat usedarallel programming methodgas developetb decrease

simulation times.

3.3.1 Review of theSingleDiode System Model

In its simplest form, a solar cell may be represented by an equivalent circuit comprised of a
current source, a diode, and series shdnt resistances, as illustrated in Figgt2l. The

single diode modelallows the extraction of al/ characteristic curvdrom the equivalent
circuit of a solar cellThis characteristic is the sum of the fundamental response of the diode
and its respase to illumination.The former represents the cell response in the absence of

illumination, andis given by thedeal diode equatioas
0 0OAgB— p, (32)

where'Ois the diodedarkcurrent "Ois the saturation curren,is the elementary charge,
is the diode voltaget is the ideality factor;Q i s Bol t z ma hamd¥is tkeon st an
temperature of the diodEquation (2) producesdiodecharacteistic curve
If the solar cell is illuminated, the IV characteristarve shifts downbecause electrical
power is being producedlue tophoton absorptiofsee Figured-22). If 'Ois the response of
the current source representing cell illumination, tapplication ofKi r ¢ h h odyfeldss | a w

themodeledV characteristias
0O 0 OA@B—— p —, (33)

where'Y is the series resistance in the cell and is the shunt resistan@eross the cell.

These parameters derived from a combination of-ideal factors such as carrier
recombination, semiconductor imperfections and wire bond issues on a solar cell, and are
zero and infinity respectively for ideal cells. Numerical methods umually exploited to

solve this transcendental equation. Note that the polarity of the current has been reversed in
equation (33) to be consistent with power production. This mirrors the IV characteristic
across the voltage axis, with the representatimn in quadrant 1 rather than in quadrant 4,

as illustrated in Figurg-23.
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Figure 3-21: Equivalent circuit for a single junction solar cell Adapted from [15].

a) N b) 1,

Quadrant 2 Quadrant 1

A
\ 4
A

Y, J Vv

Figure 3-22: Current i Voltage curves for an ideal solar cell. aRepresentsa dark IV curve where no illumination is
present on the solar cell. b) Bpresents a light 1V curve which has been illuminatedAdapted from [15].

Quadrant 3 Quadrant 4

For solar cell applications, kejescriptorsof an IV curvearethe short circuit current
(0), the open circuit voltagé&o ), the maximum power poirfd ) and the fill factor(FF).
These systenparametersprovide the bulk of information necessary for performing cell
analysis or evaluation. The short circuit currenthis current at the point on the IV curve
where the bias voltage is set to zero and it denotes the maximum current a cell caa.produ
The open circuit voltage is the voltagetlat point on the IV curve wherthe overall current
is zero.The maximum power point represents the point on the IV curve where the product of
the currenfO and voltagew Yields the maximum power. The fill factor (FF) is a raifo

the solar cel |l 6s nthexequmvalenidep cumwentrsource, &l at i ve t o
00 ——. (34)

Theseparameters angresented in Figurg-23.
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A

Figure 3-23: A cell IV curve shifted to the first quadrant, illustrating points corresponding to theshort circuit
current, open circuit voltage andmaximum power. Adapted from [15].

3.3.2 Modeling Multi-Junction Cells

A modeling procedure for a tripjenction solar cellbased on the single diode solar cell
modelwaspublished in[15]. The procedurenodelsa triple junction cell with an equivalent
circuit dagram illustrated by Figurg-24. Temperature controlled measurements were taken
from real triple junction isotypes and the characteristics of the shursteaied resistander

eachsub-cell wereextracted.

Top Subcell

Middle Subcell

Bottom Subcell

Figure 3-24: Equivalent circuit representation of a triple junction solar cell. Adapted from [15].
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The modeladdresseshe temperaturedependenc®f the external quantum efficiency
usingthe Varshniequation[32] to calculate the temperatudependent band gap eneifgy

eachsubcell as
oY omn | —, (39

whereO Tt is theband gapf thesubcell at 0 K,"Yis the temperature of the semiconductor
(K) and| &1 are material parametershe wavelengthdependenEQE for each sukcell
was then temperature corrected by an amaativalent to the ifference between the
referencéband ga@and the shiftedband gap

The magnitude and wavelength dependence of the light incident on the CPV system is
altered by the optical components that deliver it to the cell. This change is quantified by the
s y s t epticél dransder function (OTF), which is the wavelenddpendent ratio of the
transmitted irradiance to the incident irradiance. To calculatepliodogenerateaurrent
density for each subcelthe EQE therefore needs to be scaledhsy OTFE For inciden
irradiance’O_ and photon energ® , thephotaurrent density i$36)

0 n, 2z "Y'0 200 QRYQ_ (36)
wheren is the electron charge constaltaving deduced thphotacurrent denisy for each
subcel] application of the diode model as described by equation (33) allows each subcell JV

characteristic to be given in termsitsfseries and shunt resistaness

0 U v Agpb—— p —. (37)
The finalJV curve for the combined triplginction systentanbe deduced from the sum of
the threesubcell JV curves. Since thesubcels are electrically connected in &ias

illustrated in Figure3-24, the cel voltage is the sum ofhe subcell voltages, whileits
current(ateach voltaggis that of the leasproducing subcél
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4 Spectral Estimation and Energy Yield Analysis

Two major researchesultsare presentedn this chapter The first describes aetlhod to
acquire spectral datasethrough the design and implementation of a modektending
results published by Harrison and Michalgl§2], that parameterisethe aerosol optical
depth (AOD) from spectral measurents.The purpose of the extended model is to generate
time resolved clear sky spectra for any specified localibe.second israanalysis aimed at
discoveringhe impact oimeteorological effects on long term energy yigtddictions

4.1 Spectral Estimatio n Using Parameterized Aerosol Optical Depth

The design and operation of PV systems depemdthe nature of the local solar resource.
For CPV systems, thiecal DNI is the key component of the solar resource responsible for
photocurrent generatior.ong tem local measurements of spectral Didie essential for
assessingCPV systemresponseat any particularsite [53]. However, setting up systems to
measure the spectral distribution of the solar resource at every potential CPV site is
economically unviable due tbme requirements andpectroradiometecosts Wide area
satellite meteorological measurements are sometused as an input to radiative models
but these onlyprovide low resolution spectral irradianckinsufficient temporal granularity
However ground based measurements of meteorological conditions with less expensive
instrumentscanbe used as an input tadiative models. One such modefiSample Model
for the Atmospheric Radiative Transfer of Sunshine versioSMARTS?2), has been
developed to describe average local radiaftof, 55] It treats theoptical depth of the
atmosyere in terms of its individualcomponentssuch asRayleigh scattering, gaseous
absorptiorand aerosols.

Using SMARTS as a base model, thear sky DNI for theAPECS test station in Ottawa
was predictechnd assessedsing anextendedmethod for extractig AOD from measured
spectra Meteorological data gathered from various soursash agshe Canadian Weather
Energy and Engineering Data Sets (CWEED®re used to achieve this go8imulating
solar spectrawith SMARTS2 is straightforwardg the primary concerrs are the locally
sensitiveinputs to the modeland the AOD in particular.
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SMARTS2 providesuilt-in algorithms for deducingnat mos pheri ¢ constit
depth from basic meteorologicalata For example, perceptible water vapotan be
calculated from temperature, atmospheric pressure and humidditg In place of
meteorologicameasurements dhe optical depth of atmospheric gases, the mygétally
uses the concentrations of gases in the atmosphere to caicdigitual absorptive pofiles.

One exception is théeterminatiorof the AOD.Unlike basic meteorological parameters that

can be easily measured with conventional instruments, the wavelength dependence of the
AOD depends on the local distribution of particle sizes in the atneospandits direct
measurement is nontrivialhe temporal profile othe AOD is neveparticularly constant
especially in urban areas due to the varying atmospheric concergi@tidast, smoke and

smog For convenienceSMARTS2 makes use of the angsir parameter to extrapolate a

known AOD ( ) at a particular wavelength (typically, 500 nm or 550 nm) to other

wavelengths. This parameter is defined by
— =, (38)

wheret is the optical depth @he requiredvavelength.

4.1.1 Optical Depth ExtractionAlgorithm

An algorithm for extracting optical defrom ground based measuremetd] wasfurther
developed to extract optical deptliom time resolved measured spectral DNI under clear
sky conditions.The hypothesis that spectral DNI may be adequately simulated on the basis
of singlefrequency AOD extraction from clear sky spectral irradiance wassefistently
tested against its generating specffhe extraction process begins withe Langley
regression, which is a linear regression applidddoguer's law

Bouguer'daw describes the attenuation in intensity of light traversing a uniform medium

as

— Qon |, (39
where'Ois the measured DNI at wavelengthwis the path length traversed by the light
(which may be expressed as an air mass), fani$ the optical depth for the specified

wavelength[52]. It is necessary to calculate the air mass as a function of time of day and

year. The high precision solar calculation algorithm presented in section 2.4.1 was used to do
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so, employing earth obliquity correctionsanc&e f r acti ve corrections
approximatior{55]; see also section 2.3. Using linear regresdouguer'daw has the form
I fohw 1 10 too (40)

where Qs the received DNI as a function of wavelengthnd the path lengtto . A best fit
line was then used to determine the valu&ofrt which corresponds to the extraterrestial
spectral irrdiance where the optical depth is zero. Our optical depth extraction algorithm is
similar to the objective Langley regression algorithm stipulated by L. Harrison and J.
Michalsky[52], with minor modifications to # data filtration and sampling details.

Typical DNI spectra argresented in Figure-4, onefor air mass zero andne forair
mass 1.5. The regions highlighted are areas strongly affected by atmospheric constituents
that contribute to the overall opticatlepth. The corresponding input parameters in

SMARTS2thataffect the magnitude of absorption in these regayeshown.

25

Aerosols, CH,0, CH,, CO, =
HNO,, HNO,, NO, NO;, NO,, —AM1.5

0,, S0
Aerosols, O;, CO,, and O,

H,;0O (Humidity), Temperature and
Atmospheric Pressure

Direct Normal Irradiance (W/m?)

0.5

280 480 680 880 1080 1280 1480 1680
Wavelength (nm)

Figure 4-1: The AMO (extraterrestrial, blue) and AM1.5 (terrestrial, black) spectra, with illustrations of spectral
regions where paticular atmospheric constituents dominate absorption.

Figure 4.2a presents the integrated spectral DNI (the irradiance) from morning to evening
of 11 May 2012. The timestamp can be converted into air mass values, and the rectangular
regions delimit the Z AM < 6 regions where the rate of change of DNI to air mass is
greatestThe natural logarithm of the0OO nm DNIis shown in Figure £€b as a function of
the air massSubstantial deviations from linearity a@esult of minor cloud cover. Since the
optical depth extraction algorithm is predicated on the +césarsky conditions, such data

areas need to be excluded from the calculations.
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Figure 4-2: (a) Integrated spectral irradiance as a function of time (left) on the 11th of May 2012(b) The
corresponding natural logarithm of the irradiance for the marked sectiors between air mass 2 and 6 (right).

To perform the Langley regression, a series of data filtering procedereappliedto
removedata pointsinfluencedby cloud cover. The details dhe procedures have been
published elsewhel®2]. Dataof the afternoon periodereprocessd and the results shown
in Figure 43, with the data initially filtered betweeh< AM < 6 agairpresented in the tep
left plot. Thenext twofilters removedata points affected byhe onset andermination of
cloud coveragethe topright plot shows the result of the former, where points showing
positive gradientsn the DNI profile have been removed; thettomleft plot stows the
latter, where data pointswith negative gradients greater than twice the mieave been
removed A final filter is employed to further minimize error, removing all data points with
standard deviations greater than 1.5 from the nominal regress@mnThefinal dataset is
shown in the bottornight plot of Figure 43. A least square regression & perequation
(40) yields anAMO DNI at 500 nnof 1.871W/nf and an optical depth df & .7t

The procedure was repeated for wavelengths bet®88 and 1300 nm at 1 nm spacing.
The resulting optical depth for each wavelength is shown in Figur& 4Three regions of
interest are noted: the high frequency end corresponding to wavelengths between 350 nm and
550 nm, dominated by Rayleigh $esing; the midwavelength region between 550 nm and
1000 nm, with a predominantly monotonic dependence influenced by the aerosol
distribution; and the long wavelength region greater than 1800 where significant
structure in the optical depth arisesda the strong water vapour absorption bands.
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Figure 4-4: Optical depth as a function of wavelength calculated from measured spectra using an algorithm adapted
from the Langley objective regression algorithm.
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4.1.2 Aerosol Optical Depth Extraction

Spectral irradiance measurements taken on the laegnabn of the 13 June 2013n
afternoon with fairly clear sky condition (illustratedkigure3-19), wereused to deduce an
average optical depth fthatperiod.First, meteorological and geographical input parameters
were fed into SMARTSZ2on cards 2 8 forthe relevanset of air mass valug® calculate a
model spectrumwith AOD inputs(on card 9 set to zero. The optical depth algorithm was
applied to the resulting spectra from this model to obtairo@tical depthprofile as a
function of wavelagth for zero aerosol contributiorNext, the measured spectra from the
APECS test sitéwhich corresponds to the air mass used for the SMARTS2 nodetfed
into the optical depth algorithm textract the sitespecific AOD-containingoptical depth
profile. To ascertairthis AOD, a wavelengthdependentsubtraction between the optical
depth derived from measured spectra and the optical digpibed from modeled spectra

was carried outThealgorithmis summarized in Figure-3.

Optical Depth From Measured Spectra

Resolved
Aerosol
Optical Depth

Location Specific
Time Resolved
Clear Sky Spectra

Simulated Optical Depth With AOD =0

Figure 4-5: Block diagram illustrating the procedures implemented for calculating aerosol optical depth from
simulated optical depth and its application to SMARTS2 to derive simulated sky spectra.

The resultof the AOD extraction process ashown in Figure 4. The solid blue cve

is the optical depth extracted from measured data, the red dashed curve is the simulated

optical depth with zero AOD contribution, and the dotted green curve is the difference
between the two, representing the AOD contribution to the optical deptthelrhigh
intensity spectral region showthe AOD is effectively flat implying that the choice of a
frequencyindependent AOD parameter in SMARTS2 is arguably valid. Furthermore, it
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appears that the AOD smoothly decreases at high frequeviagh is asympitically
anticipated. However, the purported values for the AOD in the vicinity of the water
absorption bands are clearly spurious, implying that AOD does not linearly decouple from
optical depth in the manner codified by SMARTS2.
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0.7 — — Optical Depth from Simulated data, AOD set to zero :: - 016
"

06 1 Subtracted AOD i - 014
ES]
S042 &

L 4

7 0% e
8 o1 8
© 04 - =
= 008 2
[=]
O 03 8
- 006 @
<

0.2 - 0.04

0.1 - 0.02

0 ; ; ; ; ; ; ; ; ; 0
350 400 450 500 550 600 650 700 750 800 850

Wavelength (nm)

Figure 4-6: Optical depth calculated from spectral irradiance data (blue line), simulated aerosefree optical depth
(dashed red line). The difference between the two optical depths (dotted green line) represents the modeled
contribution to optical depth due to aerosols.

Assesgig the validity of the using a frequentydependent AOD taccuratelysimulate
site-specific spectral DNI, the AODat 500 nmas determined above was input into the
SMARTS2 model, in conjunction with the previously mentioned meteorological and
geographicaparameter$or the APECS Ottawa test siteéigure 47 presents the comparison
betweensuch simulated spectra antthe actualmeasured spectrd.he spectral mismatch
between the measured (blue curve) and simulated (red curve) spectra is found to be minimal
(within £0.1 W/m?, green curviefor most wavelength&his validates our hypothesis.

Our AOD extraction algorithm is only valid for clear sky conditions and requires
measurement of the solar spectral irradiance at 500 nm or 550nm. Under such condition,
however, a broadband spectroradiometer is not necessary, and it could be replaced by a
relatively cheap silicon detector with a bgmaks filter 500 nm or 550 nm. The spectrum
thus generated can reliably be used for energy yield calculations with conside@biacy.

This may be seen by comparing short circuit currents calculated using both modelled and
measured spectra from Figure/4assuming some typical EQE for a triple junction solar

cell. The calculations are presented in Table 5 below, with theultires percentage
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differences for each stdell in a CPV system. Since the current produced by the cell is
limited by the subcell with the lowest.Jusing a singkdrequency AOD value, in
conjunction with local meteorological properties, to predict tbeall solar resource

overestimates current production by only 0.56% in this case.
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Figure 4-7: Measured DNI taking in the morning period of 2 July 2012 under clear sky conditions. Aerosol optical
depth at 500nm calculated using the method described abowsas input into SMARTS2 to simulate an equivalent
clear sky DNI spectrum.

Measured J Modeled J. % Difference
Top Sub-cell 9.1723mA/cn | 9.2233mA/cnt™ | 056
Mid Sub-cell 10.1831mA/cm’ | 10.4152mA/cn | 2.28
Bottom Sub-cell | 15.0971mA/cm’ | 15.2361ImA/cnf | 2.72

Table 5: Js.comparison in top, middle and bottomsub-cells between measured and modeled spectra based on data
from Figure 4-7.

While the above illustration was for a particular case, and a single air mass, it suggests
that predictive energy yield alyais based on simulated spectra may be posdire
appropriate inputs, particularly if temporal aspects of AOD variation can be addréssed
have already noted that there iss@nificant differencein the averaged morning and
afternoonoptical depthsand thatthe true profile of the natural logarithm of the DNI as a
function of air mass iscually polynomial not linear. This indicates that th®OD is also
variable Further insights into the various factors that may bias predictive CPV energy vyield

evaluations are given in the next section.
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4.2 Investigating Energy Yield Analysis

Energy yield analysis in the context of PV systems is associated witteteeminationof
energy production over given time period. It is oftera predictive proces® evalude a
potential PV sitewhen planning, siting or financing PV installations. Wh&BV is
concerneddue to the nature d¢hetechnology, it is unknown if the current methods used for
PV energyyield evaluation aralirectly applicable for all atmospheric mditions. This is
becauseCPV optics focus only the direct sunlight gooment unlike PV whichusesglobal
irradiance Theresponsef CPV to factorghataffectits solar resourgesuch as cloud cover,
aerosol and perceptible water vapaweds to be imastigated and properly understodtie
literature[30] also documens that CPV cells are more spectrally sensitive to atmospheric
variation than PV cellsThis is of particularconcern sinceéhe models used for PV energy
yield evaluatiordo not need to address spatvariation

In this section, a specthalsensitive CPV moddias been compared to a simple power
efficiency product modelcommonly used for PV evaluatiprunder different temporal
conditions to determine the presence and degree of bias in thesisgle models for CPV.
The choice of dataset used for PV energy yield evaluation spatially and temporally is also
investigated with an aim to emnvolute the degree of bias due to air mass variations,
aerosols, cloud cover and temperature changempaally measured spectral from the
APECS test site(fttawa, Ontario, Canajidetween June 2011 and August 2012 was used
for the analysis Data from the Canadian Weather Energy and Engineering Data Sets
(CWEEDS) and the Canadian Weather for Energy CalculdWEC) were utilized for
long term sturdy and typical meteorological analysis respectively.

4.2.1 Introduction / Background

Recent breakthroughn high efficiency multdjunction solar cells towards 40% efficiency
[56] have driveninterest in the use of CPV technology for developing utgitgle solar
farms With ever growing interesh renewable energy for sustainable development, the role
of concentrated photovoltaics is bound to become more prominent in the global [5@yket
CPV technology is fast becoming an economically viable option for usiéifye, clean
renewable electricity in global regions with high annual direcarsiisolation.Presently

over 360 MW ofCPV generating capacity has been installed worldys8¢, andthe trend
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in development suggests thatetldrop in cost and rise in efficiencgould permit
economically viablaise in someegionsof Canada. For implementing CPV, tleeal solar
resourcemust be considered when siting and financing projectd adequate energy yield
modelsareessential forlie decision making processes.

CPV performance is dependent on its system efficiency proéildunction of the
temporal solar resource and the cell and optics efficieBgstem performance has been
enhancedhrough cell tuning and¢ustomizedoptics [59]. The components of theptical
asembly deliver the solar resourcéo the cell and each component has a frequency
dependent transmission efficiency known as the optical transfer function (OTF). Fer multi
junction CPV systemscell current is limited to that of the least producisgb-cell.
Optimally, light incident on the cells across all daylight air mass vadiesildallow each
sub-cell to produce a current that does not limit performammst CPV systemperformance
may thus be achieved lyning the solar cell and thgystemoptical tansfer function to the
spectrumof the local solar resource over all air mass validethods to tune the solar cell
for the standard spectrum have been repdf8d61] and tuning a mukljunction cell to a
location specific spectrum has been shown to yield betystem performance[61].
Predicting thespectrumof the local solar resourceequires proper understanding of the
temporal behaviour of atmospheric and meteorological components such as clouds,
perceptible water vapour and aerosols which affect the local solar restimes measured
long term spectrdDNI dataareabsent, as described in section 4.1, these componentsplay a
important role as inputs into atmospheric radiation transfer models such as SMARTS2.

PV system outpumust be sold inta very competitive market with cost e dominant
differentiator.Electricity providerssuch as Ontariélydro are increasingly lodkg at ways
to matchgeneration to demand in the most economical manner. The use of incentives to
reduce electricity consumption at peak hoigrsbeing implemented in Ontario arswblar
generated electricity is well suited to providkectricity whe&n demandis at its peakTo
asseseconomicpotential under different pricing schemes, and to guide policy for incentive
programsit is important todetermine energy yields high temporal granularityrheinputs
to energy yield analysisre keyto levelized cosof energy (LCoE) calculationg2], the

basis for financial analysis of utilitycale PV projects.
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Financial calculators like PVWATTS and RETScrepapular for norconcentrating flat
plate PV systemsre ofquestionableitility for CPV becaus€PV energy yield model§.e.,
OTF and cell responsépve different sensitivities to local inputs. These sensitivities may be
to certain meteorological parameters in terms of temporal power and spectral vaf&gions
64], or nore directly, due to the fundamentgectral sensitity of the multi-junction cells
themselvesThe fundamental question then is how specific the spatial and temporal inputs to
the model must be in order to yield an accurately predict energy produatithiis section
we quantify the impact of neglectimgput variations on energy yielpredictions referenced
to predictions deriving from measured test datasetestimate the bias iapplyingsimple
predictive methods dependent on lonterm averagesto CPV analysis A more
comprehensivéinancial assessent models shown inFigure 48. The analysis described in

this subsection constitutes the beginnings of this more detailed assessment model.
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Figure 4-8: A sample CPV financial assessment block modeihat incorporates assessegnergy yield inputs. The
diagram is taken from the project proposal fiLow Cost PV Energy Yield Analysis for Canadian and Global
Locationsd - CPVEYA).

4.2.2 Experiments and Analysis

A detailedCPV system model based on the algorithm in section 3.2 was developed using the
Java programmintanguagelt wasexterdedto provide moregenericfunctionalityin order

to test various combinations of input datasets and fuulation cell configuratioa Since

large datasstwereto be processed, the softwaredisere parallel programming algorittsm

and relational database storaf§eocessed results were stored in a database to be retrieved

and analysedor further post processingA complementary application was developed to
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analyze the result of the simulations. It procdssenulated cell data ahprovidel a real
time view for monitoring cell behavior. The interface displays temporal information on the
spectral profile, input DNI, cloud condition, sabll IV characteristics, EQE and the

instantaneous and cumulative energy outputillastrationis provided in Figure 9.
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Figure 4-9: Sample media illustrating the operation of a data plotting application developed to aid analysis of
simulated cells stored in a database.

4.2.2.1 Energy Yield Model Validation

Validation of the energy yield model is necegsbhecause majority of the analysis to be
carried out depends on the models accuracy. Resear@UBLAB has led to the
development of a method to parameterize temperature dependent characteristics- of multi
junction solar cell isotype and preliminary rasuhave been publishg@4]. A quantum dot
enhanced solar cellvith aunique EQE modified toptimizeefficiencyfor a given aimass
was used for this analysiBigure 410 presents the EQprofile of the solar cell.

Using the equations provided by Sakuradaal. [31] and Varshni[32], temperature
dependent dark IV curves vgerecorded for each sube | | i sotype using t
Oriel station[64]. Measur ements were taken for 20¢eC, 2
70eC. A it al gorithm t{eaombinat@or doreapdneritshokthes at ur
dark current was subsequently used to search through a two diode cell equation to determine
the equialent parameters that corresponded to the cell characteristics for the range of
temperature measurements. Specified and measured cell material parameters to model the

subcells are presented in Table 6 below.
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Figure 4-10: External quantum efficiency (EQE) of a multi-junction solar cell being used for the subsequent analysis.
The top sub-cell is made up ofAluminum Gallium Indium Phosphide (AlGalnP), the middle sub-cell is made up of
Indium Gallium Arsenide (InGaAs) infused with quantum dots and bottomsub-cell is made up of Germanium (Ge).

Parameters Top Sub-cell | Middle Sub-cell | Bottom Sub-cell
Eg @ OK (eV) 1.879 1.519 0.750
Eg @ 2% QeV) 1.7967 1.4233 0.6705
» (eVIK) 6.00E4 5.41E4 A77E4
1 (K) 350.0 204.0 235.0
14(q) 9E-7 9E-7 9E-7
4a(q) 1E4 1E4 1E4
Saturation Factor 4.77E26 38.07E20 2.394E7
Recombination Factor | 1.43E4 1.85E10 4.8E5

Table 6: Cell parameters, specified and generated for modeling cell IV characteristics using temperature dependent
calculations based on theVarshni relation. Eg is the sub-cell band gap » and s are semiconductor material
properties,=| vand=| v pre series and shunt resistance respectively

Light IV curves were taken from a triple junction solar cell with intersalb-cell
charactestics similar to the characterized isotypes for various temperatures and light
intensity on the Oriel station as presentedTable 7.Spectrawith intensities specifiedh
Table 7were input tothe cell simulation modelsing thetemperature and the prameters
specified above The resuk of the simulationare presented for comparison with the
measured IV curves in Figureld below.It showsgoodagreement between measured and
simulated IV curves for different temperatsirand light intensies The ell simulation

model is thdoundationof the energy yieldnalysisused in the followin@assessment
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Input Label | Te mp er at ( Concentration (suns)
Sample 1 37.2 2.59
Sample 2 37.9 2.82
Sample 3 38.5 3.06
Sample 4 39.1 3.32
Sample 5 39.1 3.54

Table 7: Input sample parameters for validating the cell simulation
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Figure 4-11: Comparison of measured and simulated temperature dependent IV curves. We note the similarity of the
temperature matched simulated curve to the measured curverhich validates the models performance Adapted
from [64].

4.2.2.2 Energy Yield Model Comparison

The primary cause ofpectral variation is theemporally evolvingair mass on which all
componentf the atmospherdepend The effect of air mass oBNI spectrawas earlier
illustrated in Figure 2L2. Incorporatingchange irair mass and temperature, an investigation
was madeto determine the difference energy yield analysesetweena simple model
(based oran effciency-energy produgtand amore sophisticatechodel(describedabovein
section 4.2.2J1 The multijunction cell calibrated in section 4.2.2nas optimized for the
American Standard for Testing and Material standard spectrum (ASTM) known as ASTM
G173 which has an overall rating of 900WInUnder Standard Test Conditions (STC), the

multi-junction cell has been measured and its efficiency is noted to be 30.6%.
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Using the SMARTS2 simulator with parameters settfi@@ASTM G173 spectrum, DNI
spectra were@nerated for air mass values between AM1 and AfgliBsequently translated
into nominal time of day) as model inputhe model results, as electrical power curves, are
presented irFigure 412 (right axis); the integrated DNI are shown for reference @eif).

The results of theimple modelred curve) are clearlglirectly proportional to the DN(as
expected for an efficienegower product).The more rigorously accurate model (green

curve) departs from DNI scaling.
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Figure 4-12 Modeled triple-junction cell output using a simple and complex model. The simple model result is
directly proportional to the input power but the complex model efficiency varies.

Due to spectral mismatch betwesuxcells for the range of air mass inputhe overall
efficiency of the cell changes with the incident spectrum profileFigure 4-12, for early
morning and late evening periotte cell efficiency is lower than the STC ratidge to the
higher proportion ofong wavelength radiation in the specttater in themornng (and
earlier in theevening, at air mass values close to AM1.5, the cell efficiency matches the
STC ratingand minimal differenceis expectedetween the simple and complex models
is seen The variationn cell efficiencywith time of day(air mas) is shown in Figure 4.3
(left axis: black diamonds and solid ling)note the reduction in cell efficiency near zenith
This is due to increasing domination by shorter wavelength components of the incident
spectrumi as shown by the subcell current cesy the cell goes from top subcell (blue
curve) limiting at high air masso middle subcell (green curve) limiting at low air mass.
Since the bottom subcell always overproduces (red curve), the resulting cell current

production (dashed black curve) tratke competition between top and middle subcells.
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Figure 4-13: Modeled cell efficiency as a function of time of dayair mass). We note the different current profiles for
the top and middle subcells that limit the cell current at various points of the dg [15].

Temperature variation also affects cell efficiewlcye to the reduction isubcell bandyap
energieswith increagng temperaturethat drives changs the EQE profile.Figure 414
presents the cell efficiencies calculated with the complex model as a function of ambient
temperature. The ambiertemperature("Y ) was determined from the junction
temperature("Y ) for each particular efficiecy by assuming a linear relationship

between junction temperature and DNI as given by

z

oy

Y , (41)

where each increase in concentration by one sun leadsatoi ncr e m8ve o.f 50eC

29 q

—=—Cell Efficiency
—Poly. (Cell Efficiency)

27 A
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21 4 dy/dx = 18E-05x - 0.0628

Efficiency (%)

19 4
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Figure 4-14: Modelled dficiency as a function of ambienttemperature for a triple junction solar cell. The
temperature range is exaggerated to illustrate the gradual slope of the curve.
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Considering solely variations in air massid ambient temperature, @mparison
between energy yields calculated from simple and complex medelscarried out using
spectra simulated using SMARTSdsing fixed ASTM G173 parametercaled to the
integrated DNI measured with the pyranometer alierrange of air mass values present in
the APECS dataset between June 2011 and July 20&Rulated energy yields on two
minute time intervals angresented in Figure-25. Blue and red dots are simple and complex
model results, respectively. For eadydhere is a distribution of energies from near zero to
some maximum because DNI varies with cloud cover and air mass; there are gaps in the time
series due to instrumentation faults and maintenance. We note that the two models agree
quite well for the witer period, when energy production is low, but that the simple model
overestimates energy production during summer months, when energy production is high.
Over theyear, the total energy produced from the simple and complex sads| 3693
KWh and 357./KWh, respectively The 32% overestimation by the simple model is purely
due to the neglect of spectral variation drivenalymass andemperatureln so far as the
DNI for that year may be assumed as typical, the degree of overestimation will also be
typical. Clearly, summers with higher DNI will yield a greater overestimation, and cloudier
summers a lesser overestimati®he point remains, however, that spectral variation must be
accounted for in energy yield modelsaohieve predictions of CP¥nergyproductionto

better than several percent accuracy
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Figure 4-15: Highly temporal simulated energy yield using the simple and complex model. We note tmearked
difference in peak energy for the summer periods which correspond to high DNI.
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4.2.2.3 Input Datas¢ Comparison

It is economically unviable to setup long term solar resource measuring instruments at all
potential PV sites; hence, data used for long term energy yield analysis is often improvised.
A comparison between measured DNI data from the APECSsiwstand simulated
SMARTS2 spectrum using generic continental parameters (ASTM GltyB)cal
meteorological yearTMY) datasets and historical datas@EWEEDS) is presented. The
exercise aims to determine the degree of accuracy for CPV energy yigldi@imalOttawa

using various dataeductions This is necessary because, for most PV energy vyield

evaluation systems, TMY datasetgeused as the data input fibletemporal solar resource.

14000
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Figure 4-16: Comparison of the APECS measured DNI taken betweeMarch 2011 and December 2012 to the
CWEC TMY dataset for the same time period. The Root Mean Square Deviation (RMSD) between the two dataset is
4179.6Wh and the total energy difference is ~25.4% where the TMY underestimates measured values.

Measured (ble) and TMY (red) DNI (in Wh) are presented in Figur&64 open symbols
being daily values and solid lines a-88@y moving average. Several observations may be
made: First, while broad seasonal trends are apparent in the daily values, there is extensive
day-to-day variation between the two datasets (black symbols). Since the TMY dataset is not
an average, but a representative dataset, these variations are typical of what one would
expect between any two years. Note that the solid black line representsetageaof the
differences, not the difference of the average. Integrated over the year, the TMY data

produces results 25.4% lower than would actually be obtained for the indicated time period.
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Presumably a longer time series would reduce this differemcdurther analysis was
performedwith alarger dataset.
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Figure 4-17: CWEC TMY plotted against 19 years of CWEEDS datasets between 1953 and 1972.

DNI (in Wh, as 30 day moving averagéds)m the CWECS TMY wagsompared with
that fromthe CWEEDS historicalataseifrom 1953 to 1970)as shown in Figure-47.The
TMY dataseteitherunderestimates or overestimates the CWEEDS datigatnding on the
time of year, but the multiyear trend is that CWECS TMY assessments underestimate energy
predictions as compatewith historical resultsThis is seen in Table 8, where the relative
difference in energy production between multiyear average CWEEDS data is compared with
CWECS TMY for 1, 5, 10, 15 and 20 year sample pesiddhe results suggest thaimactic
variablity largely averages out on 5 to 10 year timescales, and that long term climactic
variability (on 10 to 20 year timescales) may still yield fluctuations in energy yield at ~0.5%
level. The major finding, however, is that using the CWECS TMY dataset rigr term

prediction leads to about a 7% underestimation in energy vyield.

TMY Years CWEEDS Year(s) Difference (%)
1 1955 15.97
2 1961, 1962 9.60
5 1953- 1958 8.30
10 1953- 1963 7.36
15 1953- 1968 6.61
20 1953- 1973 7.15

Table 8: Comparison betwea annual energy from TMY and CWEEDS over variable sample periods
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4.2.2.4 Deconvolution of Meteorological Bias Factors Affecting CPV Energy Yield

Having confirmed the existence of bias due to spectral variation in CPV energy yield models,
an analysis was caed out to determine the effect wdrious factoron CPV energy yield
analysis. The experiment involved the use of datasets ftp®@MARTS2 simulated spectra
scaled to measured DN[2) TMY spectra, (3) ASTM G173 spectral) AM1.5D spectra
scaled to ASTMG173 DNI, and §) AM1.5D spectra scaled to measured DNhese
datasets, constructed atminutes intervalswere input into the CPV energy yield model
(discussedin section 4.2.2)J1 and compared with the energy yield produced from the
measured spectralND of the APECS datasefigure 418 presents a block diagram to
illustrate the comparison process.

SMARTS2
-1

Calibrated Energy W Spectrum Data
Yield Model

Compare

——— Comparison base. Measured
SMARTS2 spectrum at the University
of Ottawa APECS test site.

Figure 4-18: Block diagram illustrating the data input types for comparison against measured DNI spectra.

Results from the simulations using the variooguts were used to emnvolute the
factors that affect energy yield.a¥set 1allows for the deconvolution of the effects of
spectral variation due to aerosols and perceptible water vapour. The sample data takes into
consideration air mass, and insaatloss due to cloud cover. Datt 2de-convolutes the
effect of overestimated or underestimated cloud cdvataset eglectshe effect of cloud
cover on solar insolation and in conjunction wdgétaset 4ids to deconvolute the full effect
of spectal variations due to air mass chanDataset complements the result frodataset
1 to deconvolute the effect of air mass induced spectral variations.
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The energy yield model was executed with an OTF profileunity across all
wavelengths for data ings generated or measuratdtwo minutes intervalbetween June
2011 and August 2012. Omissions were made wherevga@unavailable in the APECS
dataset geeFigure 2-30). Figure 419 presents the cumulative energy from the simulations.
We note that theTMY based energy assessment markedly underestimates all other
assessments. This is consistent with the results presented in section 4.2.2.3.
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Figure 4-19: Cumulative energy profiles of CPV energy yield analysis using various dataset input with a flat OTF
profile with 100% transmission.

Table 9 below summarizes the percentage difference in energy yield between measured
and simulated datasets (negative values implying an overestimation by the latter). An energy
assessment based on Dataset 1, which incdgsorall but meteorological variability
(continental averages are used for aerosols, humidity, etc in SMARTS2), overestimates
energy production by only 0.42%, implying that the input and model appropriately capture
almost all of the spectrally induced vduility; note that cloud cover is accounted for in the
DNI scaling. The gross underestimation by the TMY dataset, of some 20%, is consistent with
our earlier analysis in section 4.2.2.3 and is indicative of-iegear variability in energy
production. Dasets 3 and 4, which primarily neglect cloud effects, demonstrate the strong
sensitivity of CPC energy yield to clouds, and imply that the @8Eite was cloudy for at
least 60% of the time. The difference between datasets 3 and 4 is that the latter also neglects
spectral variation, the difference implying that its neglect overestimates energy production
by 2.44%. This is consistent with the fdifence between datasets 1 and 5 (both of which

account for clouds through DNI scaling, but the latter neglects spectral variation), at 1.55%.
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Label No Data set lef(e(:)/roe):nce
1 Simulated spectra scaled to Measured DNI | 0.42

2 Simulate TMY spectra -20.34

3 Simulated ASTM G173 spectra 60.71

4 AM1.5D spectra scaled to simulated spectra | 63.15

5 AM1.5D spectra scaled to measured DNI 1.97

Table 9: CPV energy yield difference measured and various data sets input. An OTF of 100% transmission was
assumedfor the simulation.
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Figure 4-20: Zemax simulated optical transfer function for a generic Poly (methyl methacrylate) (PMMA) Fresnel
lens.

To further validate our analysis a generic OTFbased on the simulated optical
transmission through a PMMA Fresnehse(Figure 420) was introduced into the CPV
model and the simulatioress described abowsere repeatedlhe inclusion of the Fresnel
lens introducd a spectrabias in the current matching betwesrbcells. Since the simulated
cell model was notow tuned for the input OTF, the overall effects of spectral mismatch for
all data sets should lmeorepronounced.

Results for the simulations with and without OTF are presentédbite 10.For ease of
comparison, he input datasets have been categorizZieg the factors that are being
deconvoluted (A) spectral variations due tmeteorological effects such as aerosols and
perceptible water vapou(B) loss of DNI due to cloud coveand(C) spectral variations due
to air massNeglecting the underestimating TMY engy assessment, the overestimation in
energy production has been increased, on average by some 0.3%, in agreement with
expectations.
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Difference :
Input Spectrum Dataset ..,‘,‘,::,,gm.. .,.WE,V,, Ainﬁm Without Dlifference
Effects Effects Effects OTF With OTF
@ @

Measured Spectra Vv

1 Smulated spectra scaled to measured DNI

< 0.42% 0.53%
2 Simulated spectra using TMY parameters “ -20.34% -20.49%
3 Simulated spectra using ASTM G173 parameters

« 60.71%  60.92%

4 AM 1.5D Scaled to simulated spectra using
ASTM G173 parameters

x 63.15%  63.65%

@ X 197%  23%%

Table 10: Overview of simulation results under three conditions that affect spectral variation and the DNI resource.

% % X € X
% % ( ¢

5 AM 1.5D Scaled to Measured DNI

The analyss confirms that an OTF increadée spectral sensitivity of CPV systems and
henceit is the product of cell and optical train response that should be tuned to the optical
spectrum The result also confirm thabver the sampling intervdt+1 yea), for the APECS
test site in Ottawaheneglectof spectral variation duleads to about a 2% overestimation of
CPV energy yield Furthermore the results foinput dataset 1 imply that the impact of
aerosols and perceptible water vapouarenergy yieldis minimal. Finally, we can deduce
from the analysis that the most important factor that contributes to bias in CPV energy vyield
analysis is the effect of cloud cover on DNI. This is noteworthy because it stipulates that
location specific datéor the tenporalimpactof cloud coveron DNI is absolutely necessary

to accuratly predict CPV energy yield.
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5 Conclusions

A brief history of PV and CPV technology was presented and the need for PV as a

sustainable source of renewable energy was highlighted. Tdreresource and its souree

the sun; was discussed in terms of its spectral distribution and relationship with the earth
respectively. Equations and algorithms necessary to locate the sun spatially and temporally
were presented.

Details of research antharacterization tools developbg the authofor use with solar
demonstratoran the SUNLAB research group were discussed. Databasing procedures
carried out to acquire and store highly temporal meteorological data for CPV analysis under
the auspice of thAPECS projeciverediscussed.

A method to estimate the spectral distribution of the direct solar irradiance using
meteorological data sets, a spectral simulation model (SMARTS2) and temporally measured
DNI at a single wavelength (55tm) was proposed aridvestigated. A CPV energy vyield
model was developed and analysis was performed using data measured at the APECS test
site to determine factors that affect long term CPV energy yield analysis in Ottawa, Ontario,

Canada.

5.1 Overview / Summary

In chapter onethe ever increasing demand for energy and the issue of environmental
pollution as a result of fossil fuel consumption mat@ebresearch and development of PV
energy technoldgs Depleting norrenewable energy resousc@as highlighted as a cause
for conern, and renewable PV generated electricity was proposed as an energy source that
would aid sustainable development in the future. The history of PV systems from its
dominance irextraterrestriato terrestrial applications was discussed and its growtl tire
terms of price and efficiency was highlighted. The learning curve for PV which went into
full bloom for terrestrial use in 1976 was found to suggest that the price of PV would be less
than a dollar per watt by 2015. The history of standardizatiomeps®s generated to
characterise various solar cell types was highlighted.

CPV technologieshat promise cheaper energy systewere reported to have achieved

about 44% cell efficienes. Lhlike PV, which shows littlescopefor futureimprovementthe
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