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Dedication

This study is earnestly dedicatedny wife, Shaghayegfor all herpatience, support, and

friendship.



Abstract

Wind turbineand photovoltaic (PV) technologiesill play a significant role in the
world energy future. Howeven lack of awareness of the potential of renewables is a
significant challenge in sustainable energy development. The potensalanbnd wind
energy sources in producing electricity to meet the electrical demands of the University of
Lethbridgewas evaluated. Furthermore, expanding the research to a lexge amulti-
criteria approach based on geographic information systems (GIS) and light detection and
ranging (LiIDAR)wasdeveloped to estimate rooftop photovoltaic potential of buildings in
an urban environment, ti@ty of Lethbridge. Theunreliability of renewable resources is
an impediment to developing renewable projects. An optimal sizing stratesgieveloped
using a particle swarm optimization (PSO) technique to determine the optimum
configuration of photovoltaic panelsjnd turbines and battery ii@minimizing the annual

system cost while maximizing the reliability of the hybrid system.
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Chapter 1: Introduction and Study Scope

Extensive energy generation and consumption are the main anthropogenic sources of
greenhouse @gaemissios and air pollution (twahirds of all humaninduced GHG
emissions)(International Bergy Agency 2015)Unless sufficient countermeasures are
taken in the energy sector, the progressive deterioration of the environment related to these
emissions will continuéinternational Energy Agency 2019)he world energy sectois
facingdramaticstructuraland technologicathangesThetransitionis driven byconcerns
for theenvironmen, for energy supply securignd independemcandglobal and regional
energy availability cost and competitivenesd-ossil fues production and usdiave
immense environmentahpacts Establishing anewenergy system that supplies sufficient
reliable emergy whileprotecting global and regionahvironmengis imperativeThe global
significance ofanthropogenic climate warming is driving ra@doptionof renewable
energy sourced/Nhile this transition is just beginning, dteates enormous opportungie
and similar scale challenges due to the complexity of design and installation of

sophisticatedenewable energgechnologesand resource@Vorld Energy Council 2016)

In general, enewable energy sourdeaveloweradverse environmental impacts than
fossil fuelsparticularly greenhouse gamissionsEngineers, scientists, investors, decision
makers, angdocietyrecognise we must transitionltyge scaleenewable energytilization
(Shahzad 2012 hedevelopment of renewable energy sou@eshe min componenbf
energy transitiorplaysa vital role in redugng reliance on fossil fueJscombas climate
change preserve the environmentandreducesnergypoverty by providing localclean
energy(Jacobson et al. 2017)he renewable energy transition requires the allocation of

all available resourcdsom all sectors



Investment in renewablenergysources has increased in many counfiiesSawin
et al. 2018)Globally, 18 GW ofrenewable energyapacitywas addeavorldwidein 2017,
representing 70% of the newergy generéion capacityconstructedThis is the highest
ever global annuahcrease in renewable power production capdoityatei butthis is not
at all satisfactory mgress(L. Sawin et al. 2018)Humanity needs a rapimansitionoff

carbonbaseduels.

1.1A 1 b e rRolai®Reducing Electrical SectorGHG Emissions

Canada has one of the highest GHG per capita emissions glavallgmittd 1.6%
of total global GHG emissions in 201&overnment of Canada 201&s a first world
nation, Canada must take responsibility for dramatic reductions in per capita emissions.
Canadaankedfourth globaly in renewable power generation in 2015, and from 2005 to
2015, the share of power produced from all renewable energy souttesio unt r yds t o
generated powencreasedrom 60% to 65%Lis et al. 2016)Existing hydro is the biggds
source ofelectricityin Canada 59.6% of total electricity generation from 2005 to 2016
Otherrenewable energy sources increased from 1.5% to @f26tal electricity generation
since 2005 Canada National Energy Board 2018he increase is mostly winehergy,
which grew from684 MW capacityin 2005to 12 GW in 2016(Canadian Wind Energy

Association 2017)

The electricity sector accounted for 11% of greenhouse gas emissions (GHGS)
Canada in 2018.is et al. 208). In Alberta87.M% of electricity generation was from coal
and natural gas i2016 (Canada National Energy Board 201Because of this heavy
reliance on fossil fuels for peer generation57%of Canal a électricity GHG emissions
were producedby Albertain 2014 (Lis et al. 2016)Emitting 790g of GHGs per kWh

2



electricity generationAlberta has the highest GHG generation intensity in Canada
( Canadaagesis MO0ge 6HG/kWh) (Canada National Energy Board 2018)
Renewabl es accounted for 12.3% of Albertat

the primary renewable powsource(Canada National Energy Board 2018)

Alberta has a deregulated market and renewable facilities may not always be able to
adjust and sell their produced power when eietyrprices are higher, leading to lower
average income compared with other power generft@®t al. 2016)Furthermorethe
intermittent nature of wind and solar induces these resources to fail on demand power
production for Alberté s | arge i ndustri al sector, and n

factor for reliablerenewable energgeploymeniLis et al. 2016)

Alberta is endowed with outstanding wind and solar resopotential Wind in
Alberta is now the chgest and most affordable source of new electri®iynd now meets
7% ofthepr ovi nceds el ect r i ¢dufficient dectncaynfa380D@p r o x i n
average sizetlomes(Canadian Wind Energy Association 2018he annual solar energy
resource in Alberta is estimatedadtout one milliorbillion kwh. Canada&onsumed., 784
petajoules (about 496illion kWh) total electricity energyn 2015 (Natural Resources
Canada 2018aYhe solar energy resource in Alberta is approximately 2000 times the total
annual electricity consumption in Canadalberta is a sunny province. Edmonton, at the
same latitude (53.5° N§s Mantester, UK, has gearly solar energy resource 2084ger.
Solar electricity is expected to satisfy 100,@1bertan householdannual power demand
on average by the end of 2018. The role of
to grow considaably due to continuous rapid reductions in cost of solar electricity
(Canadian Solar Industries Association and Energy Efficiency Alberta .2018)
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TheAlberta climate leadership pla@i(P, November 2015js designed to stimulate
more renewable energy development and higkeeergy efficiency investments
(Government of Alberta 2017The CLP targets wereew carbon pricingphasng out
emissions fom coal electricity power plants, and increasing the share of renewables in
Al bertads tot al el ect r(Gavernment of Albegar2@l17Jiheo n by
government of Canada is alsommittedto pha® out coal power plants by 2030 to reduce

GHGs(Natural Resources Canada 2018b)

Tofacilitate the deployment ablarphotovoltaiqPV) and wind energtechnologies
and achieveiggher solaiPV and wind penetrationsexhaustiveaesearchoh hes e sy st enm
regional and local performancpptential, and cost is required. Accurate and reliable
renewable energy resource evaluation is the cornerstone of any renewable energy planning
and transition(Hermann et al. 2014)n fact, spatial and temporal availability assessment
of renewable energy resources is necessaryutiize these resourcesefficiently
(Ramachandra 2006%IS and Remote SensingRS) are two key tools that are used to
evaluate renewable energy resources temporally and sp&Raipachandra 2006An
accurate ad complete assessmenbf renewable energy capacity can be created by
incorporating GlSand RS inenergy system modelin@gResch et al. 2014 his research
developed a series of energy models assessing the local potential of solar and wind
energy; and for optimal engineering development and design of renewable generation

capacity.

1.2 Thesis structure
This is a refereed paper format thesis Chapter 1 presents the introduction,
background, sqme and objectives. Chapter, 2urrently under reviewis titled A

4



comprehensiveassessment of solar and wind energy potential at Uheversity of
Lethbridge campusChapter 3, titled Evaluating solar energy technical and economic
potential on rooftopai an urban setting: the city of Lethbridge, Canaglpublished in the
International Journal of Energy and Environment EnginggKouhestani et al. 2018)
Chapter 4, titled Multi-criteria PSGbased optimal design of grid-connectedhybrid
renewablesnergysystemswill be submitted shortly for publicatio@hapter 5 provides an

overall summary and conclusions for all chapters.

Chapter2 employslight detection and ranging (LiDARJata aerial photography, and
historical weather dat#o conduct deasibility assessment of solar photovolt@/) and
wind turbine electricity potential fothe University of Lethbridge campussouthern

Alberta.

Threeessential factors that govesolar PV energy generationclude local solar
resource, the size of PV systeiand the performance ratio of the syss¢Bun et al. 2017)
Two types dgeneral solar PV electricity generation application models iedarde scale
PV facilities for nonbuilt up suitablearea and rooftop PV systems for builp areagSun
et al. 2017)For wind errgy, power curve can be employed to evaluate the wind turbine
energy potential using measured wind speed (Bdaoni et al. 2016)Wind energy is
gaining more attentimamong researcheand investoras heefficiency of wind turbines
is increasing and their cost is reducing. Feasibility study concerning both energy production
analysis and economic analysis is the most essential factor in higher wind deployment
(Quan and Leephakpreeda 20IB)is researcinvestigates the ability of local renewables
electricity generation tmeet local demad based on measured localatieer data and local

geographiand land use characteristics.



Chapter 3 addressesoftop PV energy productiorassessmenin a largeurban
environment withintricate natural and builip structure. A simulation andmodelling
frameworkand strategyor evaluating the potentialf solar PV over a large areaityCof
Let hbr i dg eidmesentedCify tevepemergy reorientation is an indispensable
element for efforts and plans that target energy and climate change(Byses et al.
2015) Cities consume och electricity, but within cities, many areas provaggortunities
for localinfrastructures fosolar energy productioiRooftops are oftenraeglectedocation

for solar electricity generation in citi€Byrne et al. 2015)

Urban environments can enhance their sustainability by enmglognewable energy
resources, and PV, among different migeneration technologieshas the highest
potential to contribute in future energy niirternational Renewable Energy Agency 2016,
Gooding et al. 2013)Widespread utilization ofooftop distributed PV systemsan
techniclly supply a substanti al amount of cit
example 30% of the annual electricity consumptiorthef City of Seoul, South Korea
(Byrne et al. 2015)in Canadainstalling solar panels on thesidential buildingooftops
could supply approximately 50% ofesidential electricity demandNatural Resources
Canada 2017a)ln addition, &ectricity distribution and transmission costs and losses

be reduced by onsite PV electricity product{@agnon et al. 2016)

Citiesd intricat escoasstf ddeesa aréficialamdvnatural n me n t
elements which makié challenging tanodel and evaluate rooftop Rectricity potential
(Byrne et al.2015, Kanters and Davidsson 201%his intricacy increases the rooftops
attractiveness as a valuable location for harnessing solar efigegyveik et al. 2013)
Urban rooftop PV potential evaluatios complicated and requires the consideration of

6



factors such as building heights and trees, urban morphology, and urban déBgities

et al. 2015, Huang et al. 2015)

The scale of the study area and data availability are two important factors that usually
determine the methodology employed for rooftop PV potential estimé@gme et al.
2015, Gooding et al. 2013)Sample methodology multivariate samplinghased
methodology andcompletecensus methodologgre thregorimary categoriefor different
methods used to estimate Rtential in urban setting@Byrne & al. 2015) Sample
methodology which is usually used for large areas evaluates the available roofssurface
and allows meaningful exépolaton of results toa larger otal area.A multivariate
samplingbased methodologevaluatesPV available rooftop suface areabased on
relationship(s) betwegpopulation density, building densities, and topfareagByrne et
al. 2015, Gooding et al. 201¥)omplete census methodologgesstatistical dataets (&3.
buildings footprint area)¢cartographic data sefdigitized model of the studgrea), and
software packageg (g.GIS)to estimate the whole rooftop surface in the study @gme

et al. 2015)

LiDAR technology has the ability to provide a wealth of information about the
complex envionment of urban areas and can be used to model various features of cities
(Huang et al. 2015)he effective and suikde roof area for solar PV cetistallatiors can

beassessenhore effectively byutilizing LIDAR data.

In Chapter 2 ad 3 the solar radiation resourseare evaluated using a new
methodology that employs measursmlardata and ArcGIS. Accurate estimationtbé

solar resource is always a crucial task in solar PV energy generation assessments and solar



PV systems desigfMohanty et al. 2016)The diffuse proportion of global radiation and

the transmittivity as t waAnalgssteomnedomputedfarnput s

the study region employintpis new methodology.

In Chapter 4thediscussiorrecognizesenewable energy generation often cannot be
estimated accurately dueitdermittency(Bhandari et al. 2015 herefore, renewables are
known as unreliable energy sources which need large capital inves{Bleatslari et al.
2015, Wang and Singh 200& hybrid renewable energy systdiHRES) that integrate
various renewable energy sourcesonsidered as a propitious solution tsthnreliability
(Nafeh 2011) Chapter4 returns tosolar and wind electricity generation potential
assessment at the University of Lethbridge camposachieve a balance among costs
emissions, and load availability, the feasibility of integrating these renewable saiitces
batterystorageis evaluatedn chapter4. Costeffective grid-linked hybrid systera with

reliable energy generati@redesigned

Battery storage mitigaseenewable intermittencly a highlycomplementarglesign
(Wang and Singh 2008By restricting the amount of purchased electifriom fossil fuel
based utility grid, the potential forreduciag o n s umer 6 s gr e e ndala s e
evaluated Particle swarm optimizatio(PSO)is an evolutionary stochastic population
based heuristic optimizatianethod a powerful intelligene technique capable sélving
largescale nonlinear optimization problemas multiple components of the hybrid systems
(Maleki et al. 2017, Poli et al. 2007, Del Valle et al. 20@)lving largescale mult
objective nonlinear optimization problemssually requires dealing with conflicting
objectives wlereimproving one worsenanother(Ranjithan et al. 2001, Khalkhali et al.
2010) Discovering a set of solutiok®mown & nordominant or nosinferior solutionds a

8
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practical way to solve mutbbjective problemgSharafi and EIMekkawy 2014, Khalkhali

et al. 2010)

The performance of the proped PSO method implemented in thgthBn
programming languages investigated ath nearly optimum solutionare extracted for
different conditions.This research is an attempt to shed light on different aspects of
renewable energy potential in Sothern Albetti@, Uriversity of Lethbridgeand the @y
of Lethbridge,and provides backgund information for stimulating the successful and

effective implementation of sustainable sources of energy.

1.3 Thesisobjectives
This research has foprimary objectives to betterealisethe potential of wind and

solar energy resources at the Univgrsit Lethbridge campus and thetyCof Lethbridge

1- Quantify the full potential of solar and wind energy sources in generating electricity to
meet the electrical demands of the University of Lethbridggeésibility assessment for

campus solar PV and wdriurbineinstallations)

2- Estimate rooftop photovoltaic electricity eotial of buildings in an urbagnvironment,
the City of Lethbridge employing a multcriteria approach using geographic information

systemqGIS)and LiDAR.

3- Conduct an economi@ssessmentitilizing present market prices to determine

economically attractive rooftop PV systemgheCity of Lethbridge.

4- Developan optimal sizing and design strategy based on a heuristic particle swarm

optimization(PSO)technique to determine tmearoptimum number and configuration of



photovoltaic (PV) panels, wind turbines and battery units minimizing the annual system
cost while maximizing the reliability of the hybrid system in matching the electricity supply

and demand
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Chapter 2: A comprehensive assessment of solar and wind energy potential at the
University of Lethbridge campus

2.1 Introduction

Our current industrialized world relies heavily on conventional energy resources such
as coal, oilandnatural gase@achauri et al. 2014) H u m ainsatiabe apetite for the
consumption of fossil fuels and the consequent pollution threatens our environment and
natural resourcg$achauri et al. 2014At current global population and economic growth,
the total world consumption of energy is expected to grow by 48%26d to 2040, and
fossil fuels will still supply 78% of energy use in 2040.S. Energy Information
Administration 2016) This dependence on carbbased fuels produces large amounts of
CQO, (Pachauri et al. 2014CO, emissios from fossil fuel combustion and industrial
processes account for about 78% of the rise in the total greenhouse gas emissions from
1970 to 201qPachauri et al. 2014Yhe climate system hamdoubtedlybeen influenced
by anthropogenic activities, and hurmraducedincreases inGHG concentrations are
extremely likely to be the principal cause of the observed warming since th20thid
century (Pachauri et al. 2014)'he production and use of energy is by far the primary
contributor to producing GHG emissions (ttvords of all aathropogenic GHG emissions)

and CQ is the main released gas from fossil fuel combugtran der Hoeven 2015)

Although the elimination of fossil fuels is not feasible at this timew energy
strategies should be implemented targeting the transition to alternative energy supplies, the
improvementof the efficiency of facilities and wise use of energy, in part to reduce the
negative impacts of climate chan@@evabhaktuni et al. 2013, Izquierdo et al. 2008)

Implementing renewable energg an alternative to fossil fuels is not a new concept, but it
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is receiving more attention because of this climate considerfifiemabhaktuni et al.

2013) Renewables are now well recognized globallkessources of energy because of

the improved costompetiveness of these technologies, rowpd financing conditions,
energy security importance, and environmental con¢&mgoth eal. 2016) In principle,
renewable energy sources can generate much more energy than the total global energy

demandDevabhaktuni et al. 201.3)

Solar photovoltaic (PV) technologies collectively represent an important renewable
energy source due to improving efficiencies, functionality irfed#nt locations, and
applicability to both individual homes and utiliscale power plantevabhaktuni et al.

2013) For example, solar provided 7.8% and 6.4% of electricity demand in Italy and
Germany, respectively, during 201Seyboth et al. 2016 0One important advantage of
solar technologies is onsite power generat{tuguierdo et al. 2008)Solar energy
generation can be easily employed in urban settings where electricity generated is
consumed by the local poptitan (Aznar et al. 2015)PV systems can be mounted on
rooftops and facades, and in other available locations such as abandoned or unutilized
municipal lands not needed for urbarvelepment, agriculture, or conservatiartin et

al. 2015)

Wind energy also plays a significant role in the world energy future due to
technological maturity, and relative costngoetitivenesgHerbert et al. 2007)By 2020,
about 10% of the worl dos el ect (Herbertetyl. d e man
2007) Technology advances have led to a 5% annual rise in the power output of wind
turbines since 198(MHerbert et al. 2007)n 2015, wind power was the most ceffiective
source of energy for new grishsed power in nmy countries including Canad&eyboth
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et al. 2016)Globally, the average cost of larmhsel wind and solar PV dropped by about
35% and 80% respectively between 2008 and 48&ybothet al. 2016) In 2015, wind
and solar PV installations set new records, composing about 77% of new installations in

the global power sect¢Seyboth et al. 2016)

The scientific community is increasing efforts in the applied study of renewables as
a clean and sustainable energy sugllgrtin et al. 2015)The assessment of the renewable
energy potential is the first step in understanding the value of clean sources of energy, and
in supporting policies to encourage renewable energy develoMartin et al. 2015)
However, the rapid growth of renewable electricity creates concurrent challenges for
electric gridsystemmanagemennew regulations, and market des{&eyboth et al. 2016)
Balancing demand and supply requires understanding the characteristics of local renewable
generation, and $ficiently precise monitoring and forecasting of clean electricity

generatior(Kausika et al. 2014)

The objectives herein are to quantify the foditential of solar and wind energy
sources in generating electricity to meet the electrical demands of the University of
Lethbridge. The focus includes a feasibility assessment for campus solar PV and wind

turbineinstallations. This research will:

1 merge LDAR data and aerial photography with GIS software to evaluate the suitable
available rooftop, parking lot, and open spaces for PV installation;

1 calculate electricity output possible with available solar radiation data;

1 calculate the wind energy potential the study site using local wind data and turbine
characteristics;
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1 and compare the resulting solar and wind generation over five years to typical university
hourly electrical demand.

Generating green energy wil |l vsonmental ase U
responsibility and sustainability; and will also allow development of asfidle research
facility to encourage and support the transition to renewable energy sources for other
sectors of society. The present study will examine how locah aesctricity generation

may meet local demand, based on data characig local demand over time.

2.2 Background

2.2.1Solar PV potential

Many studies state that PV systems can meet much of our electrical needs. The
adoption of PV technology in Canada is conapiaely slow (Rosenbloom and
Meadowcroft 2014)There is limited information about technical parameters such as solar
insolation rates and vaibility, and land area that might be assigned to this technology in
Canada in coming decad@Rosenbloom and Meadowcroft 2014dvanced alterative
energy simulations, modeling, and forecasting play an important role to help local
communities to increase their knowledge and assessment ability with respect to renewable
energy planning and utilizatiofizquierdo et al. 2008)Previous studies have employed
GIS techniques, LIDAR data, and aerial images to investigate solar energyigi®ten
Given the total available land and rooftop area, itmportantto understand the amount
and characteristics of suitable space that is available for installing PV sy#feiss et
al. 2013) Some studies have used constaltie methods of roofteprea estimation which
calculatesa multiplier that can be applied to the entire study @viatin et al. 2015)For

example, using geographic information systems capabilities and -gpgcific image
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recognition Wiginton et al(2010)proposed a fivestep method for estimating total rooftop

PV potential by finding a relationship across the region between total roof area and
population. Another technique to identify suitable locations is by manually selecting areas
from sources such as aerial imagery; this protocol is-timt@nsive, especially for large
regiong(Melius et al. 2013)Nguyen and Pear¢2013)presented a method@wpto provide

urban solaPV resource assessments in which roof outlining is carried out on aerial images.
The majority ofpotential analyses utilize Glisased methods for evaluating available area
for PV installation(Melius et al. 2013)Izquierdo et al(2008) estimated the potential of
roof-integrated PV systems applying a statistically representative stratified sample of
vector GIS maps of urban areatioy et al. (2014) created3D model in ArcGIS at a fine
spatiotemporal resolution to evaluate solar potential on the facades and rooftops of

buildings at a community level.

In this research, taking into account the size of the study region and the data
availability, insolation incident onthe PV modulessloped surface is modeled and area
selection has been done by meafisothG1S-based methods and manually selecting areas.
In order to increase the accuracy, the present study combines these methiditomta
the improvement in methodology by employing multiple techniques, this research will
contribute to the literature by investigating the solar PV potential in the study region and

exploring the ability of solar energy to match electricity demaret tine.

2.2.2Wind energy potential

Various studies have been carried out to prediotd energy potential worldwide.
Because of the uncertain and stochastic nature of wind, having a precise knowledge of wind
regime and evaluating the potential of wind enargthe region of study is an important
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initial step for the efficient planning and cost optimization studies of any wind energy
project(Mathew 2006)One one has the wind speedlaturbine hub height, converting

the wind kinetic energy to turbine energy output is a crucial step. One of the common
methods to estimate the energy production is to use the characteristic power curve of a
particular wind tubine as provided by the manufacturers in conjunction with wind
distribution data(Sohoni et al. 2016)A detailed review of various wind turbine power
curve modeling metids is presented by Sohdi@ohoni et al. 2016)The power curve
illustrates the energy output of a wind turbine at various wind spBedstribing the actual
shape of th power curve by appropriate equations is a challenging$asioni et al. 2016)

Power curve models are mostly deterministic models which demonstrate a fixed relation
between wind velocity and the turbine power yi€bhoni et al. 2016)The relationship
between wind speed and windrbine power output can be approximated by various
polynomial functions(Sohoni et al. 2016)Yang et al.(2007) implementedthe most
simplified model to simulate the selected wind turbine power output based on a livear cur
which represents the power curve by a straight lin@uinstudy, hourly available wind

data was used to estimate wind energy potential in the study region employing the power

curvemethod

2.3 Study Area

The University of Lethbridge campus situated m the west side of th€ity of
Lethbridge, southern Alberta, Canada®(406380N, 112 516510 W) (Figure2-1). There
are twelve buildings on campus with wide flat rooftops potentially suitable for installing
PV panels. The campus has abundant, level parking lots and fields with unobstructed solar

exposure. The campus coulees are complex high slope topography constituting a large part
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of the east side of the campus, which have extensive southern exposure facesltha

host PV panels.

Southern Alberta receives an enormous amount of annual global solar radiation
(Rosenbloom and Meadowcroft 201#) fact, Alberta hasome otthe best solar resource
in CanadgCanadian Solar Industries Association and Energy Efficiency Alberta 2018)
Furthermore, Southern Alberta has many ideal sites suitable for wind energy production
(Weis et al. 2010)Wind energy has been the most installed of new electricity generation
capacity in Canada over the past decfé@enadian Wind Energy Association 2016)
Currently, wind meets abou® of Al ber t ad s (Canbdian WindEndrgyy den
Association2018) Sol ar and wind electricity are po

electricity supply; and Southern Alberta holds the majority of that generation capacity.

Historicaly, coal has been the largest and cheapest electricity generation source in
Alberta(Alberta Government 2017b) El ectri ci ty power plants
total greenhouse gas emissions in 20Akerta Government 2017bYo shift towards a
low-carbon energy future, the Alberta governmaegan dransformation of thelectricity
sector. The Alberta Climate Plameleased November 22, 2015ays Alberta will
decommission all coal fired power plants by 2030, and build renewable generation to meet
30% of the provincial electricity deman@lberta Government 2017bRegarding the
provincial goven me nt 6 s new c | iAleata is expette nognstall @tl lemast

4,500 MW of new wind energy capacii@anadian Wind Energy Association 2018)
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Figure2-1: Study area, the University of Lethbridge campus

2.4Data

The availability of high quality LIDAR data and meteorological data from a nearby
station was critical in determining the methodology employed for this research. The source
for hourly values otheglobal ®lar radiation ora horizontal surface, air temperature, and
wind speed was the Alberta Climate Information Service (ACIS)
(http://agriculture.alberta.ca/aci201§. The data were obtained at a nearbytiata
Let hbridge CDA, | ocat ed FRigture2d)QThe MeRedrological N, 11
data for the period 201R014 was used in accordance with the available university
electricity consumptioprovided bythe university utility serviceLiDAR point cloud data

were obtainedrom theCity of Lethbridge through the University of Lethbridge for this
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projectarea In addition aerial images provided by thatof Lethbridge were used to

understand the texturd the study region.

2.5 Methodology
2.5.1Solar electricity potential

The estimation of solar electricity potential usually requires knowledge of available
suitable area for installing PV panels (geographic potential), the available solar insolation
(physical potenal), the capability(efficiency) of a particular technology in converting
solar energy to electricity considering the technical limitations (technical potential), and
the costs related to employing solar systems and the energy generation (economat)potenti
(Martin et al. 2015)Additionally, social and environmental impacts should be assessed,

but that is beyond the scope of this paeguierdo et al. 2008)

2.5.1.1Geographic potential (site assessment)

Optimum planning needs to evaluate the potential of solar radratieived atspots
that will be covered by PV panels. Wise PV panel positioning and orientation decreases the
probability of losses in solar gain due to obstructions fraighboringbuildings and
topographic features and makes the project more cost effestjestment and changing
the position of PV arrays relative to sun for maximum output is usually expensive and

impractical, especially for utility scale installatioffaragnolo et al. 2015)

Utilizing aerial imagery and hand digitizing in ArcGIS, key rooftop, parking lot, and
flat abandoned open areas witha@ighboringobstructions were identified. Inase of
building rooftops, the situation and size of buildings, and the shape of their rooftops (flat

or inclined) are important factors in calculating incoming radigi\artin et al2015) To
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understand the physical characteristics of
rooftop and parking lots, and to assess how much of the roof top area is assigned to other
applications such as air conditioning systems, aerial imaighe campus were used.

Aerial images are a useful tool for checking study area textkieassika et al. 2014)

The extensive open coulee areadted in the east side of the campus provides a
substantial area for placing PV systems. Factors such as latitude, the time of day, season,
topography, and weather influence the insolation that strikes the surface ¢Hedirthka
and Suri 2002)On regional and local scales, available radiation is mostly modified by
terrain (relief) due to variability in elevation, surface orientation (slope and aspect) and
shadow cast by topographic featutemfierka and Suri 2002)ESRI Solar Analgt was

used to identify coulee areas that have good solar exposure throughout the year.

Solar Analyst is an extension for ArcGIS that creates a solar irradiation map over an
area for specific time period€Chow et al. 2014) This tool takes into account the
atmospheric attenuation, latitude and elevation of the area, slope and aspect, daily and
seasonal changes of the sun position and angle, and effects of shadows cast by surrounding
features and topographfRuizZArias et al. 2009) Solar Analystuses the topographic
information contained in digital elevation model (DEM) to estimate direct and diffuse
components of solar irradiation for point locations or for entire geographic @eas
2016¢) The global solar radiation in Solar Analyst is the sum of direct and diffuse

componentgEsri 2016c) The results of this analyssse show in Figure2-2.

In assessing solar potential in a built area, most researsBe®AR data to create

DEMsfor their solar radiation calculations because LIDAR provides the highest resolution
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(Martin et al. 2015)The DEM of the study area with 1x1 m spatial resolution was generated
using ground (or bare earth) LIDAR point clouds in ArcGIS. LIDAR data is usually stored
in LAS format and typially does not have a defined spatial refere(esri 2013)
Therefore, using the 3D Samples extension of ArcGIS, LAS files were rewritten to contain
the proper spatial reference information, whcNAD1983 3TM. Determining the special
reference of each LAS file is critical for the following analysis in Arc@ESri 2013)
According to the LIDAR metadata, the vertical datum was definedaagdiargeodetic

verticaldatum of 1928 (CGVD28).

Figure2-2: Global annual solar radiation for the coulees area
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Thei Ar ea Sol ar Radiationo tool was wused
for the coulee areaF{gure 2-2). SolarAnalyst needs the proportion of exoatmospheric
radiation transmitted as direct radiation along the shortest atmospheric path at sea level
(t  and diffuse proportionl( which is the ratio of measured defuse solar radiation on
a horizontal surface against the global solar radiafanand Rich 2000, Esri 2016a)
However, to achieve better results we considered(the ratio of measured global solar
radiation on a horizontal surface against the extraterrestrial radiation at sea level) instead
of T in global annual solar radiation calculatiirmasoudi et al. 2018)The hourly
0 was assessed for the selected nearby station between 11:30 and 12:30 houbs for eac
day of the years 2010 to 201%his0 pertains to the shortest atmospheric path (in the
direction of the zenith)RuizZArias et al. 2009)The average of these values represents
the annual mead and was used for estimating the annual solar radiation. Using the Erbs
et al.(1982)correlationrepresented biquation 2.1the fraction of the hourly radiation on

a horizontal plane that diffuse was evaluad (Duffie and Beckman 2013)

P8l TV O no me g
0 TBOL P O @HT &YW p@dPowy p&oly NB¢ v ™ (21)
® ¢ U no m@mn

The Solar Analyst algorithm corrects for elevation effects, so transmissivity should always

be given for sea levéFu and Rich 2000)Thereforep  was corrected by means of the

Equation (22) for sea level, with as the elevatiofRuizZArias et al. 2009)

0 0 8 8 (2-2)
To represent all participating locati® and discard unsuitable places in the coulee

area, some constraintgereapplied. A suitable location has an appropriate aspect, slope
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(less than 60 degrees), and a minimum annual insolation. Investigatingnératgd solar
radiation map, 120 kWh/nf/year was defined as the minim threshold of solar radiation.
To assure that there is no shading on selected areas from neighboring trees and buildings,

the study site was visually inspected.

Some reduction factors are assumed in order to reduce theuitdidle area available
for solar photovoltaic applications to a realistic level. In case of rooftop area, this reduction
has to be implemented considering the effects of shading from other parts of the roof or
from surrounding buildings or tre€@/iginton et al. 201Q)Significant areas of every roof
are occupied by ventilation, air conditioning systems, chiysn@and other apparatus
(Wiginton et al. 201Q)PV arrayinstallation requires extra area for maintenancevise
area) and to avoid shading from neighboring patfatsado and Poggi 2012)n the case
of flat rooftops, this service area is usually a perimeter space with a width of 1 meter
(Ordéfez et al. 2010)To estimate the fraction of rooftops that can be devoted to PV
modules, aerial images were invgstied. Furthermore, related literature was reviewed to

obtain appropriate reduction valudable2-1).

Table2-1: Fractions of total roof area assigned to R@dules esinated in different

studies
Study Method utilized Fraction of total roof area Region
0.74 (Detached houses).796 .
Ordonez et simulation (Town Houses) 0.654 (High rise Andqlusm
al.(2010) o (Spain)
buildings)
Izquierdo et al.  inspection of satkie 0.32 (Al urban buildings) Spain
(2008) imagery ' 9 P
(Mzc(;gt‘la)von etal computer simulation 0.490.950.73 (different urban sites) Switzerland
Wiginton et :
al.(2010) literature based 0.30 Canada
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Ong et al(2013)evaluated 72% of installed and una®nstuction utility-scale PV
(groundmounted photovoltaic) and CSP (concentrating solar power) capacity in the United
States, and assessed the solar land use requirement and array spacing. They found that
fixed-tilt systems have an average packing factor (@te of area actually covered by PV
panels to the total land area occupied by the array system) of@§et al. 2013, Horner
and Clark 2013)They stated that there is large variability in pacKexgor and it ranges
from 20% to 67% based on the research litergtDrg et al. 2013)For this research, taking
into account the specific characteristics of our study @nearatio of PV modularea to

thetotal available suitable area was assdrnmebe 0.30

2.5.1.2Physical potential

The physical potential is the assessment of the solar energy resource availability in
the study sit€lzquierdo et al. 2008)The availability of solar radiation data on oblique
surfaces with different angles is a fundamental requirement in utilizing solar energy
technologies. The knowledge of solar resouscegery important in long term or short term
assessment of PV power output, performance evaluation, and to make the best decisions in
designing profitable solar systeifMohanty et al. 2016)A weakness of the Solar Analyst
tool is the assumption that sky transmissivity and diffuse coefficients are constant values
over the year; this is not valid and can impact the amount of annual calculated radiation
significantly (Jakubiec and Reinhart 20133enerally, Solar Analyst underestimates the
total insolation(RuizZArias et al. 2009)It does not take intocaount radiation reflected
from surrounding surfaces such as buildings, trees, or terrain fedflalasbiec and
Reinhart 2013) Such adiation cannot always be ignored, especially when the site is

surrounded by highly reflective objects such as sii@wh et al. 1994)Accordingly,

24



measurd hourly radiation data was used to calculate insolation incident on PV surfaces.
Solar radiation data provided by weather stations are usually measured as global radiation
on a horizontal plane while PV panels are inclined to maximize their receivedtiosol

(Tina et al. 2012)The inclination angle of a sloped surface (measured relative to the
horizontal) and its orientation or azimuth angle (meastekdive to south, with zero due
south) are two important defining characteristics of the surféce et al. 2012)The
incident solar radiation recesd by the sloped surface is built of three components
including beam radiatiori@; ), diffuse radiation’Q; ), and reflected radiatiofiGf; ) from

the different neighbouring objectBuffie and Beckman 2013Yhe total radiatin on this

surface is:

o GG G G (2-3)
Many methods with various complexity have been presented for estinfatipgffie

and Beckman 2013, Tina et al. 2012hese methods utilize different approaches to treat
the fraction of hourly radiation which is diffugeéu and Rich 2000)Based on various
assumptions about the directional distribution of the diffuse component on the sloped
surface, these models are classitsdsotropic and anisotropic sky modékhukla et al.
2015) The isotropic models are conservative and simple, where thesitgtehthe diffuse
radiation stream is assumed to be uniform over the sky dome. The anisotropic models take
into account the anisotropy of the diffuse radiation in the circumsolar régarkla et al.
2015) Several anisotropic models are proposedibfgrent researche(®erez et al. 1987,
Perez et al. 1990, Skartveit and Olseth 1986y&t and Unsworth 1980, Reindl et al.
1990) In this work, the Perez et al. (1990) model, which is based on more detailed analysis

of diffuse radiation, is implementd®uffie and Beckman 2013lUsually the results of this
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model are very close to measurements for many locations worldwide and it is more
comprehensive compared with many other mo(@idfie and Beckman 2013, Tina et al.
2012) Based on this model, the total radiationtbe oblique surface is given ipuffie

and Beckman 2013)

O OY ©Op O —— 0OO- OO Q¢ 10— (2-4)
wherecand®are definedaé | A @foé i fee | A @ £4i bk é—+ . The parameters
"0 and "0 are circumsolar and horizon brightness coefficients ardfuanctions of sky
conditions (a set of these coefficients is given (Duffie and Beckman 201B) The

parametet is the tilt angle of the surfac&}Y is the beam contribution on radiation on
the sloped surface, ald —— is the ratio of beam insolatiam the sloped surface to
that on a horizontal surfacéhe parameters-and— are the angle of incideind zenith
angle, respectivelyO” —— is the reflected radiation from the neighbouring objects

where” is the diffuse reflectancef the surroundingsT@ble 2-2) (Duffie and Beckman

2013) As it is notpractical to estimate the reflected radiation from all surroundings, the
common approach assumes that there is one extensive, horizontal ground in front of the
collector which reflects this component in all directions equy8aliyffie and Beckman 2013,

Tina et al. 2012)The albedo coefficierit has a typical value of 0.2 for ordinary ground or

grasg(Tina et al. 2012)
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Table2-2: Reflection cefficient values for some materigBiragnolo et al. 2015)

Material | Material |
asphalt road 0.10 loam (with clay) 0.14
broadleaf trees 0.26 roof 0.13
concrete 0.22 snow 0.75
conifers 0.07 stones, gravel 0.2
dark-colored building 0.27 water 0.07
dirt road 0.04 white-colored building 0.6

grass (dry + green) 0.23

The parameter©iO are the beam and diffuse fractions of total horizontal radiation
respectively. In order to determine the total radiation on surfaces of other orientations given
global horizontal radiation, horizontal beam and diffuse radiation must be treated separately
(Duffie and Beckman 2013)Several methods are developed to split total horizontal
radiation into its constitues(Orgill and Hollands 1977, Boland et al. 2001, De Miguel et

al. 2001, Erbs et al. 1982Vsually scientists try to establish an hourly correlation
betweenO o Where'Gs the total radiation on the hpontal surface, and "O"O the

hourly clearness indexO is the hourly extraterrestrial radiation on a horizontal plane
(Duffie and Beckman 2013)n this research, the Erbs et @982)model, as presented in

Equation(2-1) wasdeployed.

To estimate hourly total solar radiation on inclined PV panels, these selected models
were applied to gloal solar radiation data obtained from a nearby weather station from
2010 to 2014. Because any measurement brings some errors, radiation data were screened
for quality following Ref.(Journéeand Bertrand 2011tp eliminate questionable values.

Global horizonth radiati on d asurtace #at wdshlarger Bham thé 6 s
corresponding extraterrestrial value incident were filtered out. In addition, the direct and
diffuse irradiance componenmust be smaller than the global horizontal radigtionrnée

and Bertrand 2011)
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2.5.1.2.10ptimal PV orientations and tilt angles

The amount of generated electricity is a function of the oriemtatnal tilt angle of
the PV array{McKenney et al. 2008)T'he efficiency of a solar collector is optimunhen
oriented towards the syklandoyo and Ichsani 2013)s in the northern hemisphere the
sun is due south at solar noon, south faépanels receive the maximum amount of
irradiation. The yearly output of PV panels with tilt angladle of inclination away from
horizontal toward the South) equal to latitude is greater than panels with other tilt angles
(McKenney et al. 2008V Surfaces with higher tilt angles usually produce more constant
energy, however, they receive less insolation on a yearly fdslsenney et al. 2008)
Lower tilt angles resuih more electricity production in the summer monthkile higher
tilt angles are more appropriate for win{@tcKenney et al. 2008, Rehman and Siddiqui
2012) The seasonal optimal tilt angles are location specific because they are influenced by
climatic variationdRowlands et al. 2011Yhe amount of solar radiation that a PV panel
is exposed to is a function of the location latitude, the day of¢heand the time of day,
surface tilt angle, surface azimuth angle, and the angle of incident rad\atioola et al.
2008) Among these various factors, surface tilt and azimuth angles can be adjusted to
maximise the radiation at the surfgétandoyo and Ichsani 2013 principle, optmum
valuesof tilt angles change every dand thus should be adjusted accordingly to their
optimum valuegRehman ad Siddiqui 2012) Researchers have carried out many studies
for evaluating the local optimal tilt angle for a specific locatf®ehman and Siddiqui
2012, EfSebaii et al. 2010, Rowlands et al. 2Q1H}Sebaii etal. (2010)calculated the
total solar radiation on a sloped surface facing south with different tilt angles for Jeddah
(Saudi Arabi, and inferred that in this location, the best yearly performance of a solar

collector is obtained when it is oriented dsmuth with a tilt angle equal to the latitude.
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Rowlands et al(2011)investigatedand modelled solar radiation data and subsequent PV
panel performance to determine the optimum tilt angle and azimuth for a PV system in
Ontario. They found that for alase studies, the ideal tilt angle is slightly less than the local
latitude § Jandw Jess than the local latitudes in Ottawa and Toronto respectively) and the
maximum power output is achieved when the PV panel is facing slightly east of due south
(¢ kas of due south for Ottawa, ard Eastof due south for Toronto). In ostudy, PV

panels were assumed to be oriented due south and a slope angle equal to the local latitude

was utilized.

2.5.1.3Technical potential

2.5.1.3.1Solar panel selection

Waferbased Solar celimade from crystalline silicon anbin-film products are two
basic commercial PV module technologies available on the market today. For terrestrial
applications, silicon based solar cells are the most common modules available as single
crystal, polycrystdine or amorphous soliddVlohanty et al. 2016)Singlecrystal silicon
has the best performance and amorphous silic&i)(aas the lowest efficiency among the
three typegMohanty et al. 2016) In 2016, about 94% of the total PV module production
belonged to silicortwafer based PV cells and multi crystalline modules represented about
70% of total productior(Philipps and Warmuth 2017)he efficiency of commercial
waferbased silicon panels has increased in the past decade, from about 12% to 17%
(Philipps and Warmuth 201.7\Vith recent advancements, meerystalline silicon panels
deliver 24.2% efficiency under standard test conditi®islipps and Warmuth 2017

this research, it was assumed thatRNecell efficiency is 15%¢Nguyen and Pearce 2013)
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2.5.1.3.2Estimating PV electricity production potential

Photovoltaic system performance is influenced by the quality of the system and the
weather(Dierau et al. 2013) PV module performance ratings are usually supplied by
manufacturers based on their performance at standard testing conditions (STC): 1600 W/m
solar irradiation, 25 moduletemperature, and air mass {(MicKenney et al. 2008)The
potential power output of a module wrdhese conditions is called module nominal power.
In reality, photovoltaic panels produce less energy due unavoidable losses in various parts
of the systemThese losses are determined by the overall system design, the type of
modulesused and operatingconditions (solar radiation intensity, angle of incidence,
temperature, etc(McKenney et al. 2008)Performance RatidPR) is an indicator of the
effect of | osses compared to the PV syster
actual system AC output per yearthe expected DC yield, which can be used to quantify
the overall system losses. The performance ratio is used to compare the system performance
to that of an ideal system at the same pléSehmalensee 2015With technology
advancements, over the past decades, increased efficiencies of PV modules and other
components of PV systems have led to dramatic improvemeperiormance.New
systems hav@R values ranging from 0.6 to O(Reich et al. 2012)Reich et al(2012)
have investigated tHeRof about 100 German PV systems and stated that with help of cool

climates in Germany, some systemso6 PR exce

Having cold weather condlins in our study region, we expect that the system
proposed herein would operate at a high PR value. Canadian systems located on latitudes
of 44 up to 64 have yearly average performance ratios ranging from 0.7 to 0.75

(McKenney et al. 2008Del Cueto (2002) compared 14 photovoltaic modules installed at
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fixed latitude tilt and stated that performance maflactuate seasonally, mostly because of

air or module temperature variations. This study showed that théeffective efficiency)

is significantly temperaturdependan{Del Cueto 2002)The operating temperature of the

PV cell, which is the temperature of the PV array surfecan important variable for the
photovoltaic conversion process and the PV array output depends strongly on this factor
(Brihmat and Mekhtoub 2014PV systems are more efficient at lower cell temperatures
(Brihmat and Mekhtoub 2014Performance temperature changes during sunshine hours,
exceeding ambient temperature by as much as 80 more; however, at night it is at
ambient temperatur@rihnmat and Mekhtoub ®14) Having the estimated total global
radiation on the surface of the tilted PV panel, using the ambient air temperature and wind
data, the DC generated energy was calculated. The Skoplaika model was used to assess the
operating temperature of photo\att cells(Skoplaki et al. 2008)r'he effect of temperature

on the efficiency of the photovoltaic céiVhere— 0 j® Q) isthe maximum power,

0i s t he c e'0tldesrradiation)agivencby d

- - p I Y 'Y (2-5)
where— andf are the modul ebds electrical effic

coefficient at temperaturey and at solar radiation of 1000 W/respectively that are
usudly provided by manufacturer3he average Vae for temperature coefficientat
¢ U 3is usually taken as T8t i  (Skoplaki et al. 2008)The PV cell operating

temperature™{ is given as:

YooY —— 0 w T (2-6)
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where w (m/s) is the wnd speed in the windward side of the Photovoltaic array. The
equationw W j T yelates near the PV array wind speex) to the free stream wind
speed® ). The ambient air temperatuigeshown byYin3 and™O is the solar irradiance

on the surface of the array (Wi)r(Skoplaki et al. 2008)The efficiencies at diéfrent
irradiances and air temperatures were estimated and the maximum DC output power was

calculated for thé&h hour of the day usingdtiation(2-7) (Duffie and Beckman 2013)

0 0 Op—j (2-7)

Many factors may decrease the ideal DC power output, such as losses due to surface
soiling and snow, module parameter mismatch, resistance in the DC circuit, and DC current
ripple and algorithm error caused by the switching converter whidbrpes the maximum
power point tracking functiofRopp et al. 1997)The voltage and current at which a PV
cell operates is a function of the load charasties (a battery or a power gri{lpuffie and
Beckman 2013)When generator and load characteristics ares&yiaonconsistent, power
conditioning equipment (maximum power point trackers) can sl uFor tracking
maximum power points, these devices control voltage while sacrificing some power
(Duffie and Beckman 2013Mismatch power losses occur when PV cells do not have
similar characteristics (are not identical perfectly) or do not operate under uniform
conditions(Vijayalekshmy et al. 2014)Therefore, the following equation displays the

systembs efficiency taki n(Boppend @999 ccount t h

- -8 & & & (2-8)

The values represented in Table 3 were used thqgbitae power output.
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Table2-3: Valuesrepresenting various lossesed in system efficiency calculation
(Equation(2-8)) (Ropp et al. 1997)

Parameter Value
trova 96%
Lo vod <1 95%
trrmdvy 98%
by 95%

The generated DC power is converted to alternating power (AC) used in the electrical grid
by an inverter. Invertemsfficiency, usually provided by manufacturers, range from 92% to

95%(Vignola et al. 2008)

2.5.2Wind energy potential

Areas with annual average wind speed of greater tlam6 at a height of 80 meters
are economically suitable places for commercial wamdbine installationgWeis et al.
2010) The annual average wind speed at a height of 80 m above the ground surface was
calculated for our study aresing the wind speed data at a height ofril@btained from a
nearby station ovdive successive yearg éble2-4). Results she that this study region

is a favorable wind site.

Table2-4: Annual average wind speed at a height of 80 m above the ground surface in the

study site
Year 2010 2011 2012 2013 2014
Average annual wind speed (m/ 5.8 6.74 6.31 6.00 5.8

Wind power output is strongly dependent on the wineesgpdistribution across the
region where wind turbines are placed and the type of wind turbines emlugedet al.
2010) Southern Alberta represented about 76% of total wind generation installed capacity
in the province at the end of 2016. These wind facilities performed with an average capacity

factor (the ratio of the annual average outputh® nameplate output) of 35% in 2016
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(Alberta Electric System Operator 2017he annual energy that a wind turbine will
generate can be estimated by multiplying the nameplate capacity by the capacity factor and
by 8760 hours in a year (8784 hours in a leagr)(Weis et al. 2010)With increase in

wind speed in conjunction of increase in height, atti better matching between wind

spectra and the turbine, the capacity factor can be increased signif(téattiew 2006)

In order to assess wind powgenerated from a wind turbine in a particular region,
long term measurements of the local wind data are required. Due to continual change of
wind distribution about the mean, average wind speeds do not reflect an accurate estimate
of wind potential and &rnot sufficient to assess long term performance of wind turbines
(Duffie and Beckman 2013Accordingly, houry wind data from 2010 to 2014 from a
nearby station was used to predict wind energy potential using turbine power curve
modeling method. Wind speed data are usually measured at 10 meters above the ground
surface. In order to extrapolate wind speeds fraahitight of measurement to hub height

of wind turbines, a power law equation of the following form was used

—_— - (2-9)

wherew @& is the wind speed at the gbi  Z and| is the wind shear coefficierdnd
depends on many factors such as the velocity of wind, air temperature, surface roughness,
season, and time of daytaffell and Green 2014, Duffie and Beckman 2013)e
parameter can be calculated from measurements at two different heayidds typical

value is 0.143Duffie and Becknan 2013)Wind profiles for sites without measured wind

data are determined using the wind speed values from a nearby Gatmi et al. 2016)

Extrapolating wind peeds to greater heights is probably one of the most important

34



uncertainty factors in evaluating the wind potential at a particular ré§icmallenberg

Rodriguez 2013)

Models based on rudimentary equations of the wind power and models based on
equations representing the power curve of wind turbines are two different approaches that
are used to approximate the behaviour of wind turbffieapar et al. 2011}or example,
Nelson et al(2006)evaluated the wind turbine power response using average hourly wind

velocity data and equatio-(0) derived from fundamealtequations of the wind power

00 -"® 060QQ (2-10)

where, 0 "Q"Qis the efficiency of AC/DC convertet, is the air density (kg/fh, 0 is the

area swept by the turbine rotor bladeg)(m is the wind speed (m/s), alid is the power
coefficient of the turbinéNelson et al. 2006)Power curves of wind turbines supplied by
manufacturers are also used to calculate the electrical power generated by turbines at a
specific wind speedThapar et al. 2011)The aerodynamic, transmission and generation
efficiencies of a wind turbine are reflected in its power cuMathew 2@6). In this

research a model based on the power curve concept is used to assess the turbine power
output(Mathew 2006, Nelsn et al. 2006)The power curve is modeled by an appropriate
polynomial function (equation{2 1) ) in each of the tursineobds
have four distinct performance phases as shown in equatidlil)2 Equation (2L1)
demonstrates thaurbine electrical power output versus wind velodiathew 2006,

Nelson et al. 2006)
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whereU (cutin velocity)D (rated velocity), andb (cutout velocity) are the essential
characteristi velocities of the wind turbin@Mathew 2006)The parameterd andé are

t he t ur bi n éW)andthavelecithpoweo propartionality resptively (Mathew

2006) At too low wind speeds turbines cannot operate, and also at too high wind velocities,
due to extreme mechanical loads, turbineslmaniamagedDuffie and Beckman 2013)

To find the energy (kWh) produced in each hour, the assessed powey &meaific hour

is multiplied by one houfNelson et al. 2006)The reference wind turbine selected in this
studyrated a3.05 MW, with rotor diameter of 101 nbers andahub height of 150 meters.
Considering the extensive area available on the campus, it was assumed that three turbines

could be installed on this site.

There are some losses that occur in wind power generation facilities including
availability losses (2 5%), electrical losses (23%), turbine performance losses-(3%),
environmental losses such as icing BP6), soiling and damage (12%), and curtailment
(4%). Making a precise estimation of the aforementioned losses is hard because they ar
highly site specifiqClifton et al. 2016)Studying the effects of aging ithe wind turbine
performance, Staffel and Gre@014)investigated the data from the UK's 282 wind farms
and found that wind turbines lop& T1@®& Pof their energy output annuallieadingto a

reduction of 12% of energy production over a 20 year lifetime.
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2.5.3Uncertainties in solar PV energy production estimation

The uncertainty in solar radiation data and solar resource estimation is one of the
most important factors affecting PV output predict{®&chnitzer et al. 2012, Myers et al.
2004) Usually, modeled data that has been historically used to evaluate-¢ite solar
radiation resource are not accurate eno{#ghnitzer et al. 2012} ikewise, the spatial
difference among reference networks and project siteglaficient station maintenance
decrease the accuracy of the measured dataaay morojects(Schnitzer et al. 2012)
Describing the sources of uncertainty associated with measurements, Mye(2@04).
stated that the uncertainty in measureobgl horizontal radiation data could reach to 3
5%. In addition, horizontal radiation transgtion to the plane of the PV array, and
simulation and plant losses are other contributors to the uncertainty in solar energy
generation assessmef®chnitzer et al. 2012Yhe accuracy of solar radiation estimations
on tilted surfaces using global horizontal radiation data solely, degrades considerably, a
mostly depends omé directandl i f f use separation model ds ac
(Gueymard 2009)The Erbs et al. model, which has been utilizecoun research, is
extensively employed and recognized as a usalanethodGueymard 2009)Gueymard
(2009) compared measured global radiation on tilted plane with estimations from ten
transposition models and found thia¢ Perez model, which has been implementedur

research, provides one of the best results, particularly under clear skies.

Themeasured peak power of PV modules may be about 10% less than the nameplate
rating sometimegAtmaram et al. 2008)FurthermorePV modul es 6 power d

time or degradation rate is about-0.8% annuallfThevenard and Pelland 2013)
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PV sy sdvailab#ity (scheduled and unscheduled maintenancevities)
influence theimpower outpui{Moore and Post 2008Moore and Post (2008) investigated
a 3.51MW PV system and found th&d average overall eftdive availability for five

successive years was about 99.7%.

In adition, o average, soiling can lead to 1.5% to 6.2%dfnergy losses annually
(Thevenard and Pelland 2018onsidering the convoluted proce$smow accumulation
on PV panels and variable nature of snowfall, for various study locations and fetiltixed
systems, annual PV losses resulting from snow coverage have been measured ranging from

0% to 25%(Ryberg and Freeman 2015)

Using a statistical simulation approach, Thevenard and Pelland (2013) edmbin
uncertainties from various sources to estimate the overall uncertainty in photovoltaic yield
predictions Their estimates of uncertainties in various factors affecting system
performance including yedo-year climate variability, average horizontal iettbn,
radiation calculation in the plane of the array, power rating of PV modules, losses due to
dirt and soiling, losses due to snow, and other sources of error were 3.9%, 5%, 3%, 3%,

2%, 1.5%, and 5% respectively. Based on their study, the combirtat} (tocertainty
(standard devi at i on)itslifeimetwhseabosty.9%. amdlsbaly i e | d
uncertainty attached to the output of PV sysdenay differ from one system to another
significantly(Thevenardand Pelland 2013)sing the values presented in the literature and

the 6rule of squaresé6é described by Thevenat

for our PV system output was estimated to be about 9.5%.
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2.5.4Uncertainties in wind energy productionestimation

The anemometdsased measurements uncertainty2¢4), the spatial variation
uncertainty (:2%), the vertical extrapolation uncertainty- @), the turbingerformance
uncertainty (0- 4%), the electrical losses uncertainty 220), theenvironmental effects
uncertainty (1%), the curtailment uncertainty-4%), the long term wind resource
uncertainty (16%), and e uncertainty due to intannual variability (110%) are the main
contributors to the wind energy production uncerta{@yfton et al. 2016)Based on the
values presented by literatures, the estimated overall wind energy uncertainty was about

11%.

2.6 Results and discussions

Employing the aforementioned methodology to the University of Lethbridge campus
area, the available roof area for photovoltaic equipnaat the photovoltaic energy
potential was assessed. Based on 220D} electricity usage of the University and
evaluated renewable energy potential, this study can help to detemeffecient plan to

implement a renewable energy program for clean erggggration on campus.

A total of 1,015,808 fhareawas found to be suitable for the installment of PV panels
in the site Table2-5 andFigure2-3). This total area was reded to that which would be
covered by PV modules. Having this large area, it is possible to install a series of large PV

arrays with about 45 MW capacity at the University of Lethbridge campus.

The hourly solar radiation on inclined PV panels was estonaseng the Erbs et al.
(1982) and Perez et al. (1990) models for years 2010 to 2014. Then, the hourly potential

energy outputs from this distribution of area was approxim&eigntial electricity output
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from the largescale installation of PV is extregdarge, and with more efficient panels it

is possible to generate even more electricltye annual electricity production of this

system is shown ifiable2-6.

Table2-5: Availablearea for installing PV modules in the study area

Locations Suitable area (n?)
Flat free lands 207,979
Rooftop 32,145
Parking lots 111,474
Coulees 664,210

[ Coule!es
_:-j‘_Turbine rotary.
Rooftops ’
Parking:lots’
Free lands pe
D\ [ 8tudy Area ;

-

Figure2-3: Available suitable area for P&hdwind turbine installation at theampus.

Table2-6: Annual solar electricity production in the study area

Year Generation (MWh)

2010 71,700
2011 74,700
2012 72,900
2013 73000
2014 72,800
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The energy casumption of the University increased betweef?8 annually from
2010 to 2014. It was usually higher during summer (July and August) and autumn
(September and October) months with the largest amount in Bigiyré 2-4). The total
summer electricity consumption was about 10% higher than the total winter electricity
consumption on average. On the other hand, the highest potential of solar electricity
generation existed during summer months (July and August), spriagciMApril, and
May), and early autumn (September). The largest amount of solar electricity could be
mostlyproduced in JulyKigure2-4). The electricity consumption decreased from summer
to winter, when the sotalectricity potential declined as well. In late autumn (November)
and winter months (December, January) the solar electricity generation had the lowest
potential while the lowest consumption existed in December and February. Therefore, the
peak months o€lectricity consumption and solar electricity generatemg the months
with lowest electricity consumption and lowest solar electricity potential, approximately
coincide. On average, the annual electricity generation of this solar PV system is about 2.8

times greater than the annual electricity usage of the campus.
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Figure2-4: Monthly electricityusageand solaiPV electricity potentiaht the campus
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For the five successive years, the average seasaitaletectricity consumption in
winter (averaged over three winter months) was athd, 1.8%, and 10% lower than
that in summer, autum(September, October, and Novembemd spring respectively
(Figure2-5). The averageesasonal daily solar electricity generation (averaged over three
montks) in spring was about 50% more than that in winter (December, January, and
February), 5% more than that in summer, and 31% more than that in autumn. It was about
3.3,3.1,2.5, and 2.2 times greater than the average seasonal daily electricity consumption
in spring, summer, autumn, and wint@spectively. The average dadglar PVelectricity
generationover all seasons was aba2i8 times of the avege daily solar electcity

consumptior(Figure2-5).
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130; 5-yr average of daily electricity consumption for DJF
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B 5-yr average of daily electricity consumption for JJA
W 5-yr average of daily electricity consumption for SON
5-yr average of daily solar electricity generation for different seasons
——5-yr average of daily solar electricity generation
--- 5-yr average of daily electricity consumption

DJF

Electricity (MWh)
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40 -
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Days
Figure2-5: 5-year average seasonal daily electricity consumption arehbaverage
seasonatiaily solar PV electricity pntial at the campus.
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The availability of solar PV electricity during times of high demand of energy is one
of the important advantages of this technology, particularly in hot and sunny days
(Richarden and Harvey 2015During daytime, when solar electricity is available, the
electricity demand was higher, and as showFkigure 2-6, the highest amount of solar
electricity generation and energy consumptioguned almost simultaneouslyigure
2-6). Between noon and 16:00 pm, tHeyear annual average hourly electricity
consumption was higher (with the highest amount at 15:00 pm), whileybarfannual
average houylPV electricity generation was higher between 11:00 am and 15:00 pm (with
the highest amount at 13:00 prRjqure2-6). The maximum S/ear annual averagmurly
PV electricity generation is approximately 7.7 tinggeater than the maximum amount of
5-year annual average hourly electricity consumptibigyre 2-6). The peakshaving
ability (the ability of PV systems to match peak load and provide more electricity at times
with higher demand) is more important for small PV systems because their contribution to
an electric grid is insignificant. Whereas, the energy produced by a large PV system can

influence the electric grid significant(Richardson and Harvey 2015)
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Figure2-6: 5-year annual average hourly electricity consumption apeas annual
average hourly solar PV electricity potential at the campus.
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While solar enagy is only available when the Sun is shining, wind energy generation
occurs also at night. Wind energy plays an important role in the energy supply. Therefore,
the assessment of its technical and economic potential in different regions is(&ifi=al
et al. 2015) A model based on the turbine power curve was used to evaluate the wind
electricity potential in the study site employing p@blogical data from 2012014 on an
hourly basis. The wind velocity characteristics at the turbine hub height determines the
turbineds potenti al out put, and consequen
production in a regiofRitter et al. 2015)For each hour of day, annual angéar mean
wind speeds at the hub height were calculaféglufe2-7). The fluctuations of the-gear
average wind velocity at a specific hour of the day due to the month and season change is
shown by the corresponding standard deviati@san and Leephakpreeda 2015)om
early morning to afternoon, the annual average hourly mean wind speed increases (the
highest wind speed appears mostly around 15:00), and then it decreases fromtevening

night, so the lower amounts occur during nighig(re2-7).
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Figure2-7: The 5year annual average hourly wind speed at the hub height

The wind rose diagrarof the site at the hub heighEigure 2-8) indicates that the
predominant wind blowing direction is between west and southvmsaddition it
illustrates the speed of winds based on their directieiggi(e2-8). For example, in 2014,

35% of all recorded winds had a direction between 220° and 276° and a speed less than 22

m/s (Figure2-8).
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Figure2-8: Wind rose diagram (left) for the site at the hub height illustrating the wind
directions and wind speeds (m/s), and wind speed distribution diagram (right), for 2014.

In any month strong winds can occur, however they often blow in mifitgure2-9).

The wind energy potential is smaller during summer months when the electricity
consumption ishigher Figure 2-9). The 5year average wind electricity geaéon in
January is about 12% more than thgear average electricity consumption in this month,
while in July, the 5year average wind electricity potential is about 44% lower than-the 5
year average electricity consumption. Therefore, a combinatiomtbf wind and solar
electricity, especially for small renewable energy installations, could better match the
demand profile. The-gear annual average electricity potential of the wind systas

aboutl6% smaller than thieyear annual average electricttignsumption of thaniversity.
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Figure2-9: Monthly wind electricity potential of the proposed system at the campus.

Wind energy production differs from one day to another day significaRityu(e
2-10). In summer months, the-year average daily wind electricity potential is mostly
lower than the %ear average daily electricity demarfeigure 2-10). However, during
winter, spring, and autumn, in some days the generation exceeds the daily consumption
(Figure2-10). Among the five years, the maximum electricity consumption occurred on
July 2, 2013 (102.16 MWh) which was about 5 tigesater than the wind energy potential
in this day (20.27 MWh). The highest wind energy potential existed on January 23, 2010
(210.8 MWh) which was 3.7 times larger than the electricity demand in this day (56.96
MWh). The maimum 5year average daily winwirbineenergy potential in winter, spring,
summer, and autumn was about 1.54, 1.18, 0.88, and 1.09 of the maxiyaandverage
daily electricity usage in these seasons respectively. On average, over all seasens, the 5
year daily wind energy potential walmost always lower thanygar average electricity

demand Figure2-10).

47



115
DIF —- B S-yr average of daily electricity consumptien for DJF

wm 5-yr average of daily electricity consumption for MAM

105 mm S-yr average of daily electricity consumption for JA
S-yr average of daily electricity consumption for SON
95 S-yr average of daily wind electricity generation for different seasons
——5-yr average of daily wind electricity generation
— — S-yr average of daily electricity consumption
85
MAM —
75 4
'g / -
i i L~ i NI . A Coml L
= il | [ |
—
k=
=
=
=
w
@
w

i s o A
T

N ol 3 8 | | NI . " I | 1 %

5 115 H# N E YN 1 | BEE H E R 1 1 o L\ J
R A i g 1 E | q /] ] i h § i i § ! | ] y i 8 i P |

! {5 - 1. [ | | L 1 | | | ] 3 i i 4 1 " i [, | i |

{ [ B | | | | : | | 1\ k10 P {74 L' ]

: i ) i g /. o | 4 | T 1 ; i e ! |

i | | d . ] i & [ i 11 . | | ] I | ] g i I
Sl | i 1 | | ] 1A 5 d ! | ! | | | i | g A1 Y | \:
| e N 1 | { I E 5 : - i @ i i | 4B

| | i i N i i | ' | i . l, 3 g | | K k

p B ] | L | | i | | i b | h | i | h
WA Al | | | y . i IR K J b T

b | ¥ | 1 [ | B | | B i « | | | A g i

1 i | i | ; | : | i ‘ | | g |

E ‘MR ‘NN AR ¢ - N

i | i y b 1 . | (LAE | ] 5 | | i : |

| | | | | i i B 8 gl | f & | 8

-1 B | § | | | | 4 | | B S B & | | | B

s LELELDbBHELDL T { I ‘W II | | i 1
F 1 . 11 i | i | . g i | | i 1 kb

. iN N I | | | | : - | | ‘N |

| ] | | ] | I | r | | | . | ] g

1 ! | ‘I 11 | i ] | i | |

i | | g | li i | i [ g ] ]

| | | - | i i ¥ - | | | | | £ | |

15 L ] i1 i i i |

8 9

1 2 3 a4 5 [} 7

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Days

30 31

Figure2-10: 5-year average seasonal daily electricity consumption ayghbaverage
seasonal wind electricity potential at the campus.

Among the five years, in 2011 and 2012 respectively, the annual average hourly wind
energy potential in about 46% and 13% of the 24 hours exceeded the annual average hourly
electricity consumption, while iather years, this potential was lower than the usage in all
hours Figure2-11). The wind energy potential was higher during day hours, whereas the
electricity demand was also highdtiqure 2-11). While the maximum annual average
hourly wind potential occurred at 15:00 pm or 16:00 pm in each of the 5 years, the highest
annual average electricity usage took place at 15:00 pm in these years. The maximum
annual average hourlyind energy potential was about 88%, 106%, 102%, 88%, and 83%
of the maximum annual average hourly electricity usage in the five successive years
respectively fFigure2-11). In the five years, the lowest annual ege hourly electricity
consumption took place at 3:00 am or 4:00 am, whereas the minimum annual average

hourly wind energy potential existed between 1:00 am and 4:00 am. Thereforayadlere
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a good agreement between hourly wind energy potential and haladiricity demand

(Figure2-11).
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Figure2-11: 5-year annual average hourly electricity consumption apeas annual
average wind electricity potentiat the camus.

During nighttime (between 22:00 pm and 5:00 am), thg=&r average hourly wind
electricity potential was about 16% lower than thge&r average hourly electricity usage.
Therefore, the proposed wind energy system could not provide enough enenggtto

electricity demand during nights.

Among the selected years, the year 2014 had the smallest potential of wind power
generation and the second smallest potential of PV electricity while having the highest
electricity consumption. In 2014, for instaneel% of the total annual wind electricity
potential existed in the nighiime. In December and January, the nigghie wind
electricity potential was about 7% and 5% more than the electricity consumption
respectively Figure2-12). In winter months, the nigtiime electricity demand was higher
than the daytime electricity consumptionFgure 2-12). In other months, the nigiime
wind potential was on average 36% lower tlihe nighttime electricity consumption
(Figure2-12). In 2014, the total annual d@yne and nightime wind electricity potential

was about 71% and 74% of the total annual-tilmg and nightime electricity
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consumption respectively. The total dayme wind energy potential in December, January,
and April was about 2.4%, 2%, and 8.7% higher than the total electricity usage in these
months respectivelyHgure 2-12). In other months, on average, the total monthly wind

energy potential was about 66% of the electricity consumpliguie2-12).

1,900 Total monthly night-time electricity consumptig
1700 4 mmm Total monthly day-time electricity consumptio
! —Total monthly night-time wind electricity genefation
1,500 - = Total monthly day-tin‘iie wind electricityigeneration
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Figure2-12: Total monthly daytime andnighttime wind electricity generation and
total monthly daytime and nightime electricity consumption in 2014

Wind and solar together could generate enormous energy durirtyréayrigure
2-13). On average, th5year average monthly electricity that could be produced by the
combined wind and sold@®V system would be 3.6 times greater than thee&r average
monthly electricity consumptiori-{gure2-13). The combined stem could produce more

energy in spring months (March and April) than other morfigu¢e2-13).
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Figure2-13: Total monthly combined wind arfaV electricity potetial and total
monthly electricity consumption.

The proposed gritied PVand wind system can help the university save mongy.
have assumed that tagerage purchase pricegrid electricityand the average sale price
of electricity arel 3.5¢/kWhand6¢/kWh, respectivelyThe approximate costs for installing
a utility scale wind turbine and a litly scale PV system are aboRt$/W and2 $/W
respectively, depending on the choice of products, the size of trersyahd the site
characteristidDodge David and Dylan 2016 he weighted average investment cost for
onshore wind decreased about #thods betwen 1983 and 2015 gally, from
USD4766/kW to US550/kW (Seyboth et al. 2016)The solar PVcost has declined
significantly as well, and solar PV electricity is competitive in many energy markets

(Seyboth et al. 2016)

In summary, the University of Lethbridge could install renewable energy systems on
campus that would cover the wuniversityods a
we assume the university finances the emngect at rate 4% (constant annual interest
rate) over 25 years; the manuf aatthefedenald s p et

and provincial level indicate substantial financglpport will be available for such
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institutional development of renable, clean electrical generation. We assume federal and
provincial grants would cover 50% of the cost of these installatiesalso assume that
the operation and maintenance cost for the solar PV system and the wind sydiem

are 10$/kW/year and 1H/kW/year respectivelyWWang and Sigh 2009, Whaley 2016)
Under thosessumptios, and using the year 2014 as an exantpkannual electricity cost

of the university will decline about 90¢%able2-7).

Table2-7: Annual cash flow, proposed University of Lethbridge Renewable Electrical

system
Month Electricity cost ($) with no Monthly cost of electricity with the
renewables, 2014 proposed renewable system ($), 2014
Jan -$303,426 -70,475
Feb -$276,008 -27,822
Mar -$306,651 21,092
Apr -$301,423 73,994
May -$292,920 -25,217
Jun -$290,625 -18,938
Jul -$338,384 26,420
Aug -$325,056 -85,199
Sep -$325,161 -55,666
Oct -$324,167 27,511
Nov -$300,173 -130,952
Dec -$280,972 -87,279
Annual -3,665,037 -352,532

2.7 Conclusion

Environmental and economic concerns promote investments on renewable energy
systems. In this study, solar and wind electricity generation potential at the University of
Lethbridge campus were investigated. Results showed that tlie@é 5808 rhof suitable
area available for placing a 46 MW solar PV system in the site which would produce about
2.8 times of the university annual electricity usage on average. The proposed wind system
could cover about 84% of the university electricdgmand annually on average.

Additionally, on average, the-$ear average monthly electricity that could be produced by
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the combined wind and solar system would be 3.6 times greater thary¢lae &verage
monthly electricity consumptioilConsequently, theniversity could decrease its electricity

cost by 90% approximately. Therefore, the presented hybrid renewable system in this study
could helptheuniversity to achieve a green energy future target which seems economically

viable.
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Chapter 3: Evaluating sdar energy technical and economic potential on rooftops in
an urban setting: the city of Lethbridge, Canada

3.1 Introduction

Extensive energy generation and consumption are the main anthropogenic sources of
greenhouse gas emissorand air pollution (twdhirds of all humaninduced GHG
emissions)(International Energy Agency 2013)nless sufficientcountermeasures are
taken in the energy sector, the progressive deterioration of the environment related to these
emissions will continue. The rapid and growing global movement towarecdmlon
energy sources in response to the imperative of addressibgl glarming may support a
global sustainable energy future, and alleviation of some environmental burdens
(International Energy Agency 2013y introducing new sources of natural capital and
exploiting replenishing resources, renewables play a crucial role in effortsctolatEise
energy supplies and avert negative impacts associated withatelchangéMueller et al.
2016) Renewable energy systemse diverse sources, localise energy generation, decrease
transport costs, and reduce letegm price variability(Mueller et al. 2016)Renewald#s
are now well recognised asmain streansourceof electricity worldwide and supplied
19.3% of the global final energy usage in 20%&win et al. 2017)ncreasing deelopment
of solar PV is mostly due to improving competitiveness and cost parity with other
technologies, new government plans, increasing awareness of the potentials of this
technology, and rising electricity demaf8awin et al. 2017)Substantial increases in
rooftop solar PV installation resulted in buildings becoming the largest available urban
source of space for deploymg(iiternational Renewable Energy Agency 2016)fact,
globally, about half of th@resently installedPV capacity is composed of distributed PV

systemsAlthough, a large capacity is still untappédastellanos et al. 2017)
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To supply the increasing needisr enegy while reducing climate change and
maintaining quality of life, cities require rigorous and holistic sustainable action plans.
Cities currently accommodate more than 50% of the global population and are an important
contributor to global warming, accotumg for 65% of global energy demand and 70% of
humaninduced (energyelated) CQ emissiongInternational Renewablénergy Agency
2016) Immense renewable energy sources have the largest potential to improve the
sustainability of the urban environment, and PV has demonstrated the most potential to
contribute in the energy mix, among available migemeration technolags(International
RenewableEnergy Agency 2016, Gooding et al. 201Bhe number of cities worldwide
that have decided to move toward 100% renewable energy and carbon neutrality targets
has increased. Some cities have implemented promising policy measures to motivate
distributed clan energy development, including rules that oblige utility companies to buy
renewable power and building codes that compel the installation of renewable technologies
(International Renewable Energy Agency 201%)me cities and local authorities plan to
create a livable, sustainable, and resilient space for their inhakiBawsn et al. 2017)
However, in general, cities are not wetjuipped to cope with many urban growth and

sustainability challengg&ammen and Sunter 2016)

Onsite rooftop PV egrgy micregeneration could decrease the electricity distribution
and transmission costs and los@@agnonetal. 2016) The | ack of -i nvest
owner s awareness about rooftop PV potent
regading rooftop spaces suitable for PV installation are important barriers that have
impeded theadoptionof rooftop PV systemgCastellanos et al. 2017, Strupeit and Palm

2016) Significant research on cHyide distributed renewable energy generators is
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required to attain a sustaidalurban energy migKkammen and Sunter 2018}his research
focuses on the technical and economic potential of themoointed photovoltaic (PV)
systems in large areas. Estimation of PV potential are challengingydispeénsable for
relevant renewable energy policy makif@astellanos et al. 2017)he evaluation of the
adequate available roof surfaces is the most crucial stage in implementation -of roof
integrated PV applicationfzquierdo et al. 2008)Using light detection and ranging
(LiDAR) data, geographic information system (GI8jethods, and P¥erformance
modeling, the proposed method is an efficient and scalable teclihajoan be automated
andreplicated effectively. A new detailed method for calculating solar resource availability
using ArcGIS was employgilirmasoudi et al. 20185o0lar analyst required inputs which
were calculated for the region and the accuracy of thelaieturadiation was examined

by comparing the results with measured data. Moreover, measured meteorological data
were used to define a slope factor that was applied to ArcGIS simulated global radiation
estimates on horizontal surfaces. Additionally, the economic potential of rooftop PV
systems has been investigated. Considering all building types in the city boundary including
commercial and industrial buildings is one of the strengths of the applied methodology. In
addition to the quantification of the potential amount of electrictyegation, the results
reveal which percentage of roof areas are economically viable for PV deployment. The
findings can provide an established reference point for rooftop PV in the region and be used
by energy and building sectors, and policy makersdesssnew development opportunities

and guide investments towards clean energy technolfiggsierdo et al. 2008)To our
knowledge, a rigorous comprehensive assessment of rooftop PV technical potential and

economic attractiveness in our study region has not been previously published.
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3.2Background

Technical potential quantifies the maximunmspible energy production utilizing a
specific renewable energy technology in a particular location or rg@agnon et al.
2016) Rooftops are the best situated parts of buildings to harvest solar energy and generate
electricity (Kanters and Davidsson 2014Jalculating the rooftop solar potential is not
always simpléKanters and Davidsson 2014ooftop PV potential in urban environments
has been estimated in the varigagions across glob@rdofiez et al. 2010Pepending
on the size of the study reg, the type of available data , and the expected results, different
methods of estimation have been u@@doding et al. 2013)These methods try to assess
essential elements such as solar incident intensity, usable roof area availability, and
shadows cast by nearby obje@@®oding et al. 2013 50me studies establish a relationship
between population density, building densities, and roof areas, especially for large regions
(Gooding et al. 2013)The outputs of studies like these are not usually applicable at
individual and local scale@Gooding et al. 2013)Based on a representative sdnpf
buil di ngs, (2010)dsedstistica ¢constuiction data and digital urban maps to
measure the useful roof surface area of the sample, and extrapolated the characterization of
the sample to the total study region to estimate the solagyepetential in Andalusia
(Spain). lzquierdo et a(2008) calculated the roof area available for solar applications
based on land use, population and building density data using a representative sample of
GIS maps of urban areas. They assessed irradigid@ntial by employing hourly
meteorological data from weather stations using Erbs model anddraan isotropic
model. Establishing a relationship between per capita suitable rooftop area and population
density by linear regression on solar rooftop po& data from 1600 cities, IEA

(International Energy Agency) Energy Technology Perspectives report (2016) derived the
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rooftop solar PV power capacity in other cities. Sometimes the inclinationsaoigle
different rooftop surfaces and the spaemporalvariation of insolation are ignored. The
IEA value may be used as a starting point in evaluating PV generation potential, but follow

up evaluation is required.

There are three essential methods for identifying the suitable roof surfaces for PV
installationin urban settings: constanélue methods, manual selection methods, and GIS
based method$sagnon et al. 2016 onstarvalue methods assume that a certain fraction
of total roof area is usable for placing PV par{@agnon etl. 2016) Presenting several
methods for creating rooftop PV supply curves, Denholm and Mar@il38)translated
the total roof area into usable area using an availability factor. They estimated that
residential and commercial buildings in their stgitg have roof area availability factors
of 22-27% and 6865%, respectivelyThe availability factor of roof area takes into account
obstructions and shading from other parts of the roof or neighbouring feé@Danm@solm
and Margolis 2008)rhe onstant value method is simple and not computationally intensive
because it does not take into account the complexity of rooftopsuamaiisding objects
such as tree canopiéSagnon et al. 2016Manual selection methagses sources such as
aerial photography and Google Earth to assess the suitability of roof planes of buildings
individually (Gagnon et al. 2016, Anderson et al. 20&jhough manual selection can
precisely determine the total suitable rooftop area, it istoamsuming and cannot be easily
applied to large site€agnon et al. 2016 Ande'son et al(2010)used an IMBY (In My
Backyard) solar simulation tool which allows users to draw polygons to estimate the total

rooftop area within a city.
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GIS-based methods are the most practical and effective techniques for the estimation
of usable rotiop areg(Gagnon et al. 2016, Verso et al. 2015, Martin et al. 2015, Singh and
Banerjee 2015, Jakubiec and Reinhart 2013)ese methods are more precise than
constamvalue methods and can be applied to mucheladata sets compared with a
manual selection approa¢@agnon et al. 2016Martin et al.(2015)reviewed different
procedures for the solar potential assessment in urban areas. Singh & Ba0dSs¢esed
land use data and Gl&ased satate image analysis for estimating the building footprint
area and the rooftop PV potential for the Indian city of Mumbai. They employed the Liu
Jordan model to calculate the plaofearray irradiation and determined the optimum PV
tilt angle for the studyite and inferred that up to 20% of the average daily electricity
demand of the city can be met by rooftop.Rdkubiec & Reinharf2013) presented a
method for estimating cityide electricity gains from PV panels by creating 3D urban
models using LIDAR dta and ArcGIS, Daysinbased hourly radiation simulations, and
hourly calculated rooftop temperatures. Creating a 3D urban model is crucial when
assessing PV rooftop potential in an urban environn{dfdrtin et al. 2015) A
comprehensive study of the spatial dimensions of thdssitequired to gain aaccurate
knowledge of the PV potenti@Martin et al. 2015)The emergence of LIiDAR technology

has provided a great opportunity for dense urban area mafhuiagg et al. 2015)

Methods using DEMs employ rooftop irradiation or the number of annual daylight
hours in determining proper roof arddakubiec and Reinhart 2013he DEMs are often
generated from LIDAR data, and are the most accurate source for measuring thefdetails o
an entire urban argdakubiec and Reinhart 2018agnon et a2016)used LIDAR data,

GIS methods, and Rgeneration modeling tosémate the suitable rooftops for installing
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PV in 128 cities in the United States. Then, they estimated the PV potential of the entire
continental United States employing the results from analysis of areas covered by LIDAR
data. Jochem et gR009)usedLiDAR point clouds and a regiegrowing process to detect
potential roof points and perform solar potential analysis for each point. They considered
the shadow cast by adjacent objects and the effects of cloud cover by calculating the horizon
of each pointwithin the point cloud and employing data from a nearby ground weather
station, respectively. Using a Gi#ased method and utilizing LIDAR data, Gooding et al.
(2013)ranked seven major UK cities according to their capacity to generate electricity from
roof-mounted PV systems. They calculated a solar city indicator taking into account the
sociceconomic factors such as income, education, environmental consciousness, building
stock, and ownership. The resul tscsaffecveal ed
the physical and socieconomic rooftop PV potential of a city significantly and indicated

areas that require policy attention to promote maximum P\{Gseding et al. 2013)

Different procedures for analyzing solar potential in urban environments have various
drawbacks, and the existing rooftop PV evaluations inferred from the methods may be
imprecise(Castellanos et al. 2017, Jakubiec andhRart 2013) In some methods, the
shading caused by urban context such as trees and neighboring buildings is not considered,
or differentiation among the orientations and slopes of roof segments are not conducted
(Jakubiec and Reinhart 2013jany studies require assumptions about the orientation and
slope of rooftopgBoz etal. 2015) Furthermore, few solar potential estimation methods
suppose that all rooftops are flat and a constant portion of them is suitable for PV
installation (Jakubiec and Reinhart 2013Rooftop PV studies rarely investigate the

economic potential of these systeffath et al. 2015)In this chapter a new detailed
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method for calculating solar resource availability using ArcGIS was employed.

Additionally, the economic potential of rooftop PV systems was investigated.

3.3 Methods

Modeling the built area, the insolation incident assessment, and the estimation of the
suitable roof area are essenti al i n eval u:
energy gearation(Santosa et al. 2014Yrban area modeling is an active research field in
GeographySantosa et al. 2014)rban areas are dense environments composed of diverse
artificial and natural features. This complexity makes building rooftops attractive for solar
PV installation (Redweik et al. 2013)Building rooftops provide a large expanse of
generally unused area for PV energy produdiidagnon et al. 2016)n the urban context,
the existence of various artificial and natudjects including buildings and trees
influences the sunlight regime considerafiiyyang et al. 2015)Accordingly, an accurate
solar insolation simulation model that considers the complexity of the urban form is
required to identify nevant aspects of the urban energy lands¢Hpang et al. 2015)n
an urban environment, representations of tulieeensional form such as elevation, surface
slope and aspect, and surrounding obstructing objects determine the aafusach
simulations(Tooke et al. 2012)Roof surfaces with different slopes and ori@otss,

reflection and shadings from the neighboring objects were modeled separately.

3.3.1Study area

This study was conducted in Alberta, Canada. Solar electricity can become a
mainstream energy source in Cané&@anadian Solalndustries Association 2018Jhe
premium quality renewable resources of Alberta could allow this province to become a

leade in solar, wind, and bioenergy Not wi t hst anding this poten:
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renewable resources are untapdople Power Planet Partnership 2018)e city of
Lethbridge (49.7° N, 112.8° W) is in southern Alberta, Canada, a region that receives
relatively high rates and extensive hours of solar radiation, with an annual mean daily
global horizontal radiation of 3.77 kWh#rand 2,506 hours of bright sunlighfigure3-1)
(Natural Resources Canada 201Cly of Lethbridge 2017a)/Nith a moderate continental
climate, Lethbridge is characterized by warm summers and mild winters, and has more than
320 days of sunshine per year, which is relatively high among Canadian(Citie®f
Lethbridge 2017a)This city has a total land area of 12482 with a large and growing
volume of residential and commercial buildings, which justifies new steps toward building
a selfsustainable urban setti(@ity of Lethbridge 2017a)lo our knowledge, an extensive
evaluation of rooftop photovoltaic solar potential has not yet been undertaitga city.
Low-height and horizontally dispersed buildings over a langa most likely provide a
significant rooftop PV electricity potential. The total number of residential, government,
medical, educational, commercial, industrial, cultural buildimg$.ethbridge is 55877
(January 2017)Table3-1) (City of Lethbridge 2017¢)This city had a total population of

96,828 in 201§City of Lethbridge 2017hb)

Table3-1: The number of buildings in Lethbridge

Building type Number of buildings Share of sectors (%)
Residential 53545 95.8
Industrial 1,207 2.16
Commercial 822 1.5
Education 131 0.23
Government 69 0.12
Recreation 68 0.12
Cultural/Heritage 17 0.03
Medical 16 0.03
Transportation 1 0.002
Community Center 1 0.002
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Figure3-1: Study area, th€ity of Lethbridge(Esri Canada Ed 2013)

3.3.2Data

The size of the study area is an important variable in a solar potential afidyis
et al. 2015) Vector cartographic maps, digital cadastral services, state geographic
information systems, digital elevation and digital surface mo@@#M and DSM), and
aerial photos are different resourdeattare widely used in evaluating solar potential. These
resources provide required information about building shape, footprint, height, type,

location and other urban featur@dartin et al. 2015) The need for more detailed city
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models has led to increasing use of LIDAR point clouds which contain a wealth of Earth
surface informatiorfMartin et al. 2015)Largevolumes of LIDAR data collected in July
2015, with vegetation in full leadn @ndition, were provided by theit§ of Lethbridge
through the University of Lethbridge, and used to represent the study area in ArcGIS. The
resolution of LIDAR data is 1 fn Thecity boundary data and a polygshape fileof
building footprints provided by th@ity of Lethbridge were used to determine the extent of

the study area and to identify rooftgjedty of Lethbridge 2017c, d)

3.3.3Processing LDAR data to drive suitable rooftop area for PV application

LiDAR data are usually provided in LAS form@ standard format for LIDAR data
interchangeand a defined spatial reference is not typically embedded in fignor¢3-2)
(Esri 2013, 2019)The proper gatial reference information of LAS files that was indicated
in the LIDAR metadata was defined. Using LIDAR data, two kinds of -lyiggity
elevation models including digital surface modBISM) and digital elevation model
(DEM) can be produced. First retu(surface return) or DSM encompasses elevation
information for buildings, tree canopies, and bridges, wibl# or ground or bare earth
represents the topograpftyuang et al. 2015, Esri 2016b, Jochem et al. 200®@pnalyze
the shading, slope, and azimuth (orientation) of each roof segment at a resolutidn of 1m
LiDAR data was processed. The digital surface mod&SM with a 1x1 meter cell size
was created via maximum value interpolation technique to mogligirrelief urban area
(Figure3-2) (Esri 2016b) For generating a DSM from LiDAR data, the maximum value is
the best technique for biasiniget result to higher elevatior{gsri 2016b) Because PV
panels are placed on top of buildings, the building footprint data was used to clip DSM

(Gagnon et al. 2016, Boz dt 2015) Before ntersecting these two files, ani buffer was
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applied to building footprint aregBoz et al. 2015)LIDAR data may contain some noise
and may not be precise enough closth&roof edges, and thus may be unable to provide
an accurate representation of roof bordBia et al. 2015)As a result, there is no explicit
or absolute roof boundary discernible from LiRAlata. Applying this -In buffer helped

to eliminate noise in LIDAR dat@Boz et al. 2015)It was assumed that the whole area of
rooftops cannot be covered by PV panels and the extent obuofasices devoted to the
panels is assumed to be bounded byma-ide perimeter area. This margin area is also

required for safety and maintenance purp¢Bez et al. 2015)

Different method$ave been used to extract roof footprints from LiDAR data. For
instance, Huang et §2015)used vegetation information, normalized difference vegetation
index (NDVI), from colorinfrared image and height information from DSM to recognize
building roof sufaces Chavesand Bahill (2010)used an elevation mask to exclude the
locations lower than a specific height. To extract building roof surfaces from the LIiDAR
data, DSM was clipped by a building footprint polygon shape file. Most of the buildings
are singe homes with mainly ridged roofs. Topographic characteristics such as hillshade,
slope, and aspect were calculated using the extracted DSM from the LIDAR point cloud

(Huang et al. 2015)
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Figure3-2: Spatial layers: a) aerial imagery, b) LiDAR point clouds, c) DSM, d) building
footprint polygons

3.3.3.1Rooftop Slope Analysis

The steepest downhill fall from each cell to its eight surrounding cells (the largest
elevation change over distance betgweach cell and its adjacent cells) was calculated in
ArcGIS using the average maximum techni¢fasri 2014) The slope of each square meter

of roof surfaces in the study area was deteech Lower slope values represent flatter
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planeqEsri 2014) Surfaces with a tilt less than 10 degrees are usually defined as flat planes
(Gagnon et al. 2016, Boz et al. Z)1PV panels installed on pitched roofs usually have an
inclination angle equal to the slope of the rQéérso et al. 2015)0nthe flat or almost flat

roofs, PV panels can be installed with a desired g¥peso et al. 2015)The optimal PV

panel tilt anglevaries with latitude. PV systems with tilt angles equal to latitude produce
more yearly electricity than others, while those with slopes larger than latitude generate
more constant energy but have lower annual produ¢imiKenney et al. 2008)Lower

slopes lead to more addtricity production in summer, whereas higher tilt angles induce
larger energy generation in wint@ficKenney et al. 2008)n fact, with higher slopes, the
difference between summer and winter energy production decreases, and throughout th
year the energy flow is moreonsistent, while with lower slopes the fluctuation of
produced energy during summer and winter is considerably higher, meaning that over the
course of a year, generated electricity exhibits a significant seasonal change. Accordingly,
a slope classificatimlogic was utilized to organize different rooftop surfaces with various

slopes according to their suitability for PV installatidiaiple3-2) (Boz et & 2015)

Slope evaluation with LIDAR data is not always precise or perfectly accurate. The
calculated slope might vary throughout a surface with a unique actual slope due to noise in
the LIDAR data. Noise is generated when light pulses encounter ait wibjieh does not
belong to the roof surfad®oz et al. 2015)To reduce noise and obtain the most accurate
results, the Majority filter was used. Using this filter, cell slope values welacezghbased

on the majority of their contiguous neighboring céBez et al. 2015)
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Table3-2: Slope classes for roof are@oz et al. 2015)

Slope Value (Degree) Class
0-10
10-20
20-30
30-40
40-50
50-60
60-90

NoOOAWN

3.3.3.2Rooftop Azimuth Analysis

Solar panels oriented toward a specific direction exhibit maximum penfcaena
(Gagnon et al. 2016 Azimuth (aspect) identifies the compass direction that the surface
slope faces at the installed location. The azimuth in positive degrees was derived from the
input elevation dataset (the LiDAgenerated DSM) for ehcsquare meter of roof area
utilizing ArcGIS (Gagnon et al. 2016Aspect values were measured clockwise, from O
that defines north to 360 which again indicates north. Flat areas have an aspect-ialue of
The azimuth measurements were cateagd into nine classe&igure3-3) (Gagnon et al.
2016) Next, to eliminate noise, the Majority filter was ug@wbz et al. 2015)Azimuth
values are used to detect all roof planes. A roof glanemposed of contiguous areas with
same azimuti{Gagnon et al. 2016)Roof planes were converted to polygons, thereby
individual square meters of roof surfaces were dissolvedhoioogeneous roof planes.
Then, to calculate a single average tilt for each individual roof segment, the Zonal Statistics

tool was applied to the slope rast&agnon et al. 2016)
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Figure3-3: Rooftop azimuth class€&agnon et al. 2016)

3.3.3.3Shading Analysis
To model the spatitemporal variation of insolation on different facets of urban

surfaces and to determine the unobscured fractions of each roof plane for most of the time,

af%rading simulation was applied to the city

variation of the shadows. The gradual movement of shadows cast by nearby features
throughout a day influences the performance of PV systems significantly, and mdkes it o
particular importance to consider the variations in length and direction of shadows in PV
installments. By running the shading simulation for each daylight hour for March 21
(vernalequinox), June 2ls(mmer solstige September 21 (autumreduinox), and
December 21 (winter solstice) the hourly and seasonal variations of shading were assessed
(Gagnon et al. 2016Y o0 investigate the illumination pattern over time &méxclude roof
segments that are extremely shaded, ArcGIS hillshade capability was employed to generate
a shaded relief based on the local illumination angle (sun's relative position) and shadows

(Figure3-4) (Esri 2017a)
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Figure3-4: Hourly illumination and shading pattern example, June 21

3.3.4Suitable Roof Surfaces Selection

Suitable locations for the placement of PV panels possess particular attributes
(Chaves and Bahill 2010Yarious citeria for selecting suitable roof planes based on their
slope (tilt), aspect (azimuth), minimum amount of contiguous area, and received incident
solar radiation were applied. Because Lethbridge is located in the northern hemisphere, all
roof surfaces origted toward northwest through northeast (297% degrees) were
excludedGagnon et al. 2016, Huang et al. 2018)e slope of roof surfaces should be less
than 60 degrees, and rooftops larger than 1&ene considered to be suitable for placing
PV panelgGooding et al. 2013, Huang et al. 2015, Boz et al. 200t smallest practical
residential solar system that can exhibit a tangible energy production ik@/lsgstem
(Gagnon et al. 2016, Solar Choice 2Q18)ch systems require approximately 19ah
area(Gagnon et al. 2016)his critera also excludes objects such as chimneys, dormers,
and heating ventilation andair conditioning(HVAC) apparatus located on roofs

(Camargo et al. 2015)n addition, desirableoof surfaces should receive an acceptable
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number of sunlight hours. In hillshadaster, the illumination status of each square meter
of rooftops in each hour is illustrated by an integer value ranging from 0 {&862017a)

At summer solstice, between 9 a.m. and 3 p.m., cells with more than 50% of the full
brightness value were considered not shaded and others with lower brightreeBkeved
out(Boz et al. 2015)By examining a sample of these cells, we found that they have more
than 20% of the maximum illumination at winter solstice, between 11 a.m. ami.2
Investigation of the hillshade raster of different months showed that the aforementioned
brightness threshold leads to reasonable resméaning that rooftops with reasonable
aspectsand exposure to the sumere selectedThis multicriteria strategy eliminates
unsuitable rooftop areas that lack appealing characteristics, but it is expected that non
optimally tilted and oriented roof planes will also become economically viable and
attractive for placing PV panels in the future due to cost reductions and imgféicezhcy

(Figure3-5) (Fath et al. 2015)

Figure3-5: Examples of suitable rooftop area selection (roof applications such as
chimneys have been excluded)
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The file of roof segments wittparopriate slope and aspect was created, and then run
through a Dissolve function which merges contiguous polygons with a specific common
characteristic to produce continuous suitable areas. Next, the rooftop polygon file was
converted to a raster file anelclassified. The reclassified hourly hillshade raster files were
combined with the rooftop raster by applying Raster Calculator. Employing Python syntax,
Raster Calculatoutilizes Map Algebra expressions consisting of various geoprocessing
operators omultiple inputs to create a desirable ragkesri 2017b) To evaluate the actual
practicable roof expanse and the PV installed (hameplate or nominal or rated) capacity, the
projected roof areas were determined from building footprints and usedctdate the

oblique area of each suitable roof segment.

3.3.5Solar resource evaluation

The solar radiation estimation can be conducted by using different solar models,
groundbased meteorological stations or meteorological satellite measurg®antssa et
al. 2014) Solar resource potential was assessed for the entire study area utilizing Solar
Analyst. Solar Analyst uses the DSM to produce globalctiesd diffuse insolation maps
for a geographic are@oz et al. 2015)Solar Analyst considers the atmospheric effects,
latitude and elevation of the region, steepness (slope) and comgas®difaspect), daily
and seasonal variation of the sun position, shadows and topography, while ignoring local
weather and temperatu(&ooding et al. 2013, Verso et al. 2018)Joud cover has the
largest influence on radiation attenuation in the atmospfiereke et al. 2012)Solar
Analyst uses defined default values for the diffuse proportion of global radiatigrad
the ratio of the insolation received at

shortest atmospheric path at sea level to the insolation at the upper border of the atmosphere
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(t , transmittivity), which should be adjusted foocal atmospheric conditions
(Mirmasoudi et al. 2018, Jakubiec and Reinhart 2013, Esri 20A6edrdingly, utilizing
meteorological measured data over five years from a station (Lethbridge CDA, located at
49A #2M, 0112A 4606 600 W) inside the study r
required inputs ( T ¢,wt ™ YP)wthe effects of cloud cover and local
atmospheric conditions have been included. All meteorological data were obtained from
Alberta Agriculture and Forestry, Albd@ Climate Information Service(ACIS)
(https://agriculture.alberta.ca/aci®016. Instead oft in global annual solar radiation
calculation, we used (the ratio of measured global solar radiation on a horizontal
surface against the extratettres radiation at sea levelMirmasoudi et al. 2018Between

11:30 and 12:30 hours for each day of the years 2010 to 2014, the lhowés evaluated

for the station(RuizZArias et al. 2009)For estimating solar radiation, the annual mean of
thesev values was used. Then, the diffuse fraction of hourly global radiation was

estimated utilizing Erbs et ahodel(Equation(3-1)) (Duffie and Beckman 2013)

P8l TV O no me g
0 TV P PP @HT &YW pdpolp p&owy NB¢ v ™ (31)
® ¢ U no m@mn

Solar Analyst algorithm utilizes sea level transmissiiity and Rich 2000Hence, using

Equation 32, 0 was adjusted for sea level, whéreepresents elevatidiRuizZArias et

al. 2009)

0 0 8 8 (3-2)
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Next, Zonal Statistics was used teeage the annual solar radiation values of all individual
square meters inside each suitable rooftop

radiation (Wh/m).

In order to assess the accuracy of simulated solar radiation, the results weasecomp
with measured insolation obtained from ACSI for the aforementioned station. The mean
bias error b 6 ‘'Oand the mean absolute bias erroro 6 ‘Gor comparing the monthly

average observed and simulated insolatiorevealculated (Equation-3).

060-B & & Fod80-B @ wshY p —— (I
wherew, W, € , and afare the®h measured value, tfh calculated value, the total number

of insolation @ta, and the mean measured global radiation respectiBekharat et al.

2013) 06O | l ustrates the model 6s i nc(posiivet i on t
value) or underestimation (negative valBespotovic et al. 2015)The coefficient of
determinationR?) derived from regression analysis we®d to interpret how precisehye

actual data points are approximated by the model and taxde&ethe extent to which the

two data sets are in agreeméBesharat et al. 2013)-or 2017 measured radiation, the

analyss revealed that thie® is 0.98, which means the model predicts the insolation very

well and there is a very good fit between the two data sets. In addition, the distribution of
residuals did not exhibit a strong ntimear relationship of measured and miederesults.

Also, 0 60 ‘@f 5% andD 0 6 & 12% were determined, which are in acceptable ranges
(Figure3-6, Table3-3). 0 0 ‘@ndb O O ‘@e normalized by the average of the measured

radiation. The monthly measured radiation ranges from 174.2M3d/828.6 MJ/mwith

an average equal to 477.8 M3/m
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Figure3-6: Observed versus modelled total monthly solar radiation with calculated
annwal averagdaiffuse proportiorandtransmittivity.

Table3-3: Regression relationships between monthly observed and modelled total
solar radiation with calculated ann@aleragealiffuse proportiorandtransmitivity .
« F fe { Mrre 4 SRR I

8 8 e 30.718  -1.999 <0.001 0.056

1 - 1 e f=lrF
21.007 <0.001 0989 0050  0.120

Using default values of ArcGIS leads to 33% underegion of radiation Figure 3-7,
Table 3-4), while the employed method induces 5% overestimation considering 2017

measured data.
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Figure3-7.0Observed versus modell ed total mont hil
defaultdiffuse proportiorandtransmittivity.

Table3-4: Regression relationships between monthly observedradeélled total solar
radiationwith solar analyst defauttiffuse proportiorandtransmittivity.
« F fe {1 HMrre 4 - | ey
8 8 e 21466  -3.719 <0.001 0.039

1 - 1 A d=]r
21.560 <0.001  0.967 -0.325  0.325

Using monthly averaged valuesf andt obtained over the years 2010 to 2014
and considering the 2017 measured data) Oof 1% and) 0 6 & 9.21% were
determined which are slightly bettévan the results of utilizing annual andt (Figure
3-8, Table3-5). However, for annual rooftop PV electricity potential estimation it seems
more practical ad sufficiently accurate to use one setofandt . Hence, the annual
values ofv mg ¢ andt T® Y can be used for solar radiation calculasionthe
study area. Note also that Solar Analyst does not calculate the reflectpdremt of

radiation.
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Figure3-8: Observed versus modelled total monthly solar radiation with calculated
monthly averagediffuse proportiorandtransmittivity.

Table3-5: Regression relationships between monthly observedrenlled total solar
radiationwith calculated monthly averagedfuse proportiorandtransmittivity.

'8+ i o {1 HMrr: 4 - My

‘ 8 34240 -0.928 <0.001  0.062
1 - 1 e t=lr
17.038 <0.001 0979 -0010  0.092

PV panels are usually installed with a desirdilteangle on flat rooftops, hence
simulated global solar irradiance on horizontal surfaces was converted to insolation on
oblique planes. Hourly measured global solar irradiance data obtained from a station in the
study region (Lethbridge CDA) over fiveegrs was transferred to tilt planes utilizing
transposition and separation models (Perez et al. n{@88D) and Erbs et al. model
(1982) considering the reflected component of radia(ibnffie and Beckman 2013A
slope factor was extracted from this transposition and was applied to ArcGIS simulated
global horizontal radiation. In this method, roof segmenthk glibpes between 0° and 10°

are consideredas flat. Based othe Perez et al. mod€l1990) the radiation on a tilted
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surface has three componerisam, diffuse and ground reflectddhe reflected radiation
is defined a0"—— whereQ”, and are the global radiation on a horizontal surface,

the diffuse reflectance of the surroundings (albedo coefficient), and the tilt angle of the
surface respectivelyDuffie and Beckman 2013Folar radiation oV panels increased

by about 7% when the ground reflected component was taken into account, compared with
the casevhen the ground reflected component was ignctredds set to zerofigure3-9

shows different stages of LIDAR data processing for an example building with a complex

roof surface.

Aerial imagery ‘ R

Suitable roof areas

Figure3-9: Various steps ofata processing for an example building

3.3.6Roo0ftop PV electricity production simulation

Electricity output evaluation of a PV system requires the estimation of resource
availability, the physically av®@fzguealbdte ar e
al. 2008) The performance capacity of the flat rooftop PV systems is simulated by
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consdering a packing factor which reflects the access space between installed panels
required for maintenance purposes and to avoid shading from vicinity panels (row spacing)
(Anderson et al. 2010, Wirth and Schneider 20163ually solar modules reqgairan
installation area about 2.5 times greater than their own surface area which means that about
40% of the suitable flat area is usually covered by solar p@nath and Schneider 2016)

The ratio of panel area to roof surface for inclined roofs which accounts for necessary
module spacig for racking clamps was taken as 98&agnon et al. 2016)lechnical

characteristics and assumptions for PV performance modeling are preserabteB6.

Table3-6: PV system technical characterist{&agnon et al. 2016, International
Energy Agency 2016, Fath et al. 2015, Philipps and Warmuth 2017)

PV system technical characteristics
Module efficiency( X Performance ratioRR) Inverter efficiency
15% 80% 95%
Ratio of panel area to suitable rooftop area Module tilt angle for flat roofs
0.4 (Flat roofs) 0.98 (Inclined roofs) Area latitude angle= 49°
System azimuth
South facing (Flat roofs) Azimuth clasification

Electricity outpufOis computed by means of the following equat{brternational

Energy Agency 2016, Fath et al. 2015)

O 0 z0z-202 (3-4)
whereld is the average irradiation of each suitable rooftop,@isithe actual surface
area of each stable rooftop(Fath et al2015) Shading simulation being accounted for
each r 0o bytsog dnalysPRis the performance ratio of an implemented system

and is defined as belo(@chmalensee 2015)

(3-5)
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The parametdPR compaes the actual annual AC energy yield and the expected DC
output of an identical ideal and lossless PV system at the same location and can be used to
guantify the overall system losg&chmalensee 2015\ ctual energy yield, and henB&
is significantly influenced by actual insolation, various losses including shading losses,
module efficiency losses, and systemsdes (Schmalensee 2015)Losses due to
accumul ation of snow and soil och, rgsiataneel s 6 s
in the DC circuit, and DC current ripple and algorithm error caused by the switching
converter which performs the maximum power point tracking functanribute in the
system loses Table3-7) (Ropp et al. 1997)PR can be calculated according to Equation
(3-6) (Ropp et al. 1997)Furthermore, inverter efficiency-( ) usually ranges from 92%
to 95%(Vignola et & 2008) Multiplying thePR by the PV module efficiency, the overall

system efficiency can be calculat@tlland et al. 2006)

02 - & & 8 & (3-6)

Table3-7: Valuesrepresenting various lossesed in system affiency calculation
(Equation (36)) (Ropp et al. 1997)

Parameter Value
oo v 96%
Lo wnd ] 95%
trcadtvy 98%
oy 95%

Reich et al.(2012) investigated the performance of 100 German PV systems and
found thatjn partbecause f Ger many 6 s RRof some sydtemsrexdeexr 90%t h e
Given that S 0 ut hrespunces Aate bB38% greathwmn CGewonhany rand
considering the latitude similarity between most German cities and southern Alberta,
comparable PV system performances are anticipdlefenney et al. 2008, Pelland and

Poissant 2006)In addition, McKenney et a{2008) developed spatial models of global
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insolation and photovoltaic potentitdr Canada assuming a PR of 0.75. In addition,
Pelland and Poissant (2006) evaluated the potential of building integrated photovoltaics
(BIPV) in Canada considering a value75 for the PR of PV system@/ith technology
advancementssignificant improe me n t i n PV systems?®é perfo
efficiency have occurred over past years, hence, a PR of 80% seems attainable in southern

Alberta.

3.3.7Rooftop PV Economic potential assessment

The economic attractiveness of the rooftop PV systems under currekétmar
conditions is investigated to determine whether a specific location is profitable for PV
installation or not. Most PV potential studies have not considered the economic feasibility
of the PV installations, while, home owners and investors install Biltiss when these
systems are economically viablEath et al. 2015)Renewables are not currently cost
competitive in all places, hence it is important to determine the economically viable fraction

of solar PV electricity generation potential.

3.3.7.1PV Dynamic investment assessment

Net present value (NPV) igsedto perform an economic potential analysis and to
assess the profitability of the solar rooftop projects (Equ&idn(Fath et al. 2015NPV
illustrates the difference between the current value of cash inflows and the present value of

cash outflows.

Ovbw O B —, (3-7)
whereois the time of cash flow;Yis the total time griod or the system life time (25 years),

i is the interest rate (2%), adO ($/year) is the net cash flow at time t (Equat®8)
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(Fath et al. 2015, MacKinnon and Mintz 2017he parameter® hr ,"Q, & handQ
representthe annual degradation rate of generated electricity (0.25 %lyear), average
electricity price, annual increase in generated electricity price, operating cost, and annual

increase in ogating cost respectively (Equati@B) (Fath et al. 2015)

~

0 0O p Q n p Q & p Q (3-8)

In Alberta, from 2013 to 2017, theverage increase in the consumer price index of
all items such as food, shelter, and transportation was 1.56%, tervas set to 1.56%
(Statistics Canada 2018)n Lethbridge, the electricity price varies, and with higher
electricity prices, solar PV systems become morsiliéa While the average power price
has been 7.3 ¢/kWh from 2012 to 2018, great changes in regulated electricity rates have
been occurring historicallfGovernment of Alberta 2018Dther fees that are charged on
electricity bills may increase as well, for instance, average transmission rate in 2027 is
forecasted to be about 42 $/MWh which is 33% more than that in(Sa8stics Canada
2018, Alberta Electric System Operator 2016, Kuby Renewable Energy Ltd. Zul8)
energy generation can reduce the energy charge, the varoabtd distribution, and the
transmission charge on electricity bi(lKkuby Renewable Energy Ltd 201&stimate of
N ,"Q,and & are assumed toeb0.08 $/kWh, 3.5%, and 15 $/Ky¢ar. There is a $36
million rebate progranm Alberta,introduced by thgrovincialgovernment for installing
solar PV on residential and commercial buildings aimingfsebup to 30% of residential
solar installation costs and up to 25% of solar installation costs for businesses and non
profits (Alberta Government 2017ayWe assumed that 25% of the capital costs for all

installations would be covered Kyis program.
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Generated solar electricityO (kWh/year) provides cash inflows, and in an
economically feasible system, the related electricity revenue surpasses all upfront capital
costsO and maintenance and operational expenditures overthe & mdés | i f et i me
system is economically attractive when its NPV is larger than (F&ih et al. 2015)In
2016, the residential grdonnected rooftop PV systems (up to 10 kW), commerciat grid
connected rooftop PV systems (between 10 kW tok®8]) and industrial gricconneced
rooftop PV systems (above 250 kW) cost between 3 to 3.5 CAD$/W, 2.5 to 3 CADS$/W,
and 2 to 2.5 CAD$/W respective(fPoissant et al2017) Up to a 12.5% decline in PV
system prices occurred from 2015 to 2@{P®issant et al. 201.7Therefore, the upfront
invedments for 3kW, 10kW, and 250kW PV system sizes have been assuine@ 680
($/kW), 2,200 ($/kW) and 1,760 ($/kW) respectively, applying a 12% reduction to the
2016 system price@Poissant et al. 201.7Based on these system installment costs, the
following relationship between system stzgkW) and investmerio($/kW) was created to

calculate the specific investment for otheoftop PV system sizes:

O cyxx 0 ® (3-9)

Using Equation(3-9), the initial investment cost fahe midpoint of each system size class
presented iMable 3-8 has been calculatdéath et al. 2015)For systems larger than 50

kW and smallethan 5kW the midpoints were set to &V and 3kW.

Table3-8: Initial investment cost of PV system classes derived from Equégion

System size (kW) Install cost ($/kW)
2,640
|- 2,600
- 2,400

I 2,300
F 2,200
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3.4 Results and discussion

Applying the preceding method to théyCof Lethbridge, 38,496 suitable rooftop
segments with a total actual area of about 2,372,000vene idetified which cover
approximately 30% of the total roof area. The accuracy of the rooftop segment selection
has been examined by analyzing and invest:i
the regionbs aeri al i ma g e elonglmostly tio residential d u a |
(about 83%) and commercial (about 9%) buildings, providing about 48% and 20% of the
suitable areaespectively Figure3-10, Table3-9). Mostof the segments are flat or have a
slope less than 20° (about 91% of them or 84% of the suitable area). Low slope and flat

roofs allow us to install PV panels with the most effective tilt a(Bte et al. 2015)
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Figure3-10: Percentagef rooftop segments in different slope classes

While industrial and commercial buildings account for just about 3% and 4% of the
flat individual segments, they cstitute the largest portion of the suitable flat ared),(m

about 22% and 18% of the available flat area respectively, demonstrating the importance
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of these sectorsd engagement in deVabld opi ng
3-9). Furthermore, rooftop PV installation by homeowners can boost the urban solar
electricity generation significantly because residential buildings with roof pitch between

10° and 20° account for more than 25% of the total skeitednf area (about half of the
segments), which is the highest share among various building types and slope classes

(Table3-9).

Table3-9: Suitable rooftop segmentea (nf) and its percentage by building type and
slope classes

Slope Classes

Building type 0°-10° 10°- 20° 20°- 30°

m? % m? % m? %
Residential 368,544 15.54 598,017 25.21 163,377 6.89
Commercial 414,781 17.49 26,845 1.13 16,614 0.7
Industrial 513,397 21.64 22,403 0.94 4,000 0.17
Education 109,708 4.62 9,595 0.40 2,306 0.10
Others 94,299 3.98 4,489 0.19 4,496 0.19
Total area 1,500,729 63.26 661,349 27.88 190,794 8.04

Slope Classes

Building type 30°-40° 40°- 50° 50°- 60° Total Area

m? % m? % m? % m? %
Residential 9,155 0.39 1,066 0.04 125 0.01 1,140,285 48.07
Commercial 2,825 0.12 508 0.02 99 0.00 461,673 19.46
Industrial 1,130 0.05 470  0.02 132 0.01 541,531 22.83
Education 1,390 0.06 451  0.02 294 0.01 123,745 5.22
Others 1,340 0.06 185 0.01 121 0.01 104,932 4.42
Total area 15,840 0.67 1,066 0.11 772 0.03 2,372,165

Some building rooftops have more than one suitable segment, especially those with
complex structure. After combining multiple suitable segments of individual buifdings
rooftops, it was found that about 48% of the all buildings possess a suitable roof plane
which could host PV systems (26,959 buildings). About 94% of these buildings are

residential Figure3-11).
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Figure3-11: Percentage (%) of the different building sectors with suitable roof surface for
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The majority of the suitable rooftop planes of residential buildings (45% of them)

have an area begeen 20m? and 50 ni, while most of the commercial and industrial

bui

22%, 49%, and 32% of the commercial, industrial, education, and othdmnbs with
suitable rooftops have a PV appropriate roof surface larger than o@@drsmaller than

22,000 m, respectively Figure 3-12). Suitable rooftops larger than 22006 exist in

| di ngos

education and commerciséctors [figure3-12).
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Residential buildings with suitable rooftops mostly (ab@d#) can accommodate
PV systems with a size less than 10 kW, while suitable rooftops of commercial, industrial,
education, and othdwilding types demonstrate larger system capaEigufe3-13). For
instance, Wile just 0.09% of the suitable residential rooftops can host PV systems larger
than 100 kW, around 45% of the education buildings with suitable rooftops can provide

sufficient space for rooftop PV systems larger than 100 kigu¢e3-13).

35
30

Residential

B Commercial

60 25
O Industrial 20
50 @ Education 15 |

M Others 1.0 ;;

Percentage of buildings with Suitable rooftops (%)

Rooftop PV system size (kW)

Figure3-13: PV system size histogram of rooftops for different building types

The identified suitable surfaces provide enough area for installing approximately 218
MW of rooftop PV systems, with residential buildings accounting for about half of the
installed capacity. Based on the computed solar radiation, this installment could generate
around 301 + 29SD (standard deviatioflsWh of solar electricity annually={gure3-14).
Morethanhalbf t hi s el ectricity would be producec
57%) (Figure3-14). Industrial and commercial buildings are the second and ldmigest

potential contributors to rooftop PV energy productidiigre 3-14). Combining all
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uncertainties in various stages of the system yield evaluation, a total of 9.5% uncertainty in
solar PV energy output aallation is estimate@lhevenard and Pelland 2018) 2015, in
Lethbridge, electricity usage per person (for all sectors) was 8.2 NBANhironment
Lethbridge 2017) This caxsumption is lower than provincial and national average
electricity consumption and recently has not changed significantly from year to year
(Environment Lethbridge 2017) Consi deri ng t he thdestyndted popu
rooftop PV electricity would enable the city to offset almost 38% of its annual electricity

consumption.

13.4 £1.3 GWh,

56.6 +5.4 GWh A% 11.141.1GWh, @ Residential
“is: ' 274 0 Commercial
o \ / Industrial

M Education
/ //////////A O Others

170.2 £ 16.2 GWh,
56.5%

50.2 +4.8 GWh,
16.6%

Figure3-14: Rooftop PV electricity potential generation by different building
sectors

Capacity factor (CF), which shows the difference between the actual performance of
a PV system and the energy output of an ideal and lossless PV system with alike rated
capacity receiving constant irradiance (1000 W/ris used to compare different pawe
systemsod pot ent i &Schmalenseg@ 20t58ouinstamce, tymcal gaanyy
capacity factors for ldropower plants, natural gas combined cycle plants, coal power
plants and wind plants are about 40%, 44%, 64%, and 31% respectively. System energy
yield is proportional to the capacity factor, where capacity factor is defir{&dlasmalensee
2015)
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(3-10)
The average capacity factor of theterminedrooftop PV systems is about 16 + 1.5%,

which is very promising for this urban region.

The NPV graphs for system size classes presentédbie3-8 and various electricity
output level are delineated iRigure 3-15 to indicate annual electricity threshold for
profitable systems.
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Figure3-15: NPV graphs for different system size classes versus annual electricity yield
Systems with an initial investment of 2,640 $/kW need to generate about 994
kWh/kW/year to become enomically viable Figure3-15, Table3-10). The initial cost of
systems with 2,200 $/kW investment will be compensated over their lifetime if they
produce at least 854 kVikW/year Figure3-15, Table3-10). Based on NPV graphs, about
96% of the identified suitable rooftop systems are profitable. Small systems occupying

small areas are the miolikely to fail to be economically jusik#d. However, with more

89



decline inPV costs and improved efficiencies, small areas can achieve a higher packing

factor, produce more energy and become economically attractive.

Table3-10: Minimum (kWh/kW/year) solar energy production for a NPV=0

System capital cost Minimum(kWh/kW/year) solar energy production for a NPV=0

2,640 994
2,600 981
2,400 917
2,300 886
2,200 854

Recently, the Climate Leadership Piaas introduced by the provincial government,
with a goal of ending the use of coal for electricity production by 2030 and utilizing more
renewable sourcg$&sovernment of Alberta 2017According to this plan, 5,000 MW of
new renewable energy capacity will be built by 2030, with renewables to supply 30% of
the electricity demand which can lead to a significant growth in cleanyememgstment

(Government of Alberta 2017)

3.5Conclusion

Rising climate change risks and global sustainability challenges alohgthat
significant decreases in costs of renewables have led to recognition of solar electricity
systems as major parts of mitigation strateffzstellanos et al. 201 Broviding end users
with a selfmanaged, usable energy source with minimal operation and maintenance costs,
rooftop PV is distinct among lowarbon technologieiStrupeit and Palm 2016here, an
exhaustive rooftop PV potential assessment in an urban area has been conducted in order
to fill a gap in theavailable public information about the potential of such systems.
Al bertads electricity generation sector <cu
particular, producing approximately 17% of
(Government of Alberta 2017 o achieve the goal of zero emissions from deled
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electricity production of the Alberta climate play 2030, some supporting programs such
asthei Resi denti al and Commer ci al Sol ar Prog
Programd have been established to stimulat
municipal facilities(Government of Alberta 2017)n response to this great movement

towards more renewable energy sources, this study tries to present an effective and scalable
methodology for simulating the insolation resource and rooftop solar PV energy and
economic potential in an urban area in Southern Alberta. LIDAR data and ArcGIS was
employed to identify suitable rooftops for PV installation #r&Solar Analyst simulatio

engine was applied and adjusted based on data characterizing the local environment to
accurately assess t he regionos i nsol ati on
assessment in a large area like an urban area is always challenging, henceethoeiv m

was developed to calculate solar radiation using ArcGIS. In addition, the slope of PV
modules installed on flat roofs, and the reflected radiation component have been taken into
account. Finally, utilizing market prices and dynamic investment methlogl£conomic

potential of rooftop PV systems were investigated. Results illustrated that rooftop PV has

a great potential to offse t he ci tyds energy demand. The
chapterwas undertaken in part tocrease the awareness abthe characterigis and

economics of rooftop PVWyhich is vital to more renewable energy deployment. The results

of this research can assist investors in energy and building sectors and accelerate an

informed transition towards a more sustainable future.
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Chapter 4: Multi -Criteria PSO-basedoptimal design ofgrid -connectedhybrid

renewableenergy systems

4.1 Introduction

The global economy relies heavilpdiincreasingly on fossil fuels.u@rently fossil
fuels supply about 85% of human energy demdgighell 2015, Bhandari et al. 2015,
Akram et al. 2017)The side effects afombustionand inefficient use of energy are the
main causes of emerging climate change, which is one of the primary global challenges we
face today(Mitchell 2015) The risks of climate change cannot be diminished without a
consideablereductionin fossil fuel usage and a transformation in global energy production
(Mitchell 2015) Massive renewable energy deployment and ensagyng improvements
in efficiency of energy use are the two prime paths towards limiting global climate change
(Wang and Singh 2008J-urthermore, the deployment of renewable energy sources will
result in increased energy independence and sedqi¥sang and Singh 2008)Jsing
current technology, it is feasible to meet 100% of global energy demand reliably by
renewable resources (wind, water, and the sun) by 2050 without imposing exoesss/

(Delucchi and Jacobson 2011)

Renewable energy generation from wind and solar sources depends on weather
conditions, which ary and oftercan not beaccuratelypredicted(Bhandari et al. 2015)
Hence, renewable energy sources are considered to be unreliable and often unavailable.
They also require relatively high capital investmgit&ng and Singh 2008, Bhandari et
al. 2015) Integrating different renewable power sources can help to alleviate their
individual unreliability(Nafeh 2011) Hybrid systems provide a practical path to achieving
a balance among cost, emissions, and load availagiiang and Singh 2008, Bhandat
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al. 2015) Precise planning of HRE®omponents is essential attainng the most cost
effective hybrid system with the most reliable energy oufpuang and Singh ZIB,
Bhandari et al. 2015 Connecting HRESSs to the grid can also mitigate the unpredictable

nature of electricity production from renewable resou(Bésire et al2016)

Solar and wind resources are ample in our study region. In this research, they are
employed simultaneously to mitigatleir respectivevariations and instabilitiesBy
incorporating storage batteries into such hybrid sys{@visand wind turbine¥luctuations
in each intermittent resourcebs energy ©pro
components complementary to one anofiéaing and Singh 2008xcess solar and wind
energy production (production higher than demand) can be stored for times when energy
production is too little to meet the demafWlang and Singh 2008By minimizing the
waste and curtailments of renewable energy systems, batteries can increase energy
availability, match supply and demand, and decrease the operatiosial(\&/ang and
Singh 2008) The amount of renewable energy production, load demand, and the site
characteristicaill determinethe appropriate size of the battgdahanbani and Riahy

2011)

Consumer 6s greenhouse gas emission footpt
of the purchased electricity frothe grid below a specific threshold. To design and size
different components of a HRES, particle swaoptimization has proven to be an
outstanding metaheuristic meth¢{del Valle et al. 2008)This method can find nearly
optimal solutions to highly nonlinear, muttriteria design problems. Multiriteria design

is a promising approach to aggregaéeious design objectivgs¥Vang and Singh 2009)
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4.2 Background

The optimal design of renewable energy systems is fieggivcreasing attention and
becoming an active field of resean@rdinc and Uzunoglu 2012, Maleki et al. 201The
primary goal of reducing the system cost (lifetime cost ohclg the fixed costs (capital
andmaintenance costand operational expenditures) is achieveeimploying economic
environment (emission) or techneconomic optimization approachg&rdinc and
Uzunoglu 2012, Alsayeet al. 2013)Various optimization algorithmsicluding genetic
algorithm (GA) (Bilal et al. 2010) simulated annealing (SAEkren and Ekren 2010)
particle swarm optimization (PS@Yaleki et al. 2017)linear programmingTer-Gazarian
and Kagan 1992) neural networkgMellit and Benghanem 2007kimplex algorithm
(Lagorse et al. 2009ynamic programmingMargeta and Glasnovic 20}, stochastic
approach¢Cabral etal. 2010) iterative and probabilistic approacl{fsasad and Natarajan
2006, Tina et al. 2006)yesponse surface methodolo@kren and Ekren 2008ylesign
space based approa¢hrun et al. 2009) quasiNewton agorithm (Ashok 2007) and
energy hub concegflejandro et al. 2009have been usedarious storagand backup
strategies have been sugestietjuding battey storag, pumped hydro storage (PHS),
internal combustion engines (ICE), and connectiotihéeonventional gridio redue the
impactof the random nature sE€newable energgources (RESjGonzalez et al. 2015)
Many evaluation indices have been usechtmel power supply reliabilitgXu et al. 2013)
Loss of load expected OLE)?, Loss of power supplprobability (LPSP , the levelised

cost of energyL COE)? (thenet value of the unit cost of electricity over the lifetime of the

! Considering the daily peak load fluctuations, LOLE calculates the nuofbéays that the peak load
surpasses the installed system capd€#inda and Odero 2015)

2 # /] %———:0(kWh),6 'Y @nd"YO are, respectively, the annual output, capital recovery factor, and
the total present value of all system components ¢Bstishani et al. 2013, Okinda and Odero 2015)
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gereratior), and the annual net balance are some of the reliability indexes utilized in hybrid
optimization studiegJahanbani and Riahy 2011, Mohammed et al. 2016, Okinda and
Odero 2015)Erdinc and Uzunoglu (2012nd Bhandari et al. (2015) reviewed hybrid

renewable power systems optimization and sizing techniques presented in the literature.

To minimize the gap between renewable energy production and electricity demand
over a 24hour time span, Kellogg et dl1996 used an iterative optimizatido propose
severalviable combination oPV, wind, and storage for a staathne residential home
system, ultimately selecting the combination with the minimum total annual cost.
Gavanidog and Bakirtzis(1992)designed amutonomous windPV-battery bank system
to supply electricity to a building, using a trao method that systematically selects the
size ofvariouss y st em component dosshoffoadpi b anb OLMIgy d& h(e
as well as the initidhvestment. Mfeh(2011)utilized a Genetic Algorithito optimizethe
design of a residential RWind hybrid energy system with battery storage. Simulating the
proposé hybrid system in MATLABtheyai med t o mini mize the hy
cost while meetng a spedic reliability targetthrough satisfying anLPSP constraint.

Utilizing two iterative search algorithms for designing renewable sources and battery
capacity separately, Akram et §2017)proposed a methodology for apil sizing of a
grid-linked P\twind-battery system based on maximum reliability and minimum cost
constraints. Minimizing the levelised cost of energy while achieving high energy reliability,
Mahesh and Samhd (2017) employed a Genetic Algorithrto opimally design a grie

linked P\+wind-batkery system utilizing an energy filter algorithm for regulating the energy

5,1, 02 p i / ,ifthe fraction of hours at which there is an electricity deficit)

(Garcia and Weisser 2006, Mohamed et al. 2016)
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injected into the grid. Minimizing theet presentvalue (NPV) (the difference between
thepresent valuef cash inflow and thpresent valuef costs over time objective
function, Gonzalez et al(2015)utilized a Genetic Algorithm and the net annual balance
index to design an optimal wisfeV grid-linked system for a rural township with 1271
residential dwellingsMaleki et al.(2017)presented an eaomic model ér a gridlinked
residential P\Ywind turbinefuel cellsolarthermal collector hybrid system. They used a
modified heuristic particle swarm optimization method over-a@4r period to determine

the conditions for optimal operation of the system.

This research extends thigeanpts to optimize HRESs by integrating solar, wardj
battey with conventional gridor a university providing a detailed plan based on the
results. Cost, reliability, and emissonvere modeledand different scenarios were
investigated. These typed assessments will be required frequently in the future as
engineers, planners, and managers develop policies that lead institutions to transition from
conventional griecbased power to local and regional solar PV and wind turbine sources of
electricity. The methodology outlined in this research is based on a combination of the loss
of power supply probability, the annualized system cost, and quantities of greenhouse gas
emission avoided by adoption of the HRES design. Considering the required (allowable)
LPSR the optimal configuration of the system was determined first, and then, among all
the possible choicethe system with the lowest annual cost feasmd The potential of the
systems to reduce the resulting overall carbon intensity was also consisd@rednstraint.
The goal of the project was to find a balance betwd2®8P, the totalannualcost of the
system, and the GHG emission footpridtkey feature of this researchthe use of real

onrtime data for ainiversity with large electricity consystion toinvegigatethe behaviour
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of the proposed methodology and the structure of the required sy#tegnsat deal of
additional research in this area is needed to plan for replacement of conventional electrical
grids and accelerate the movement towaethewable energy and sustainab{Myang and

Singh 2008)

4.3 Methods
4.3.1Multi -objective optimal design of hybrid renewable energgeneration systems
Grid-connected or staralone hybrid generation systems are composed of various
parallel connected energy resources such as photovoltaic cells, wind turbines, and storage
batterieWang and Sinig 2008, Bhandari et al. 2015, Nafeh 2011, Jayachandran and Ravi
2017, Wang and Singh 2009Yhen demand exceeds the renewable generation plus battery
capacity, energy must be drawn frahe conventional utility grid, whichcan usually be
assumed to be fes fuel based(Kellogg et al. 1996, Akram et al. 201 AVhen the
renewable generated electricity exceeds the demand and the storage batteries are fully
charged, extra power is diverted to the grid, balancing the demand load and generated
power (Owayjan et al. 2013, Wang and Sing008, Kellogg et al. 1996)n effect, the
utility grid plays a backup role hef@kram et al. 2017)Each of these electricity sources
possesses specific economic, technical, and environmental characteristics which can be
improved by incorporating individual sources into a hybrid generation sy®tamg and
Singh 2008) The aim of this incorporation and the attempt to determine the optimum
design for it is to balance multiple conflicting objectives in order to meet the energy
demand, while simultaneously optimrmgi a set of desirable economic, environmental, and
operationalreliability measure§Wang and Singh 2008, 2009 addition, the integration

of PV and wind decreases the required battery storage capacity compared with the single
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utilisation of renewable@Bhandari et al. 2015)he reliability of theenergy generated by

the hybrid system considering the weather condition variability together with the overall
system cost are two crucial design concéBiwmndari et al. 2015, Akraet al. 2017)The

main objective here is to ascertain the optimal size of the hybrid system components while
satisfying the preceding criteria. To determine the optimum wind turbine, PV, and battery
size, the hybrid system may be considered as an autarsofoff-grid) system(Akram &

al. 2017, Xu et al. 2013)n this context, producing extra energy and selling it to the grid is
not considered to be desiral{dlsayed et al. 2013)The environmental advantages of
renewable hybrid systems a@mpromisedby purchasig power from the utility grid; henc
minimizing theamount of power purchased is consideas@n optimization objecti&Xu

et al. 2013)

4.3.2Photovoltaic performance simulation

Operationsimulation of different system elements is the first stage in HRESg
(Bhandari et al. 2015, Nafeh 201BReceiving insolation ofO (W/m?) (the total solar
radiation on the tilted PV plane), PV modules with an efficiency aind an area of
® (mP exhibit a power output af  given by(Gavanidous and Bakirtzis 1992 akesh

and Sandhu 2017, Diaf et al. 2007)

~

0 - 80a 'Y (4-1)
Performance ratio(PR) that represents the overadlystem losses was set to 80%
(Schmalensee 2018)sing transformation and separation models, measwredy global
horizontal insolation databtained from a nearby statieconverted to insolationnathe
tilted plane of PV arrayThe beam andiffuse fractions of total horizontal hourly radiation
were separated and evaluated using the Erbs €t282) model (Duffie and Beckman
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2013) Utilizing the Perez et al1990)model, the diffuse radiation on the tilted surface was
estimatedDuffie and Beckman 2013, Yang et al. 200iMe Perez et al. model renders the

diffuse radiation on the tilted surface using Equatic)(4

% Op O — O- 'O QEf (4-2)
where"O and "O are circumsolar and horizon brightnessefficients “O (Wh/m?) and
I (degreeshre diffuse components of the hourly radiation on a horizontal plane and the
slope angle of the surface, i.e. the array surface tilt angle from horizontabamhlare

given byEquation @-3) (Duffie and Beckman 2013)
w [ Agtwéi,— o | AAT Yo e+ (4-3)

—and— are angle of incidence (the angle between the beam radiation on a surface and the

normal to that surface) and zenith angle (the angle between the vertical and thaniine
the surfaceo the sun), respectivef0Y (Wh/m?) and'® —— (Wh/m?) are the beam

and ground reflected components of insolation on a tilted surface respectvedythe
ratio of beam radiation on the oblique segéo that on a horizontal surfad@Wh/m?)
denotes hourly total radiation on a horizontal surfZ€yvh/m?) is beam radiation on a
horizontal surface, arid is the ground reflectance (the albedDuffie and Beckman

2013)

In addition, the effect of temperature and various losses on efficiency were
considered. The operating temperature of PV ealisevaluated employing the Skoplaki

model(Equation(4-5)) (Skoplaki et al. 2008)

- - p T oYY (4-4)
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Y'Y ﬁ n w T (4- 5)

where—  andf (3 ) are the efficiency of PV module and the efficiency eotion

coefficient at temperaturey ¢ v 3and at solar radiation of 1000/m?, respectively.
"Y,"Y, w, O are the PV cell operating temperat(ge), the ambient air temperatui® ),
the wind velocity in the windward side ofelPV array(m/s), and irradiance on module
surface (W/rf) (Skoplaki et al. 2008)The equatiornw W j T xrelates near the PV
array wind speeddf ) to the free stream wind speed ) (undisturbed natural air flow

speedInternational Electrotechnical Commission 2018)

4.3.3Wind turbine performance simulation
The underlying equation that illustrates

(Bhandari et al. 2015, Duffie and Beckman 2013)

0 -"0 [ OV (4-6)

where”,0  ,0 , andb are respectivelythe air density (kg/r), the area swept by the

turbine blades (A) , the turbine power coefficient (
maximum of 0.593) which illustrates the ratio of the turbine output to the total energy
contained in the wind, and the wisgdeed (m/s{Bhandari et al. 2015)or a good design,

the power coefficient can reach a value of QB8mami 2012)The combined efficiency

of the drive train and generator (the sysbesgfficiency in generang electricity),—, is

assumed to be 0.@uffie and Beckman 2013)Jsing the power curvenethod wind

turbine electrical poweoutput can be evaluated by means of the following piecewise model

(Mathew 2006)
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oaj w U — M U v (4-7)
I’IJ 0 \

v T M v
where 0 -"& ;8 & & (4-8)

whered ,0 ,0 , 0 , & are wt-in velocity (m/s), rated velocitym/s), cutout velocity(m/s),
tur bi neds (W),ahdetttt vglooitywa@aver proportionality, respectivelyFigure
4-1) (Duffie and Beckman 2013, Mathew 200&je velocity power proportionalitywas
assumed to bthree(Jahanbani and Riahy21, Mathew 2006)Table4-2 demonstrates

the wind turbindypicaltechnical parameters utilized in the simulations.

Table4-1: Wind turbine technical parameters.

Ik 2.0 MW
o 2.0 m/s

o, 12.0 m/s
o, 25.0 m/s

=
1

Power (kW)

v

i T
Vi (2% vy
Wind Speed (m/s)

Figure4-1: Wind turbine typical power curve and essential wind turbine characteristic
velocities.
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4.3.4Battery storage modelling

By improving te availability and stability of gridonnected and offrid renewable
energy systems, energy storage elevates the value of renewable @diengy and
@stergaard 2009 hemaximum depth of discharge (the discharge extension, as batteries
are not usually discharged fully), rated battery capacity, battery longevity, and self
discharge rate (the discharge rate when battery is nof) asedfundamental battery
characteristics dized in battery design and sizin@handari et al. 2015, Divya and
@stergaard 2009Battery types include Lead acid, sodium sulphur (NaS), lithium ion (Li
ion), metal air, and flow batterig®ivya and @stergaard 2009pivya and Jstergaard
(2009) reviewed battery energy storage technology employttk power sector and its
influence on power systems, amyestigated different ntkods for evaluating economic
benefits of battery design and configuratitteadacid battery is the most technically
mature (Divya and @stergaard 2009The majority of batry models employed in
reliability and stability analysis of power systems are not based on a specific battery

technology typéDivya and @stergaard 2009)

Battery capacity(0 is usually the key design variable in system sigiNgfeh
2011) The state of charge of a battery at tidigY0 @hi s a function of t he
of charg attime ¢ p) combined with the energy generation and consumption conditions
in time interval from @ p) to o0 (Diaf et al. 2007) The time variable is generally
measured in hourdVhen the wind and solar PV output exceeds the energy demand, the
battery is charging and the available battery capacity at hour t p (kWh)] is (Ai et al.

2003, Diaf et al. 2007, Jahanbani and Riahy 2011)
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60 06 0 o0 pop . O o6 0O o — - (4-9)
where6 o6 p,,,O0 0,0 06,0 ,- ,- are, respectively, the available
battery capacity at houto p (kWh), battery hourly selflischarge rate (0.01), energy
generated by PV at timgkWh), energy generated by wind turbine at tio{gWh), load
demand at time (kWh), inverter efficiency (it is assumed that is constant and about
95%), and the battery bank charge eéfiiy(Ai et al. 2003, Vignola et al. 2008, Mahesh

and Sandhu 2017When the renewable generated electricity is smaller than the load
demand, the battery is discharging, and the available battery capa@iyeisal. 2003,

Diaf et al. 2007, Gavanidous and Bakirtzis 1992, Jahanbani and Riahy 2011, Mahesh and

Sandhu 2017)

6 6 06 60 pp ., — OO O o0 - (4-10)

The batteryods di-s chhis gsumeg toebé 1,iwbile ¢ha charge (
efficiency varies with charging current, ranging between 65% and(BB%¢h 2011, Diaf

et al. 2007, Ai et al. 2003Battery efficiencyduring chargingwas taken into account
(Gavanidous and Bakirtzis 1992pDvercharging or ovedischarging reduces battery

lifetime (Nafeh2011) To pr ol ong | i f e s p dekeptwithingheb at t er

following range at any hour(Diaf et al. 2007, Gavanidous and Bakirtzis 1992)

0 0 O 0 (4-11)
The maximum admissible battery capacity, , can be considered
nominal or rated capacity) , and the depth of discharge (DOD) nieeyused to define

the minimum acceptable battery capa¢iyaf et al. 2007, Ai et al. 2003)

8 060 & 6 8 (4-12)
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TheDOD is usually about 360%; in this researcOD wasassumed to be 30%Ai et

al. 2003)

4.3.50bjective function

Achieving a rational trade f f bet ween a systemobds
characteristics and the associated costs requir@xhusive system cost estimate which
includes many factorsuch as the equipmeobst system longevity, anthe interest rate
(Wangand Singh2008) The systemds i niti‘@,presemtwdrth or
of equipment replacement cost (Y Q1) , present worth of the
operation costd 0Q0 , and the annual costs of purchased dlgttrfrom the grid
(6 ) constitute the main expenditur&elling electricity to the grid'Y ) and selling
obsolete equi pment at the end of the sys
salvage valueY "Y®Yican creatsome revenuéGonzalez et al. 2015, Maleki et al. 2017,
Nafeh 2011) The present worth of the to@mhnualsystem cost ($/year) is presented by the
following objective (fitness) functiod@) (Nafeh 2011, Maleki et al. 2017, Gonzalez et al.

2015, Wang and Singh 2009)

"0 0 Q¢ QABOH QI 0B 0t HE a Q (4-13)

(4-14)
The total system cost is assumed to be a function of the total PV paneb arga (
the total wind turhie rotor swept are@®( ), and the battery storage capaciby ()
(Gonzélez et al. 2015, Nafeh 201&) could be limited to the maximum available area

for PV installment an@  may be constrained according to the maximum number and
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size of wind turbines that can be installed in the study @a#eh 2011)In addition, the
allocated budget can be another restricting fgttafeh 2011)Instead of dividing the total
cost byl (system lifetim¢to evaluate the annualized cost, total cost may be multiplied by

recovery factord Y )@vhich is definedy Equation(4-15) (Maleki et al. 15).

0'YO (4-15)
i is the interest rat€Mohamed et al. 2016)he capital cost can be expressed by the

following equatim (Gonzalez et al. 2015)

O % o o 0 J0OD i O JOD p O JB (416

where) and0 are the number of PV moduleasnd the number of wind turbines
(Gonzalez et al. 20150 , 'O , and’O are the capital cost of PV panels in $/kW, the

capital cost of wind turbine in $/kW, and the cabitast of battery storage in $/kWh
(Gonzélezetal. 2015)  ,0 f ,andd5 are each panel ds rated
each wind turbineds r at e dGopzdlezeetal. 2085)ilte t he ¢
number of PV paneld)( ) can be calculated by dividing the total PV ar@a | by one

panel s a(Ganzidleqetal 2015)
0 0 jo (4-17)
Also, the number oivind turbines { ) can be calculated by dividing the total swept area

OO fF) by a singl e o uj(Bdnzileziebal. 20068 pt ar ea (

0 0  T0 (4-18)
It wasa s s u me d t hat t he mo d u | raudder standamdli testa | ma

conditions (STC) and theV modul e6és di mensi ons are 270W
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respectively. Since 2014, the cost of battery storage has decreased approximately 50%, and

is anticipated to be reduced by 11.4% annually until 2020 duentinaed technology
improvement and increased competitidtower Advisory LLC2017) Average battery

costs were less than US$230/kWh in 2016, a significant decrease from about US
$1,000/kWh in 201@Stevens and Chung 2017Mhe present worth (discounted value) of
each component déds oper atyeanmis aalcdatedhdSionzdlee nanc e

et al. 2015, Nafeh 2011)

60w B 6, O— (4-19)
whered o ,Qare, respectively, each component 0:

cost value ($/year), the annual (general) inflation rate, and the interesQeatd
represent dferent system components and the system lifetime respectiNafgh 2011,
Gonzalez et al. 2015The annual maintenance and operation castkisnto be0.5% of

the wind turbinecapital cost, 0.5% of PV systeaapital cost, and 0% of battery sige

capital cost for these three components. PV systems require minimum maintenance to
function (Wang and Singh 2009)t is assumed that the lifetime of PV panels and wind
turbines is equal to the lifespan of the system (25 years), therefore they do not need to be
refurbished or replaced over the operatidifetime of the systenfLantz et al. 2013, Nafeh

2011) thus only batteries need to be replaced. The total present worth of the capital and
replacement costs of batteries is given(Wafeh 2011, Gonzalez et al. 2015, Wang and

Singh 2009)

O 00 wp o » B — (4-20)
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where® ,Qandd are, respectively, the total numk
systemods | i fespan, the inflation rate of
necessarily equal tbé general inflation rate, atigebatterylifetime (Gonzalez et al. 2015,

Nafeh 2011)c0 can be expressed @dafeh 2011)

A QEW 0 (4-21)

The present worth ofl0RYV ,mwathepredestwasrthdfv a g e

wind turbine salvage valué, 0 ® , are given byNafeh 2011)

00w Y B O>—— (4-22)

00w Y B o 00— (4-23)

where'Y @¢® are the panel s6 sal va g atpresartand per

total panelarea, respectivelfNafeh 2011)"Y andd  are turbine current salvage
value ($/nd) and the total wind turbine rotor swept area. The battery storage salvage value
is estimated to be very low, ahénce can bdisregardedNafeh 2011, Wang and Singh
2009) It was presumed that the salvage price of a PV module is about 3% of its capital
cost. Sometimes, decommissioning a wiadm at the end of its useful lifetime and
reclamation may result in some of the investment not having economic worth thee to
high costsof reclamation The salvage price of a wind turbine was taken as 1% of its
original capital cost. The cost of thevarter is ignored because it was not intended to

optimize this componeriSharafi and EIMekkawy 2014)

4.3.6Energy management and control strategy
When renewable energy generatismbt sufficient to satisfy the load, the energy

deficit will be provided by battery storage. If the demarsdiisnotfully met, theremaining
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deficit will be purchased from the gr{érdakani et al. 2010)The powepurchasedrom

the utility grid at timed, 0 0, can be expressed @& et al. 2013)

~

o 06 0 o 0 o U o (4-24)

Ca

When the renewable energy generation exceeds load demand, the exapsssene
first used to charge the battery storage up to the maximum permissible level, with the
remainder being fed directly into the utility gidu et al. 2013) Thus the highest priority
for meeting the load demand is assigned to renewable electricity, while purchasing power
from the utility grid has the lowest priority in supplyingvger (Ardakani et al. 2010)The

power fed into the grid at any hotird 0, can be expressed @& et al. 2013)

0 O 0

6 6 0o 0 o (4-25)

O‘

C

whered ,0 ,0,0 , and0 are, respectively, power generated viaynd
turbing power generated YV, demand load, power taken from battery (discharge), and
power used to charge the battefjne annual cost of purchased electricity frimagrid,

0 , and the annual renues from selling electricity to the griél, , can be expressed

as(Gonzélez et al. 2015, Wang and Singh 2009)

6 B 0y 003 0 (4-26)

Y B 0y 00 0 (4-27)
wheres ($/kW),, ($/kW), and"Yare the grigpower price, the sale price of power supplied
to the grid, and the operation time interval (8760 hours = 1 yEamzalez et al. 2015)

The power purcased fronthe utility grid maybe damped by the following constraints:

B 0 o 0 (4-28)

108



The maximum allowable power purchase fréme utility grid is shown byd |

(Ardakani et al. 2010)

Sometimes it is assumed that the total annual renewable electricity generated by
HRES should be equal to the total annual electricity demand (the design criterion is net
annual balancg)Gonzalez et al. 2015Producing extra renewable energy and selling it to
the grid may be undesirable due to additional cost and social unacceptability of installing
more HRESequipnent Alsayed et al. used the total energy lost (TEL) indicator to

minimize the extra renewable energy generaffdeayed et al. 2013)

4.3.7Renewable hybridsystem reliability simulation

Reliability measures the systembébs abilit
and evaluates the quality of the provided service indktatg load and weather conditions
Reliability analysis approximates the physical features of the system and utilizes
mathematical modeling or simulation to manipulate the reliability fa¢®Weng and Singh
2008) Reliability analysis is an attempt to lessen the uncertaintiesigkglin power
generation, and is taking a center stage in system planning. Uncertainty and tietesmit
of renewable sources of energy, in conjunction with unknown fluctuations of load and

random system collapses, make reliability analysis compli¢st@thg and Singh 2008)

Al ong with minimizing the total annual s
is evaluated by means of t h,e0 XHifonmeptswhichf poOw
demonstrates the lorigrm averagenserved load fragment for the energy supplier (hybrid
system)Nafeh 2011, Diaf et al. 200.7A zero, 0 3rdlicates that the demand will always

be metwhile a, 0 3eQual tounity means that the demand will never be satisfi¢afeh
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2011, Xu et al. 2013)The, 0 3 0 (reliability threshold) is defined based on the energy
prices and reliability desired to find a system with the loweBt3(Rafeh 2011) The
system, 0 3oQer the course ofrhe spariYis given by Equatioi4-29) (Nafeh 2011, Xu

et al. 2013, Mahesh and Sandhu 2017)

N 7 o ,7 B B
0L Yog—— B = 5 (4-29)

where O 0 is the total energy provided by the system at any time@.3 0_

where_ i s t he | oad ® S0 the tolenance dimitbof the system reliability

(, 03 0) (Xu et al. 2013, Mahesh and Sandhu 2017, Nafeh 2011 Y he Al oss of
suppl yooidilustraed byu © 8 which represents the insufficiency in renewable

energy generated likie hybrid system and available stored energy in batteries to meet the

load in houy,© 0 (Nafeh2011)Yi s t he systembs op(€uetat i ng t |
2013) Several possibleperational situations for a hybrid grabnnected renewable energy

system were examined to explore the behaviour of the proposed optimization method.

4.3.80ptimization strategy and design constraints

The optimum size ohes y st emés componefrmmanmongiasetof be s ¢
finite samples by an iterative approach through minimizing the total annugXeoset al.
2013, Maleki et al. 2017)In a multiobjective problem solving procedure, a specific
objective is defined as the main objective and others are considered as constraints and
conditions to solve the probsteand achieve the main objectiidahesh and Sandhu 2017)
Here, minimizing the total annual cost of the hybrid system is the main objective, while the
minimization d the amount of purchased electricityd unmet demandndmaximization

of the amount ofavoided CQ emissiors are considered as necessary complementary
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conditions. Hence, to solve the optimization problem, all the aforementioned constraints

listed belowshould be satisfied:

0 0 O n 0 §n 0 v 0 &p (4-30)

4.3.8.1Particle swarm metaheuristic optimization(PSO)method

The paticle swarm optimizationtechnique was adopted for this nrlimear,
multidimensional objective function optimization. Kennedy amerfBart devised particle
swarm optimization in 199&berhart and Kennedy 19955howing astonishing promise
in a variety of applications including power systems and solving fscgke nonlinear
optimization problems, this evolutionary stochastic populabiased heuristic
optimization method operates so as to i mit
for example bird flocks seeking grain (forage) or schools of(hdeki et al. 2017, Poli
et al. 2007, Del Valle et al. 20Q8)Ynlike other methods that utilize the gradient of an
objective function, direct operation acontinuous real number search space is the main
featureof PSO(Khare and Rangnekar 2018) light of the flexibility of PSO in managing
numerous qualitative restrictions, in power system economic dispatch (ED) studies, the
per formance of P S Otbesmajarity rofp hewistie and mdthamatical f
approachegDel Valle et al. 2008)For instance, desning a residential photovoltawind
turbinefuel celksolar thermal collector system, Maleki et(@D17)demongrated that PSO
outperforms the genetic algorithm. Methaheuristic methods including PSO are
recommended for designing HR&E®wing to their provision of a rigorous search of

probable solutionspacgMohammed et al. 2016)
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In PSO, a random search space for the defined function is created and several particles
(simpe entities, population members, or possible solutions) are placed in it, and which can
move inside the space with given velocities (random particles with random positions and
random velocitiesjPoli et al. 2007, Bl Valle et al. 2008, Khare and Rangnekar 2013)

The objective function is evaluated for e
position, while in each i1teration, each pa
i ts nei ghb oauesgdli etpar.260v,iDel Walle et al. 2008)n this approach

the particles possess memory, exchange inf
and their own best found positions randor(foli et al. 2007) Essentially, a pential

solution is a point (particle) that flies in the search space while having access and

responding to information from other particl&hare and Rangnekar 28)1

The position of each particle in multidimensional search spacelY , and its
velocity, 0 N Y , are determined biquations 4-31) and @-32) (Del Valle et al. 2008,

Maleki et al. 2017) The positionof each particle changes based on randomly generated

velocities.

b 1@ 887 ; ® <870 o (4-31)

O w0 (4-32)

where® o o hoo B ho ,0 o MR , and 1, 2, 3, é, c

possible dimensions fdR 1, 2 ,i paBticles Baving positiowand velocityv (Khare
and Rangnekar@®3) « ande are acceleration constants or learning factors (positive
numbers representing cognitive and social parameters) amadi are two uniformly
distributed random numbers between 0 ar(®d! Valle et al.2008, Maleki et al. 2017)

The parametens ; and’Q are the best individual particle position and the best global
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swarm position respectivelMaleki et al. 2017)The parameteiQrepregnts the present
iteration and is the inertia weight that can be either a fixed value or a dynamically

changing valu¢Khare and Rangnekar 2013, Del Valle et al. 2008)

The first component of the velocity update equatEquation 4-31), demonstrates
the particleds inclination to move in its
habit. The second component of denotes memory or sefhowledge and shows the
tendency of each particle towards the best position achieved by the particle so far. Finally,
the third component oo i | l ustrates the particlesd wur
achievedoy all particlegDel Valle et al. 2008)Based on this stochastic mechanism, each
particle searches new areas to find the best position while it tries to avoid being trapped in
any local optima(Jahanbani and Riahy 201Barticles that pass the boundaries of the

search spacea@returned to their previous position.

Here, each particle has three dimensions which express the capacity of the
components. The viability of each particle is examined by simultaneous simulation of
fitness function and constraints. The operation of gaaficle (eah configuration of
HRESs) is madded over one year using hourly climate data. The annu@l 3a6d CQ
emissiors are evaluated for the particlsubsequentlythe objective function will be
assessed for particles with desirapbl® 3afid CQ emissionsin the optimization process.

If the cessation criteria are not satisfied, particles are updated and their performance and

adequacy reevaluated. The cycle is stopped when tolerance criteria is fufiijeced-2).
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The following alternative modified version of PSO that proposes a constriction
coefficient (.) can also be used in order to improve the performance of the algg¢b#im

Valle et al. 2008, Shi 2001)

N 80 488N f ® 80 o (4-33)

- S (4-34)

The typical value of is 4.1 which leads to a constanbf 0.729 (Shi 2001)

| Step 1: Random population generation in a search space ‘
S
I Step 2: Random initial velocity generation for each particle ‘
I
‘ Step 3: Objective function and constraints evaluation for each particle ‘
'
Step 4: Defining pp,.s: for each particle as its initial position and gpes:
as the position of the best particle among all particles.
!

I Step 5: Defining the new positions of particles

Step 6: If the permissible range is surpassed by a particle,
it moves back to its previous position.

+
[ Step 7: Objective function and constraints evaluation for each particle. ‘

!
I Step 8: Updating ppesr and Gpese- ‘ Not satisfied

!
I Step 9: Checking the termination criterion j

T
Satisfied

Jpest 15 the optimal solution

Figure4-2: Executed steps in PSO algoritl{mMaleki et al. 2017)

The size of population and the iteration numbers for each particleeindé the
met hodos p(Maleki etram20h7¢ Tde population size is usually determined
empirically, and generalljies between 20 and 5particles(Poli et al. 2007, Khare and

Rangnekar 2013)
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4.4 Results and discussion

HRES system are designed based othe historical University of Lethbridge
electricity consumption. This mediusized institution is locatedn the west side fothe
City of Lethbridge, southern Al berttarm Canad
hourly solar radiation, wind speed, and air temperature data for a nearby station, Lethbridge
CDA (49A 426 00 N, 112A 466 6 @atelvrmatioas obt
Service (ACIS) (http://agriculture.alberta.ca/aci®016. The university utility service
supplied the university electricity consumption data. The simulations are carried out
utilizing the meteorological data and load profile over the course of one year (year 2014)
illustrated inFigure4-3, Figure4-4, andFigure 4-5. The utilization of hourly timeseries
data over one year assists us to capture the daily and seasonal variations of the weather data
and demand and also, to consider the stochastic nature and intermittency of the renewable
sourcesThe smallest poterai of wind and the second smallest potential of PV electricity

butthe highestelectricity consumptionluring 2010 to 2014 occurred in 2014
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Figure4-3: Hourly electricity load over one year.

The average imd speed at 10m elevation is 15.2 kph and the max wind speed is 63.6
kph. The maximum load is 5484 kWh/h which happened in September 24 (2014) at 3:00
pm (Figure4-6). In all months, the maximum electricity conguion occurred at noon or
in the afternoon (12:00 pm to 16:00 pm). The total annual elgégtdonsumption was

about 27,1481Wh.
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Figure4-4: Hourly wind speed data over one year
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Figure4-5: Hourly solar radiation data over one year.
The electricity consumption pattern for some weekdays and weekends during

November, April, and July are illustrated fiigure 4-7, Figure 4-8, andFigure4-9. The
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load profile of both weekdays and weekends are sharply peaked during afternoon and
evening time.In November Figure 4-7), the electricity consumption during4 hour
weekdays was about 23%oreon average than that ov&4 hourweekends, while in July,

this difference was about 25% on averd§egure 4-9). Moreover in November, the
electricity demand during weekday daytime (8:00 am to 5:00 pm) wash&gdér on
average than that over weekday nighttime (6:00 pm to 7:00 Riguré 4-7). However,
during weekend daytime in Nember, the demand was on average 18% more than that
over nighttime Figure4-7). In July, the electricity usage during weekday daytime (6:00
am to 10:00 pm) was abod20%larger than that over weekday nighttim&:@ pm to

5:00 am) on average, while for weekends this number was 8263t The proposed
HRES should satisfy this high fluctuating electricity usage in a reliable way. Moreover,
fluctuations of solar and wind energy make it more critical to designslesaory HRES

that fulfils the demand. Generally, wind speed, solar insolation, load profile, and cost of the
backup energy supplier and unit cost of grid electricity govern a hybrid system design

(Ekren and Ekren 2009)
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Figure4-7: Electricity consumption pattern during some weekdays and weekends in
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Figure4-8: Electricity consumption pattern during some weekdays and weekends in
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Figure4-9: Electricity consumption pattern during some weekdays and weekends in July.

4.4.1PSO factors

Resolving

largescale multobjective complex nonlinear optimization problems

usually encompasses consideration ebmpatible, contradictory, and conflicting design

objectives(Ranjithan et al. 2001)The proposed PSO optimization methodology that can
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reasonably simulate and integratee tmonlinear characteristics of the renewable
technologies, the variable nature of renewable energy sources, and the dynamic and
complex interaction between load and stochastic variations in generate@diénenergy,

is implemented in Y@hon. In multiobjective optimization, a set of compromised and
satisfactory solutions known as rdominant or nofinferior solutions can be discovered

by examining objectives which conflict in the sense that improving performance with
respect to one may worsen anotffenaafi and EIMekkawy 2014, Khalkhali et al. 2010)
Hence, a single optimum solution that can maximally satisfy all objectives may not be
found in these problem@halkhali et al. 201Q)Exploring a set of solutions is a viable
empirical way of resolving such multiptebjedive optimization problemgFadaee and

Radzi 2012)In the proposed muhbbjective method, the annualizedst of systems is to

be minimized while carbon footprint and reliability indicator of the systems are
concurrently considered as restriction limits. Changing these constraints can reveal various
norrinferior solutions; this method is known as agonstrant method, in which one
objective is selected to be optimized while the others are treatbduasl constraints

(Sharafi and EIMekkawy 2014)

The population of particles in PS&as set to 100 and each particle was characterized
by three dimensions: the swept area of wind tudithee PV area, and the battery capacity.
Based on the extent of our search space, , ands were set to 0.03, 0.05, and 0.5.
These values confine the movement of the particles while allatherg to search a larger
area so as not to miss best solutions. These values were determined baradaiabr
approachin settinginitial conditions in multiple runs of the code. Appropriate selection of

PSO parameters reduces the convergence time of the particles. Moreover, an allowable
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convergence tolerance can be defifeed on the applicatipio shorten the running time
(the minimal threshold change during iteration). The standard deviation, an indicator of
the spread (variability) of a distributiofgr the PV, wind, and batteglements was used

to terminate the optimization procg&ciPy.org 2018)Figure4-10 illustrates the overall

simulation and ptimization methodology.

-Solar radiation data
-Wind speed data
-Temperature data
-Wind turbine
specifications

-PV array specifications
-Battery specifications
-Electricity demand data

Wind and solar energy

simulation

v

PSO optimization

Satisfying constraints

Selecting a set of
components with the
lowest cost

Figure4-10: Overall smulation and optimization procedure flowchart.

4.4.2System factors

The data utilized in the modeling is illusted inTable4-2.

Table4-2: Data used in the proposed simulation and optimization.

Variable Index Value Source

. " (Gonzélez et al. 2015, Sharafi ar
System lifetime 0 25 years ElMekkawy 2014)

o . (Wang and Singh 2009, Jahanbe
Battery lifetime € 10 and Riahy 2011)
Wind turbine lifetime & 25
Interest rate i 2% (MacKinnon and Mintz 2017)
PV module lifetime £ 25
Inflation rate Ko 1.5%
Capital cost of largscale wind 2.0 $/W (505.6
turbine installation $/nP) (Doluweera et al. 2018)
Capital cost of largscale PV 2.0 $/W (328.3
installation $/nP) (Doluweera et al. 2018)
Capital cost of battery O 350 $/kWh

. . 11 $/kWlyear .
O&M cost of wind turbine (2.8 $/milyear) (Wang and Singh 21®)
10 $/kWl/year

O&M cost of fixed mount PV

(1.64 $/ndlyear)

O&M cost of battery

0
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Variable Index Value Source

Salvage value of PV igp?'[/gfc(gs?)g (Wang and Singh 2009)
Salvage value of wind turbine o1 $/rﬁ (0.01
capital cost)
Salvage value of battery 0
Electricity purchase price o ($/kW) 0.135
Electricity sell price . ($/kW) 0.065
Wind turbine efficiency - 90% (Duffie and Bekman 2013)
Wind turbine power coefficient 0 0.42
PV efficiency - 15%
Battery efficiency - 82% (Wang and Singh 2009)
Battery selfdischarge rate " 1% (Mahesh and Sandhu 2017)

4.4.3Simulation and optimization results
4.4.3.1PV-wind turbine -battery system

Various renewableenergy reliability levels wereexplored and theoverall
optimization method and HRES design algorithm behaviwere scrutinized. Proper
designof generation and storage components aims to reliably supply the annual demand
and decreasa coms u metotél gearly cost.LPSP is a statistical indicator and
fundamental index for adequacy assessment of generating systems that incorporates the
intermittentnature of the renewable energy resources and the electricitfMaddmmed
et al. 2016, Wang and Singh 2009Petermining a mix of compents that provide a
desiredLPSPis one of the important targets of the optimizat{@dbbes et b 2014)
Employing the explained method and the defined parameters, the HRES is designed for
different LPSPvalues Table 4-3, Figure 4-11). Results demonstrate the trad# and
correlations among system reliability values and system component sizes in conjunction
with annual costs and avoided GHG emissions. Given the random nature of the system
generation in search space, there is a slight difference among resultsfeoéndif

optimization runs. The size of the system components are limited by the availal§gndrea
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may beavailable budgét The goal ofthis optimization is to finda reliable system that
satisfies all constraints including the size limitatiobBSPis slected based on these
limitations and reliability concerns. Various thresholdslfBSPhave been considered in
different studies, including 5%, 7%, 8%, and 9B®bes et al. 2014, Borhanazad et al.
2014) An acceptablé PSPfor an ongrid system may be 2%thari and Ardehali 2016)
The capital investment required for constructing a HRES is governed by the tiR&®n
A set of noninferior solutions are prested inTable4-3. These solutions illustrate various

systems with minimum annualized cost for differeRSPvalues

Capacity factors are common measures for comparing power sy8ehmalensee
2015) Capacity factor illustrates the percentage of installed capacity that is utilized to
produce electricity and serve a loaibfile, and for a wind turbine is the ratio of average
energy yield to its rated capadityAbed and EMallah 1997, Alberta Ectric System
Operator 2018)The capacity factor of a PV system compares the energy production of the
system with an ideal systembébs output wi t h
irradiance (J000W/m?) (Schmalensee 2015 sum capacity factor demonstrates, over
the course of a year, how much energy a power generating plant has produced on average
relativeto its rated capacitfWeis et al. 2010)Average wind capacity factor in southern
Alberta ove 2017 was 35%, however it can be as high as dDétuweera et al. 2018,
Alberta Electric System Operator 2Q1&apacity factor of fixed mounted PV systems
ranges from 1420% in different provinces, and in Alberta, average capacity factor for fixed

PV systems is about 15@@oluweera et al. 2018Hence, wind turbines are more efficient

4 Rated capacity or nominal capacity is thpawity provided by manufactusesit nominal (standard)
operating conditiong$auer et al. 1999)
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in generating egrgy. The optimization algorithm tends to use the wind and battery
resoures more than the solar resource especially for higfRSP values when the
renewable energy contribution is lower illustrating that the optimization algorithm has
prioritized the winl resourceTable4-3). The cost of the energy produced by the PV and

wind turbineand the availability of renewable sources@ieer important fact@rhere.

By decreasing_.PSPfrom 30% to 0.1%]  surged abot 3 times while! j
increased only 1.2 time3 ¢ble4-3). Results illustrate that systems with lovi#tSPare
larger and neethrgeravailable arem Systems with lowekPSPvalues consist afiearly
the maximal admissible amount of wind turbirssvept areg!  ; =24,000 M) and
battery capacityl,500 kwWh)due to the absence of the sun during nitigturbines highe
capaci ty f ac towrcapitalaostdable 43). ineadditian sthe ratio of sold
power to purchase power rises when the dimension of the system increddeSPRor
decreasedHigure4-11). This ratio for a HRES with abPSPequal to 0.1% is alud 30%
more than that of a HRES withL&#SPof 30%, notwithstanding that the first system must
serve more loadAvoided GHG emissions for each case was calculated based on the net
purchased electricity, which is the difference between purchased elecamdtysold
electricity. The amount of electricity that is not purchased (because of renewable energy
production and compared with the base case) is calculated and the ratio of this value against
the base case (no renewables) purchased electricity is ubedea®ided GHG emissions.
By decreasing. PSP, the amount of purchasebketricity decreases and the amount of sold

electricity increases.
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Table4-3: Designed HRES with differemtPSPvalues.
Avoided Avoided

Purchased Sold

rid GHG
LPSP = {m?) =y m?) Fi = §kWh) power power elec?tricity a  emissions®

(MWh) - (Mwh) )

1 30% 8,619 18,297 1,015 16,289 2,712 13,751 50
2 25% 13,981 18,248 1,015 15,387 3,049 14,811 55
3 20% 12,849 19,370 1,223 15,287 3,462 15,323 57
4  15% 14,242 20,247 1,290 14,856 3,980 16,272 60
5 10% 17,275 21,295 1,250 14,166 4,757 17,740 65
6 5% 18,783 22,243 1,298 13,745 5,364 18,768 69
7 1% 19,213 23,238 1,346 13,490 5,914 19,572 72
8 0.1% 25,065 22,066 1,257 12,884 5,873 20,138 75

a: Avoided grid electricity =t¢tal consumptiofi - (purchased powersold power))
b: Total electricity consumption = 27,148 M\Wh

c: Avoided GHG emissions compared with base ¢aseaenewables) = Avoided grid eldctty / total
electricity consumption

60% -
50% A
40%
30% A
20% A

10% A

Sold power/Purchased power

0% T T T T T T T 1
0.30 0.25 0.20 0.15 0.10 0.05 0.01 0.001
LPSP

Figure4-11: Ratio of sold renewable energy power to purchased utility grid power for
systems presented Trable4-3.

The anual cost (2014) for purchasing grid electricity when there is no HRES (base
case) was about $855000. All the optimum system3 @ble4-3) have an annualized cost
less than the base case since they compensagrificant part of the demand and are able
to sell a considerable amount of energy. Energy generated by a HRES creates a revenue
stream over the systembés | ifespan. It 1 s wc

price is assumed to be less thmatf of the grid electricity purchase pri€eable4-2). The
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annualized and capital cost of systems present&dhbie4-3 are depicted ifrigure4-12.
A system with d.PSPof 5% has about 34% lower annual cost than the base case, which is
a significant cost reductiorFigure4-12). This yearly cost reduction for a HRES with a

LPSPof 0.1%is about 36%.

22.07 19,912,130~
20.04

18.01 , 12,507,764 et - t--
16.01 / --

140 _.-=""""~ [---7"
12.05° HRES Annual cost

10.0-
8.0
6.01 2,590,798 2,253,573

Cost (108)

- - HRES Initial capital investment

4.0,
2.0
0 T I T T T T |

030 0.25 020 0.15 0.10 0.05 0.01 0.001
LPSP

Figure4-12: Capital cast and annual cost of HRES with diffetdPn$Pvalues and
different avoided GHG emissions

Appreciable cost abatementoccwrhen we i ncrease the syst.
demand, thus reducing the amount of purchased power. By decreRSRrom 30% to
0.1%, the annual cosf HRES declines by 13% taking into account the difference in the
sold power to purchasqmbwer ratio Figure4-12). The designed systems possess a PV
panel area not larger than 30,008 enwind turbinesweptarea of less than 24,00¢,nand
a battery storage capacggnaller than 1,500 kW{T able4-3). Finding soldions with small
sizes could be a desirable target for the optimization due to their lower capital cost,
however, larger systems with higher initial investments could have lower annualized costs.
Based on the identified wind turbine swept area and PV paga&] the number of a specific

turbine and number of PV panels can be determ(hadeh 2011) According to these
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results, a gridied HRES can be economicafgvourablehowever the capital investment
may be significant. The initial investment of a HRES with.RSPof 0.1% is 60% greater
than that of a system with LPSPof 30%, taking into account their different sold to

purchase power ratid-igure4-12, Figure4-11).

The amount of power purchased frame utility grid which is presumed to be fossil
fuel-based may fall inside a determined raf@&ng and Singh 2009The dynamic and
multi-dimensional interaction among the renewable energy resources, their cost, the cost
of grid power, the efficiency of variousnergy sources, and the availability of energy
sources makes it hardfiod the best solution. Therefore, in giidked systems, imposing
a limitation on the amount of purchased electricity may help the algorithm to find systems
that produce more renebla energy, buy less conventional electricégd probably have
less annualized cost. However, the high capital investment of these sysigrndimited
by the available budget, while their required area is limited by the available area
restrictions. Ftthermore, there is a tradéf betweenLPSPand the amount of purchased
electricity, meaning that decreasib@SPreduces the amount of purchased electricity.
Optimization is a process of reconciling conflicting goals. Solving the problem for different
situations and targets may assist the algorithm to find the most desirable solution.
Moreover, restricting the amount of purchased electricity may be used as a tool to design
more carbomeutral systemssenerally, gstems with lowet. PSPhave lower annualost,
consist of larger components, and produce and sell a greater amount of @abtgy-8).

Hence, lowerLPSP means greater reduction in carbon footprint, which is a favourable

outcome.
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Avoided GHG emissionsof each case was calculated based on the net purchased
electricity, which is the difference between purchased electricity and sold eleciratie (
4-3). By replacing fossil fuel based grid electricity, the dasig systems can reduce the
carbon footprint more than 75%, which is a desirable environmental achievement. The
main goal of renewable energy development is to reduce GHG emissions. Moreover, the
overall consumer sd el ect nlsosignifigantlededirte svitho v e r
the help of renewable energy systems. In the proposed optimisation technique, a limitation
on purchased electricity along with other constraints alao be used to confine the
systemso6 car bon f o gtagetsiconturremtly.d-or anstance, limiting e | i a
the purchased power to 45% of the total demand, different systems can be designed with
different amounts of avoided G@missions. Imposing this limitation could reduce,CO
footprint by about 79% for abPSPequal to 4% compared with the base case, while this
index for a system with aoPSPof 1% and purchased power to demand ratio of about 50%
is 7% lower Table4-3, Table4-4). With this limitation, the capital investment of a system
with an LPSPof 4% (Table4-4) is 17% greater than that of a system withLRSPof 1%
and a purchased power to demand ratio of about 50%, however thaizethgost of the
second system is about 3% mof@ljle 4-3, Figure 4-12). For more reduction in GO
emissions, larger systems are required. Results presenfeable 4-3 and Table 4-4
illustrate that systems with larger reduction inZ&missions have lowéPSPvalues and
higher capital investments. The GHG emission reduction goal lead@dgorithm to arrive
at systems with larger wind and solar elements, lower battery capacity, and therefore, higher

initial investmentsTable4-4).
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Table4-4: DesgnedHRES with a ratio of power purchased to total demand of 45%.

Capital investment

Avoided GHG emissions

LPSP =} (m?) =p4q4m?)  Fj = fkwh) ©) (%)
7% 34,758 20,196 583 21,905,055 78
4% 32,490 21,386 688 21,803,585 79

25% 33,558 20,480 868 21,755,492 78

0.6% 32,187 21,223 942 21,709,873 78

The scattergrams of generateedBnensional particles for an optimization run are

depicted inFigure4-13. After moving around, the particles will converge to the best found

solution without gding trapped in a local mima Figure4-14). The standard deviation of

PV area dimensio(STD) of the particles that illustrates how particles gradually discover

the optimum or near optimum solution is demonstrateféignire 4-15. The behaviour of

the proposed optimization procedure has been examined for many diffe&pand CQ

emission targets.
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Figure4-13: The initial population generated in search area ia@imization process.
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