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ABSTRACT

Optimal Design and Analysis ofGrid -Connected SolarPhotovoltaic Systems

Hassan Zuhair Al Garni, Ph.D.
Concordia University, 2018

Many countries consider utilizimgnewable energy sourcasch as solar photovoltaic (PV), wind,
and biomassto boost their potential for more clean asukstainable developmeahdto gain
revenues by export. In thtbesis a topdown approactof solar PV planning and optimization
methodology is developed to enaliigh-performanceat minimum costs.The first problem
evaluate renewable resources and priorisztheir importance towards sustainable power
generation. In the secomdoblem possible sites for solar PV poten@aeexaminedln the third
problem optimal designof a gridconnected solar PV systers performedusing HOMER
software. A techneeconomicfeasibility of different system configurations including seven
designs of tracking systensconductedin thefourth and thdinal problem theoptimaltilt and
azimuth anglefor maximum solar poweageneration are fmd Using a detailed estimation model
coded in MATLAB software, the solar irradiation on a tilted angle was estimated using a ground
measurement of soldrradiation on a horizontal surface.A case study for Saudi Arabia is
conducted

The results of ouprioritization study show solaPV followed by concentrated solar povegethe
most favorable technologidsllowed by wind energyUsing areal climatology and legislation
data, such as roads, mountains, and protected #gdssuitability is determinedia AHP-GIS
model. The overlaid resutuitability map shows that 16% (300,000 kfn of the study area is
promising for deploying utilitysize PV power plants in the north and northwesaddiArabia

The optimal PV system design ftakkah, Saudi Arabighows that thetwo-axis tracker can



produce34% more power than the fixexystem Horizontal tracker witfcontinuousadjustment

shows the highest net present cost (NPC) and the highest levelized cost of energy (LCOE), with a
high penetration of solagnegy to the grid. At different tilt and azimuth angles, the solar
irradiation potential powerandsystem revenuere calculatefor 18 cities in Saudi Arabia. For
Riyadh city(high suitable site)the monthly adjustment increadbge harvested solar engrgy

4%. It is recommended to adjust the tilt angle five times per year to achieveptmaal results

and minimize the cost associated with workforce or solar trackers for monthly adjssthment
proposed work can bexploitedby decisionmakersin the solarenergyarea foroptimal design

and analysis afjrid-connected solgshotovoltaic systems.
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Chapter 1

| nt roduct

1.1. Overview and Motivation

Nowadays, most of the energy supplied globallyagg generatefitom fossil fuels such as coal,
oil, and natural gas. Howevanajor drawbacksare associatedith fossil fuel sources including
their fluctuated prices, environmengadllution, and finite resourcesMoreover, theworldwide
demand for energy continuesitcrease led by developing countries, reflectiggowing global
economy, population growth aredbetterenergy accesfl]. In this context, renewable energy
sources (RESsre considered a viable option for integration with conventional fossil fuel power
plantsto enhance the energy growth antprove the energy reliabilityRESsgeneratedrom
natural, free and inexhaustitdeurces such as solarind and geothermal, are promising to take
a significant share in the energy sec@urrently, RESs contribute to an estimated 19% of global
final energy consumptiof2]. Figurel.1 presentshe distribution of RESs technologiesrelative

to renewable energy power capad8]. Progressively, the RESs penetration is rising in the
electricity sector androwingin both capacity and generation aspects, wheréathestincrease

is led by solar photovoltaic (PV), wind, and hydropow@]. Many countries have s&®ESs
portfolios to prompt a diversified energy sector for a more sustainable, secuteywararbon
emission futureln 2016, more than 17€@untriesadopted at least one type of RESs target, an
upwardtrend from only 43 ountriesin 2005[4]. Currently, more than 24% giower globallyis

generated by RES, as showrFigurel.2 [4].
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Figurel.2. Renewable energy share in global power production by the end of4016

The integration of fossil fuel with RESroduces a hybrid electrical system that can
overcomether limitations of the RESs including the intermittency and the energy quantity. Such
hybrid schemes can deliver more reliable, sustainable, and environmentally friendly system.
Among the RESs technologies, solar energy technologies demonstrate a sigadfieaucement

2



and maturity for power generation. Solar PV technology, which converts the sun irradiation
directly into electricity, is one of the fastest growing RESs technologies worldgjid€his is
essentiallydriven by sharp cost reduction and incentives poliétesently, the solar PV mabk
prices have dropped by 80% and are anticipated to keep f@lin§olar PV technologies have
improved in efficiency whereas their manufacturing costs have declined over the past few years
In contrast to the concentrated solar thermal technology, PV panels work in the presence of both
direa and diffuse solairradiations

For the last 15 years, the deployment of @asnected PV surpasses the-grffd
installation of PV worldwide, as shown kigure 1.3 [7]. The exploitation of utilitysize grid
connected solar PV has proven its advantages and has gained favor where vast areas are accessible
and wheresignificantamount of solar irradiation is availableis anticipatedhat for the next five
years (20172022), solar P\Wvill representhe principal yearly capacity additions for renewables,

furtherabovewind and hydrd5].
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1.2. ResearchProblems

As the global economy is continuously growing and the population is increasing rapidly,
relying exclusively on fossil fuel to accommodate the potential demand for electricity generation
is not a strategic plan. Undoubtedly, such augmentatiolenmandseeks extra energy resources
to encounter this potential, which peioiank a result in increased utilization of finite fossil fuel,
environmental pollutions artdgh lifecycle cost of traditional power systems.

The hybrid electrical syste(fossil fuel with RESs) could bring moeglvantageousnvironmental
friendly system besidedominaing the associated shortcomings of alternative energy including
the intermittency and the disparity in energy density. Such energy mix targets ssgapemal
plaming of RESswhich are more accessible, and which can contribute efficiently to a better

energyfuture. The overall fowphaseapproachapplied in this thesiss illustratedin Figurel.4.

Potential sites of Optimal PV
utility -scale solar _
APrioritization of PV system Asizing of grid
RES for AUtility -Scale connected PV Aviaximizing
gclei(g;g:tlitgn solar PV Site system the power
S&Igc[:;llar_léjlssmg Optimal gric generation
Solar PV connected PV
N system design

Figurel.4. The general thesis approach

Thefirst problemdeals with prioritization of RESs under different critenieluding economic,

technical, socigolitical and environmentadndis coveredin Chapter 2The second problem

addressesite selection problem for solar PV power pla@hapter 3).The third problem

investigats the designand analysesof solar PV system with different tracking systems



configurationsand is presented in Chapter. he combination of site location and climate
conditions determines the power generation potential of the system. Thus, understanding and
tackling these exterhtactors is essential for improving the solar PV system perform@magmter

5 deals with optimal orientation problem of solar PV using a detailed solar irradiation model.

1.3. ThesisApproach and Contributions

Themain contributions of this thesis can be susmzed as follows:
1 Chapter 2A multiple criteria decisiormaking MCDM) modelfor RESs prioritization is
presented witlapplicationon Saudi Arabiaa majoroil-dependent country and one of the
worl ddébs | argest energy supplier and per C
previous research has elicited tipglf r e gi ondés st akehodMGOMs b6 per
model for renewable engrgnix plan. Moreover, th proposed methodology has presented
asystematigrocedure througbkelecting the decision criteria indicated in 20 % or more of
the reviewed studies after an extensive literature review, followed by allowing participants
to apply modifications to themodé for decision criteria validationhis work has resulted
in following publicatiors :
o H. Z. Al Garni, Abdulrahman Kassem, Anjali Awasthi, Dragan Komljenovic, and
Kamal AFHa d d a d . 2016 . AA Multicriteria De
Evaluating Renewabl e Power GB8ustaimalble i on S
Energy Technologies and Assessmeni$. Elsevier Ltd: 13i/0.

https://doi.org/10.1016/j.seta.2016.05.006

o H. Z. Al Garni, and Anj al i SattingRBribrities. 20 1 ¢
for Evaluating the Use of Renewable Power Generation : The Case of Saudi

Arabia. o RemewablE h &nergy World International 2016
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https://doi.org/10.1016/j.seta.2016.05.006

Orlando,Floridahttp://events.pennwell.com/rewi2016/Public/Sessions.aspx?Supe

rTrackld=&Trackld=1757&&SearchEvent=&View=Sessions

o H. zZ. Al Garni and Anjali Awasthi. 2016.
of Reneava b | e Power Gener at i o nb5thuldarnatignal AHP 0
Conference & Exhibition on Clean Energjyugust 2016 Montreal, Canada.

1 Chapter 3: A GISAHP basedpproach for siting utility size PV power plant iegented.
A criteria layeranodel waglevelopedising real atmospheric sensors datdGIS tools.
Solar irradiation and air temperature criteria were generated in ArcGIS software and
facilitatedthe AHP process. To t he bes-based AHPaastndtor 6 s
been conducted for utilitsize PV site suitability study on such scale yet involving
economic and technical criteriéhis work has resulted in following publications :

o H. zZ. Al Garni and A. Awasthi, nSol ar P
AHP based approach with applica on i n S Applieéd Enekgyvelb2D6&, 0

pp. 122%1240, 2017.https://doi.org/10.1016/j.apenergy.2017.10.0dMmpact

Factor = 7.5)
o H. Z. Al Gar ni and A. Awast hi, nSol ar
Advances in Renewable Energies and Power Technologiesahyaoui, Ed.

Elsevier, 2018, pp. 575 https://doi.org/10.1016/B978-12-8129593.000022.

o H. Z . Al Gar ni and A. A whbased Bpproachitd F u z 2z
Prioritize Utility-Sc al e Sol ar PV Si2019 EEH Imern&tonald i Ar a
Conference on Systems, Mand Cybernetics (SMC2017.

o H. Z. Al Garni an-Qarldapprdashaosagsdss criteria ikpabt® nt e

on sol ar PV dHandmok ©OtRrobabitisticdviodeld For Engineers


http://events.pennwell.com/rewi2016/Public/Sessions.aspx?SuperTrackId=&TrackId=1757&&SearchEvent=&View=Sessions
http://events.pennwell.com/rewi2016/Public/Sessions.aspx?SuperTrackId=&TrackId=1757&&SearchEvent=&View=Sessions
https://doi.org/10.1016/j.apenergy.2017.10.024
https://doi.org/10.1016/B978-0-12-812959-3.00002-2

And Scientisti=d. Elsevier, (Submitted on April 5, 2018)
1 Chapte 4: Developan optimal design of gridonnected solar P&ssociateavith different
tracking systemandc o mpar e t heir technical and econon
knowledge, this techreconomic investigation of the tracking systems with cgffiietime
adjustment for a gridonnected configuration, represents an original contribufibis
work has resulted in following publications :
o H. zZ. Al Garni, A. Awasthi, and M. A. M
gidconnected photovoltaic wunder di fferer
Energy Conversion and Managementvol. 155C, pp. 4057.

https://doi.org/10.1016/j.enconman.2017.10.08tpact Factor = 5.59)

o H. zZ. Al Gar ni a nkEtondmic Féasilality Aralysjs ofd $obac h n o
PV Grid-Connected Systm wi t h Di fferent Tracking Us|
2017 the 5th IEEE International Conference on Smart Energy Grid

Engineering2017,pp.21#222. DOL https://doi.org/10.1109/SEGE.2017.8052801

1 Chapter 5Design and implement a detailed mofieloptimal orientation angles of solar
PV system. Kstly, determinng the solar angles and then conurggtthe values of hourly
measured solar irradiation componeassvell as ambient temperature for oyear into
hourly, monthly and yearly tilted irradiance. These values will be used to find the optimal
orientation, consisting of tilt and azimuth, which allow the system to generate the
maximum yearly powefT his work has resulted in following publications
o H. Z. Al Gar ni and Anj ali Awast hi AOpt |

solar irradiation for a fixédy1¥2018ar PV i


https://doi.org/10.1016/j.enconman.2017.10.090
https://doi.org/10.1109/SEGE.2017.8052801

1.4.Tools Used

The followingtoolswere usedn thisthesis

1.

HOMER softwarewnas appliedor optimal sizing of RES plants andstudythetechnicaland
economic performance of the systander different configurations.

Matlab R2017bvasused to program the optimization algorithm for sodar PV orientation
system inChapter 5.

ArcGIS 10.3.1 was utilizeth Chapter 3o overlay all decision criteria and constraints layers

as well as tacalculate the insolation and air temperature across the entire study area using
actual atmospheric parameters.

ExpertChoice software was usedapply AHPfor RESs evaluation and perform sensitivity
analysis under different scenarios.

MS Excel 2016 was used to validate the results and process all the calculations and matrices

manipulations.

1.5. Thesis Organization

This thesis is organizeds follows: Chapter 2presents the multicriteridecisioamodel for

evaluating renewable energy souréaselectricity generationChapter 3 presentbe GIS-AHP

based approach for site selectioh uility-size PV power plantsChapter 4 studiea grid-

connected solar PV with different tracking systemglentify optimal designChapter 5 presents

thetilt and azimuth angler maximizing solar irradiation for a fixed solar P&nally, Chapter

6 concludes the thesis and presémésfuture works.



Chapter 2

Renewabl eelE@aet igc

2.1.Introduction

Nowadays, sever al countriesd economndérancda ncl ud
are rankec&imong those with the highest electricity consumption per capita globally as illustrated

in Figure2.1. Likewise, the Gulf Cooperation Council couai(GCC), consist dfix-member

states: Saudi Arabia, United Arab Emirates, Qatar, Bahkaiwait andOman, are placed high

compaed to other countries. In recent decades, these courttaes experienced significant

economic growth due to the wealth geted from plentiful hydrocarbon reserves. This
development habeen combinedvith unparalleledncrease in urbanization, infrastructure, and

i ndustrial expansion. Since 19-foldincludimgenignareg gi on o
workers from Asan and other countrig8]. The Ki ngdom of Saudi Arabi a
largest oil producers and exporters, producing an estimated average of more than 11 million barrels
per day (bbl/d) and exporting an estimated 8.6 million bbl/d in 2012. Saudi Arabia is also the
largest di-consuming country in the Middle East; in 2012, it consumed more than 3 million bbl/d

of oil, essentiallyfor electricity generation, water desalination, and transportf@joccording

to the Organizationfahe Petroleum Exporting Countries (OPE@etroleum exports accounted

for 90% of total Saudi export revenues in 2011.

Due to a rapidly growing population and economic development along with subsidized prices of

gas, water, and electricity in Saudi Arapithe overall demand for energy used in power,
transportation, and desalination is estimated to increase dramatically from 3.4 million bbl/d in

2012 to 8.3 million bbl/d of oil equivalent in 2028, unless alternative energy initiatives are

9



deployed and emgy efficiency is improved10]. Such progressively higanergy consumption
led to establisisaudi Energy Efficiency Centre in 2010 to publicize rationalization awareness and

enhance energy consumption efficiency which will support and preserve the national wealth of

energy resourcg4l].

Furthermore, the Kingdomé6s heavaddperdenceanodis noe | |
a goodstrategic decision; therefore, the King Abdullah City for Atomic and Renewable Energy
(K.A.CARE) was established to introduce sustainatxelopment and make remarkable
diversificationsin terms ofenergy resource§audi Arabia has pushed back its ldagn RESs
plans to 2040 instead of 208Re to the need for more time to decide which domestic RESs to use
for the portfoliobased on Blootwerg reporf12].

World

United States

Saudi Arabia
Qatar
Oman

Middle East & North Africa
Morocco
Kuwait

Japan

United Kingdom
France
Spain

Egypt, Arab Rep.
Germany

Canada
Bahrain

United Arab Emirates
Arab World

0 2 4 6 8 10 12 14 16 18 20

Electric power consumption (MWh per capita) in 2013
Figure2.1. Electricity consumption per capita in selected counfrips

A roadmap based on extensigad comprehensive reseanshneededo evaluate and

justify the extent to which each alternative energy technology could contribute to the mix of energy
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sources for electricity generatioAs an initial stage in proper planning for sustainable
developmenand the deployment of RESs in the electricity production sector, diffeEeBsand

the technologies for their exploitation should be evaluated and rankedntify their contribution

to the sustainable energy mix profileo accomplish thismultiple criteria musbe considered
The literature lacks a comprehensive overview of the signifaréetiathat shoulde considered

in the evaluation of RESs including economic, technical, spaiitical and environmental

criteria

2.2.Problem Statenment

RESs planning involves multiple quantitative and qualitative attrib{aften conflicting)
which cannobe adequately addressieyl a singlephase evaluation such esstbenefit analysis
(CBA). Given the fact that several criteria can influence #hection of RES and the site§the
generation plants, using MCDIgan facilitate the decision making related to the evaluation of
RESs.

The objectives of this chapter are the following:

1 To evaluate and prioritize five renewable power generation souraggly: solar PV,
concentrated solar power, wind energy, biomass, and geotheittnapplication for Saudi
Arabia an oikdependent and developing country.

1 The decision framework should evaluate the relative suitability of the five RESs and rank
them forpotential project investment, by considering the relevant technical;goltical,
economic, and environmental criteria. Apply the decision framework to a case study.

1 Assess the available RESs for tt@&secountry towards prioritizing them to facilitate
decision makers in deciding the portions and the extent to which each of the technologies
can form the mix of renewable energy portfolio for the country.
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To the best of our knowledge this is the first warkoritizing RESsfrom different aspects

including economic, technical, sogmlitical and environmental criteria in the context of Saudi

Arabia. Moreover, thixchapteridentifies to what extent each alternative energy technology
contributes to the sustahle energy mix profile. Different resources were used to define the
criteria in the model, including a literature reviewf ak ehol der sé i nput s, an

the energy diversification announced by K.A.CARE.

2.3.Renewable EnergyOptions

The totalavailable power generation capacity in the Kingdom reached 69,761 MW iM2%]13

The power generated is based 100% on fosslsf(@l and gas). The number of customers
increased from 4.5 million in 2004 to 7 million in 2013 for Saudi Electricity Company (SEC)
which is themajorelectricity supplier (74%) in the counf}3]. SEC spends more than 40 billion

riyals on energy projects annualli4]. Owing to the population increase, strong economic and
industrial growth, and high levels of price subsidization, the electricity demand is projected to
grow significantly. According to government estimates, thecgraied electricity demand in the
Kingdom is expected to increase from @W by 2020 to more than 1ZBW by 2030[7].
K.A.CARE has recommended the utilization of renewable and atomic energy progressively to
meet the expected damd, such that half of all electricity production would come fronfossil

fuels in 203715].

Saudi Arabia is one of the most enriched countries with natural resources and has the potential to
take advantage of abundd&®ESst o meet a signi fi cant needsande of
provide an efficient energy futujd7]. In addition harnessing R&sto supply electricity to

consumers in Saudi Arabia will have significant environmental benefits. The following sub
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sectons provide details of potential B§ including solar energy, wind energy, geothermal

energy, and biomass energy, with their potential for electricity generation in Saudi Arabia.

2.3.1. Solarenergy
The Kingdom has significant potential to exploit s@aergyowing to its locationlargeunused
area, and daily solar radiation availabili§olar radiation in the Kingdom is considered to have
one of the highest rates globally with an average global horizontal irradiance (GHI) of 2
MWh/m?/year, which is higher #in the average global solar radiation in one of the leading
countries in solar energy, Spain (1.6 MWHjear)[18], [19]
Rahmaret al.[20] studied longterm mean values of sunshine duration and global solar radiation
on horizontal surfaces over 41 cities in the kingddrhe results show that the overall mean of
yearly sunshine duration in thkengdomis 3,248 hours and the GHI varies between a minimum of
1.63MWh/m?/year at Tabuk in the northwest of thiingdom and a maximum of
2.56 MWh/m?/yearat Bisha in the southwest. However, the minimum solar radiation is higher than
the average GHI in Germany camany other European countries. Furthermore, the pattern of
global solar radiation intensity and sunshine duration follows the electricity demand pattern, which
could be the most favorablRESsgeneration option to meet demand, especially during the summe
season when the demand peak is highest due to significant rises in dalteesdicdfor air
conditioning[19]. Since 1960significantexperience haseen gainednd lessons learnt in the area
of solar energyrom different studies and research programs conducted in the kirjg@8pri21].
Figure2.2 depicts the longerm annual averageHI| and direct normal irradiance (DNI) obtained

from the SolarGIS databaf2?].
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Figure2.2. Average GHI (left) and DNI (right) for Saudi Aral22].

Two solar energy technologiese considereth this study including solar P\andconcentrated

solar power (CSPglso known as concentrated solar thermal. CSP technology deploys reflectors
or mirrorsin order toconcentrate solar radiation to heat transfer fluid that is used to generate
electricity. On the other hand, solar PV technology utilizes a&ff&tt phenomesn existing in
semiconductomaterialin order toconvert solar energy directly into electricity. Unlike CSP, PV
technology works in the presence of both direct and diffuse solar irradiation. Solar PV is
commercially more mature technology than CSP wwithl installed capacity of 175 GW compared

to 4 GW for CSP worldwidg3]. Due to massive scale production and technologgramement,

the upfront cost of PV system has significantly decreased in the past few years while the upfront
costs of CSP are considerably high. Since the end of 2010, the electricity cost generated from PV
has halved while PV module costs have decreag@&@ %6 [6], [24]. In addition the maintenance

costs associated with PV power plants are minimal compared to other power utility systems as a
result of the absence of mechanical paitss kessential to note that farid environments, the
impact of dust on PV modules efficiencies sholb& consideredAl-Jawah[25] assessed the

cleaning systems for PV power plants in Saudi Arabia. PV is suitable to cover peak demand during
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sun hours. However, storing energy through batteries is expenslaeg®scaleutilities. CSPon

the other hands anticipated to witness increase levels of installation ircdin@éngdecades. The
International Energy Agency (IEAdnticipatesthat the installed capacities of PV will keep
increasing to cover peak demands before the significance of cheap therag® sagsociated with

CSP systems play its role to facilitate CSP covering 11% of total global installed capacities of all
generation sources in 20B5]. In addition CSP technology is suitable for hybridipatin which

CSP couldbe combinedvith steam generation sectors of existing or new conventional power
plants.This also serves the ability of these systems to take advaofdugckupfossil fuels to

cover base loads and reduce fluctuafiof.

2.3.2. Wind energy
By end of 2017 the total installed capacity of wind energy reacb88 GW globally. China
accounted for almostdD GW followed bythe USand Germany[28]. Many researchers have
proposed wind energy as a potential source of energy in Saudi Arabia as in many lotteions
annual mean wind speed exceeds 4ahss height oR0 m[29]. Site selection of wind farms can
play amajor role in output power. The research outcomes of an economic feasibility study by
Shaahicet al.[30] indicate that the western region has a relatively better wind speed, with monthly
averagespeedsanging from 3.1 to 4.8 mat a height o0 m. The kingdom has very long coastal
areas in the west arttle east withlarge desert areas in the centéfence, there is potential to
develop wind power in the western coastal region, including-8¢#h, Jeddah, Yanbu, and Jizan.
Yanbu has shown relatively better potential for wind power deployment compared to other
locations[30]. Eltamaly et al[29] studied fivelocationsin Saudi Arabia and found that the bes
place to install wind turbines is Dhahraha cost 06.85US cents/kWh. The estimated wind

energy potential in Saudi Arabia is around20h/year[23].
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2.3.3. Geothermal energy
The total installed capacity of geotherraakrgyreached 12.8 GW in January 2015 in 24 countries
worldwide [33]. The outcome of research indicates that the kingdom has sufficient geothermal
energyto contribute tavardsmany direct applications. Sedimentary aquifers, hot springs, and rock
geothermal systems are the main geothermal resources in the kingdom. In the eastern province,
there are deepeated aquifers that are confined and could be reached only by oil wellsofThe
springs and volcanic areas along the western and southwestern coastal parts of the Red Sea have
been considered in many studies to hold potential for geothermal energy in the kif2gjlom
Currently, existing geothermal resources remantapped for electricity generation, heating, or
other purposes. Further researcméeded.and exploration projects are required to bring this

technology into the kingdombés energy mix plan

2.3.4. Biomassenergy
The exploitation of biomass energy in Saudil#saremains idle despite estimated potential of 3
Mtoe/year. The kingdom had a wasteenergy potential estimated to be 1.75 kg per capita per
day in 2012 owing to high municipal solid waste (MSW). Moreover, a huge amount of organic
waste is being produddy such businesses as dairy producers, bakeries, and olive oil plants, which
could use anaerobic digestion treatment. In addition, there is a limited agricultural residue from
crops and animal waste that could offetentialfor biomass energjs8]. The significant growing
population and urban development will increase the biomass availability, in particular, MSW. A
huge amount of biomass ddibe transformed into usable energy for more sustainable electricity

generation.
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2.4. Methodology

RESsplanning problems include multiple quantitative and qualitative attributes which cannot be
always adequately covered by single phase evaluation indicatbrasCBA Cavallard39] and
Shattan40] discussed theddiciency of considering mere financial indicators such as CBA and
net present cosNPC) for such complex problems. CB&quires quantitativealues for analysis,
however in energy planning problenthere are several criteria that cantet measured as
monetaryvalues such as social acceptance and effect on human health. As a result, MCDM
technigues have gained high popularity in recent years to tackle problems involvirgrong
energy source ranking as opposed to the classic ginglensional indexSeveraktakeholderare
involved in the process @lanning for sustainable development, including consumers, investors,
policymakers, academics, and environmental and public interest grobeg.share diverse
viewpoints and interests with regard to $&projects. Indeed, the process of selecting&ifiar
sustainable development encompasses multiple contradictory objectives from different
stakeholders. This leads to the needdevelopment o& framework that is capable of combining
tradeoffs since no @resource satisfies all criteria simultaneo{#él}. MCDM is used to evaluate

the overall system mix for power suppliers to esthliti® best proposed alternatfee sustainable
developnent [42]. The proposed model takes into account technical, financial, environmental,
political, and social considerations. This study adoptsS&REechnologies announced by
K.A.CARE as potential alternatives for the 8&portfolio plan of SaudArabia.

Themain steps of any MCDM are as follows: defining the problem, setting goals for solving the
problem, selecting the appropriate method, generating alternatives, establishing criteria, assigning

criteria weights, constructioof an evaluation matrix, and ranking of tdeernativeg41]. Figure
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2.3 illustrates the proposed approach of evaluating$ter Saudi Arabia. The varicusteps are

described in detaas follows:

// Goal N\
\ Renewable energy technologies evaluation
for sustainable development in Saudi Arabia

y

Define the alternative K.A.CARE and
renewable energy |« Saudi Arabia
resources energy policy

v

Evaluation matrix as
analytical hierarchy
process

Experts pairwise
comparisons

Criteria and sub-
criteria selection

A 4
A

Yes

Inconsistency
Check
CR>0.1

Score the alternatives
against each criteria | | Quantitative data
and the criteria (IAEA, EIA, etcé )
weight

!

Synthetic model
rank the
renewable energy
resources

v

{/Exploration of results
\ and recommendations

Figure2.3. Proposed approach to evaluate renewabérgy resources

2.4.1. Alternatives identification
This study proposes a model for thgoritization of a RESs portfolio for Saudi Arabia. The

country has the potential to invest hugely in the alternative energy sector for electricity generation
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and water desailation. Thus, a roadmap based on extensive and comprehensive research has to be
considered to evaluate and justify the extent to which each alternative energy technology could
contribute to the mix of energy sources.

The K.A.CARE evaluation of REs concludes with the proposal to use nuclear, solar, wind,
biomass, and geothermal in the energy mix in 2032 although fossil fuel will rarkayelement.

The considered alternatives in this study are solar thermal, solar PV, winditevastrgy, and

geothermal as thegre endorsebdly K.A.CARE[15].

2.4.2. Analytical hierarchy process model
Several MCDM approaches have been reported in literature. The common oognaization
andcompromisesolution (VIKOR), the AHP, the technique for order of preference by similarity
to ideal solution (TOPSISgimination and choice expressing reality (ELECTRE), prederence
ranking organization method for enrichment evaluation (PRONEE). Kaya & Kahraman
applied VIKOR with AHP for renewable energy planning in Turkey. Amer & DpiB] and
Ahmed & Tahar[44] adopted AHP for ranking renewable energy sources in Pakistan and
Malaysia. Streimikiene et a[45] employed TOPSIS for prioritizing sustainable electricity
production technologiesGeorgopoulouet al. [46] adapted ELECTRE for energy planning
problem. Beccali et aJ47] used i for renewable energy diffusion technologies at regional scale.
Diakoulaki & Karangelis[48] utilized PROMETHEE to examine electricity development
scenarios in Greece. Goletsis ef48l] propose a hybrid approach based on PROMETHEE and
ELECTRE for ranking energy sector projects in Armenia. Good literature review on application
of MCDM approaches in the renewalaerergy field can be found in Pohekar & Ramachandran

[50], Mateo[41], ard Wang et al[51].
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AHP method developed by Sad§?] facilitates the ranking of alternatives byroducing a
framework that is capable of dealing with multiple objectives and provides the best compromise
solution when objectives are contradictory. The top level of the hierarchy comprisesitigoal

to be achieved, whereas the bottom level represkatalternatives, and the intermediate levels

are the criteria and sufyiteria. This framework supports the assessment process in which
stakeholders are requested to appraise each level parangeaiiwisecomparisorwith respect

to their parent node.

The utilization of AHP analysis for the decisiaraking process has been carried out using the
following key steps. First, the decision problem is structured into a hierarchal model.dase,

the problem as defined in Section22nvolves defining the RE&s portfolio and evaluation of
alternatives for sustainable development in the context of Saudi Arabia. This goal represents the
top level of the hierarchy, while the alternatives, defined in Sect®)mepresent the bottom level.

The second key step is to obtain the weights of each level of the hierarchy with respect to its
immediate upper level. Pairwise comparison between each two parameters is undertaken utilizing
the nineinteger value scale suggested by Sd4a8} to compare parameters (A) and (B) with
respect to their parent node, as showable 2.1. There are different families of comparison
methods as well as scales, each one of them has advantagesadmdntagesnd their selection
depend®n decision makers' rationalitilliott [7] reviewed several scales to examine the accuracy

of converting subjective expressions into numerical values. He concluded that no single scaling
approach is suitable for capturing the preferences of all indilsdand it is dependent on
individual rationality. In thischapter the scaling methoid adaptedn order to encourage invited

stakeholders to participate in the questionnaire through asking them fewer questions.
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The third key step in carrying out AHPts calculate eigenvectors to obtain priority weights and

to check for inconsistency. The consistency control is a point of strength for AHP since pairwise
comparison could be subjective. A consistency ratio (CR) is givedIM®/, in whichRI is the
randomconsistency index that varies according torthember of elements in a comparigonh ClI

is the consistency index, which equ@laxi n)/(n-1). Here,amaxarethe maximum eigenvalues of

the comparison matrix. Thiourth key step to apply AHP is to caltate the scores of each
criterion, subcriterion, and finally, each alternative. This process is explained in S@d&iafter

the criteria are obtained and the model is formulated.

Table2.1. Integervalues interpretatiofb2]

Intensity of Importance (Value of A to B) Definition
1 ObjectivesA andB are of equal importance
3 ObjectiveA is slightly more important thaB
5 ObjectiveA is moderately more important thaB
7 ObjectiveA is strongly moreimportantthanB
< ObjectiveA is extremely more important thaB

2,4,6,8 Intermediate aluesbetween judgment values

2.4.3. Establishing criteria and sub-criteria
Exploitation of RESs options is an interdisciplinary field that singldgteria decisioamaking
methods are incapable of handling. Instead of the traditional focus oostheecsus efficiency of
projects, many parametaranbeconsidered from technical, economic, environmental, social, and
political viewpoints. Technical and economic aspects have been, are, and will continue to be of
importance for decision making in giegic energy planning. Environmental aspects have gained
strong interest in recent years for sustainable development. Finally, social and political attitudes

towards REsare related and influential in the decisimraking process.
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In order todefine the deision criteria, a comprehensive assessment of the literature is conducted
to collect the most utilized attributes in developing sustainable energy planning. Hence, the most
common criteria are selected to form the second and third levels of the modeéafirethis list

of criteria and suleriteria is modified when needed to suit the characteristics of a developing
country that is a world leader in the energy supply sector. In addition, it is considered that the
scope of the study is its evaluation etthred alternativRESs in which reviewed studies include
comparisons among renewable, conventional, and nuclear energy soafie2.2 to Table2.5
presenthe four main criteria: technical, sogmlitical, economic, ad environmental. The sub
criteriaarelistedfor these four main criteria. It is important to note that these four tables represent
the most common sudriteria considered in the reviewed literature for evaluating energy sources
(renewable and conventidpalhereafterto construct the AHP model, two steps are carried out.
First, omitting sukcriteria that are neimfluential when comparing renewable energy souregs (

fuel cost ancheedof waste disposal)Second, utilize subriteria that areconsidered by at least

20% of the reviewed studie&pplying these steps, we obtained 14-sukeria categorized under

four maindecision criteriaThe resultingAHP modelis illustratedin Figure2.4. Metrics for the

14 subcriteria and the alternatives valua® presenteith subsections24.3.1) 1 (2.4.3.4).

Table2.2. SociaPolitical critera

D.C | No. | Sub-criteria References
1 | Employment creation [41], [42], [55]i [59], [43]i [47], [51], [53], [54]
2 Social and political acceptance [41], [42], [60] [64], [43], [44], [49], [51],

= [53]i [55], [59]

o

= 3 | Impact on human health [45], [56], [57], [63], [65]

é‘ 4 | Feasibility [47], [49], [53], [58]

é 5 | Compatibility with the national energy policy| [46], [49], [53], [54]
6 National energygecurity/energy independenc| [42], [43], [45], [49, [54], [56], [57], [63], [65]
7 Maintain leading position anergysupplier OWN
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Table2.3. Technical criteria

D.C No. | Sub-criteria References
1 | Technology maturity [41], [43], [47], [51], [53], [54], [59], [61], [64]
. [41], [43], [67]i [70], [44], [51], [54], [57]
2 Efficiency
[60], [66]
3 | Reliability [71]i [73].
4 | Deployment time [43], [44], [49], [53]
,‘_g 5 | Expert human resource [43], [59]
§ 6 Resource reserves [43], [44], [46], [57], [58], [61], [67]
- 7 | Safety of energy system [41], [45], [51], [53], B5], [57], [59]
8 Electricity supply availability [45], [48], [66], [68]
9 | Ease of decentralization OWN
10 | Safety in covering peak demand [42], [45], [46]
11 | Network stability [46], [63]
Table2.4. Economic criteria
D.C No. | Sub-criteria References
1 [ R&D cost [43]
. [41], [42], [54], [56) [59], [62], [66], [67],
2 | Capital cost
[69], [70], [43]i [46], [48], [49], [51], [53]
3 | Operations and maintenance (O&M) cost 41, [42], 1671, [43], 93], 146}, [51], [36),
[57], [59], [66]
o 5 | Energy cost [41]7 [43], [51], [59], [62], [63], [69], [70]
g 6 | Operational life [41], [44], [45], [51], [59]
ugj 7 | Cost of grid connection [45]
8 | Fuel cost [42], [45], [51], [56], [59], [66], [67]
9 | Market maturity (commerciadompetitiveness)| [47], [53], [61]
10 | Site advantage [58], [68]
11 | Availability of funds [49], [53]
12 | Nationaleconomic development [42], [43], [56], [58], [63], [64], [67]
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Table2.5. Environmental criteria

D.C. | No. | Sub-criteria References
: [41], [43], [59], [64], [70], [441[46], [51], [53],
1 | Land requirement
[55], [56], [58]
<
= . : [41], [42], [58], [59], [62], [63], [65], [67], [69)],
GEJ 2 | Emission reduction .
£ [70], [43]i [45], [48], [53], [54], [56], [57]
E 3 | Impact on environment [44], [48], [49], [60], [64]
w 5 | Need for waste disposal [45], [53], [62]
6 | Disturbance of ecological balance [45], [46], [57], [58], [65]
Goal Renewable Energy Technologies Prioritization for Sustainable Developmeent
Cr|ter|a Enviromental Socio-Political Economic
1 1
1. Resource Availability 1. Job Creation 1. Capital Cost
2. Ease of Decentralization 2. Maintain ) 2' NaTionaI Economic
3. Efficiency ;;a:au?gement Ez;rtgi;rnLeadlng Dlevelopment
Sub-criteria - Technology Maturity 2. Impact on 3. sociopontical | | 3 0&M cost
5. Energy System Safety Emission Level Acceptance 4, Energy Cost

Alternatives Solar PV H Solar Thermal H

Wind H Waste-to-Energy ‘ ‘ Geothermal

Figure2.4. Analytical hierarchy process diagram

The strength of AHP comes from the ability to include quantitative and qualitative data in one

model. The priority is to use quantitative data whenever possible for alternatives evaluation.

However, unmeasurable data such as social acceptance is obtameexperts qualitatively.

Stakeholder' evaluation was fully considered in two steps while in the third step a combination of

expertsodé evaluation

and

guantitative

data was

First, the assessment of the four main decision criteagadonevith respect tgoat and then the

assessment of swdriteriawith respectta hei r par ent
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the assessment of alternative#th respect toeach sukrriterion was derived quantitatively
whenever possible or quitively otherwise througBurveyinstrument.Table 2.6 presents the
selected sugriteria with their data references.

In this study, the survey instrumestansweredby 20 experts in the ener
panel consists of energy secstakeholders from academic, research, government, and industrial
sectors. Participants received a questionnaire containing a summary of the study goal and
methodology at the beginning. They were subsequently requested to review the list of evaluation
parameters. Then, participarggaluated criteria and sutiteria in a hierarchical mannewhile
theyevaluated alternativesith respect tsub-criteria if and only if there is no data available.
Afterwards the geometric meams calculatedfor each eviation received from experts.
Accordingly, the rank number of alternative (RNA), which is a scale method based on the
geometric mean, is conducted followikg. 2.2. Thereafter the pairwise comparison is carried

out according tdeq. 2.3 following AHP approach, which wilbe elaborateth Section 2.5The

Expert Choice softwaris utilizedfor generating local weights, global weights, and alternatives
prioritization. The following subsections present detailed definitions, metrics, and the acquired

data for each subriterion used in the model.
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Table2.6. The selected decision sahteria with their data references

Sub-criteria Reference
Efficiency U.S. Energy Information Administration (EIA) atiterature
Capital cost _ . )
U.S. Energy Information Administration (EIA)

O&M cost

Job creation

Land requirement Literature
Safety

Energy cost .
IRENA Data and Statistics

Resourcevailability

Maturity International Energy Agency (IEA) and United Nations
aturi
Environment Program

Impact on emission International Energy Agency (IEA)

Decentralization

Leading position :
Experts inputs

National economic development

Social &political acceptance

2.4.3.1. Technical (Tech.)

1 Resource availability (SG)
Resource availability reflects the weidbt each REstechnology. Several studies have discussed
the availability of sun irradiation and wind for electricity generation in Saudi Arabia. On the other
hand, there is a lack of studies considering geothermal and biomass estimation for electricity
generation, astated by the KX.CARE and International Renewable Energy Agency (IRENA)
databases. Consequently, this study carried out qualitative estimations through eliciting responses
from experts to obtain their knowlge about the availability of RESs Saudi Arala. Subjective
comparisons, the K.A.CARE vision, and studies about hot spring availability in Saudi Arabia and
available wastdor-energy conversion were reviewed to obtain assumptions for geothermal and

biomass estimation for electricity generation. Akaforementioned sourceave led us to believe
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that geothermal followed by biomass represent the lowest level of resources, far behind even wind,
for massive production (equal to or more than 1 GW). Biomass and geothermal electric generation
were estimatd as 200 kWh/Ayear and 100 kWh/fyear, respectivelyTable 2.7 compares

resource availability among the considered alternatj@&$, [74].

1 Ease of decentralization (S
An importantadvantage of some FESis that they suppodecentralizedlistribution of energy
supplies. Distributed energy resourca® built closer to consumers, which helps to reduce
transmission and distribution bottleneeksl losses, improwsltageprofiles, and delayhe need
for hugeinvestment of largscale generation systerfi&], [76]. Decentralization supports the
electrification of rural areas that are not connected to the Tnigl.above mentioned benefits of
decentralizing REs power plants make this a parameter of importance by means of measuring
which RESs technology acquires high weight. Further details about decentralization are
discussed77]i [79]. Decentralization is considered as a qualitative parameter that reflects the
ability to build more distributed plants closer to users supportindotigeterm adaptation of

smarter grids with lower energy losses.

1 Efficiency (SGy)
This criterion depicts how efficient a BEtechnology is in converting its primary energy source
into electricity. The ideal efficiency is 100%, yet in practice, it is gbM@ss owing to losses.
Efficiency reflects the percentage of output to input energy to show the usefulness witlawhich
certainRESstechnology can acquire electricity from an energy source. The efficiency index uses
guantitative data of differefRESstechnologies obtained from the annual energy report of the US
Energy Information Administration (EIABO] while the efficiency of biomass obtained¢hrough

[81]. A comparison of the efficiency of the alternatives isodticed inTable2.7. The efficiencies
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shown in this table are notional efficiencies, which each technology might achieve under normal

operation rangand may vary based on sipecific technology and environmental factors.

1 Technology maturity (S&)
The technical maturity parameter reflects the level of a given techniodiiggwidespread locally
and internationally and being available commercially. A technology is regarded as mature if it is
tested and used for a long enough period in real world applications for it to overcome its
preliminary faults and inherent difficulties rdugh enhancement. The comparison ofSRE

technologies from a maturity point of view is discussel@#ji [84] and presented ihable2.7.

1 Energy system safety (34
Energy system safety is a critical parameter that exposes the degree to which a c&tin RE
technology results in loss of human lives. It is measured quantitatively indicating the normalized
number of fatal accidents at power plants, whether in the establishment phase or during operations,
over specific time periods. Burgherr et,[85], [86] present a broad comparison of energy
technologies considering accident and fatality risks by GW year based on the-Re&atpd
Severe Accident Database as well as contributions of available data, modeling, and expert

judgmentsTable2.7 presents a comparison of mortality for theSg&lternatives.
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Table2.7. Maturity[{82]i [84], efficiency[80], [81], mortality[85], [86], and resource availability
[21], [31], [74]

) ) Efficiency ) Resource Availability
Alternative Maturity Mortality
(%) (kwh/m?/year)

Solar PV Moderate maturity 12 Lowest mortality 2130

Solar Thermal Least mature 21 Low mortality 2200

Wind High maturity 35 Moderate mortality 570

Very high .
Geothermal ] 16 Moderate mortality 100
maturity
Biomass Most Mature 25 Highest mortality 200

2.4.3.2. Sociopolitical (Soc-pol.)
1 Employment creation (S&)
Employment creation demonstrates the potential for jobg ttreatedn association with energy
supply system creation, from construction to decommissioning, including operations and
maintenance (O&M)The employment creation data of theS¥alternativesre presented By/ei
et al, [87]. The index of the parametsrmeasureth jobsyears pelGW-hour, where a jobyear

is equivalent to futtime employment for one person in 1 year as showrabie2.8.

1 Maintain leading position as energy supplier (962
This is a qualitative sugriterion that reflects the utilization ®ESst o f aci | i t at e a
independence through supporting greatgional energy security and reducing the need to import
energy from foreign countries. Energy dependency to support national energy security is an
important attribute in considering alternative energy sou#2ls [45], [54], [56], [57], [65]
However, as a world leader in energy supply and with the largest oil reserves, Saudi Arabia is more
interested in maintaining its leading position as an energy supplier. The country is entirely
dependent on itewn oil for electricity generation. Henc&audi Arabia could benefit from the

surplus oil that woulde reservedhrough generating electricity from alternative resources by
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selling it to foreign countries. Furthermore, with the abundan&E&s like solar radiation and

heat, Saudi Arabia coukkll excess electricity generated fre@&Ss

1 Social and political acceptance (S§
This parameter qualitatively indicates the anticipated level of satisfaction of the public and
politicians and their opinions toward ed@&Sstechnology. Th@arametehasa possible impact
on the duration of commissioning a power plant and the logistic support that difRiESst

projects may receive.

2.4.3.3. Economic (Eco.)
1 Capital cost (S&)
Capital cost significantly influences the economic viability of the energy supplggbrand
electricity. It comprises expenditure to establish a power plant, including the costs of land,
equipment, wages, installation, and infrastructure. A comparison of the capital cost foiShie RE
alternativesis conductedthrough an EIA report on botleapital and O&M costg88].

Consequently, pairwise comparisare obtaine@dnd the datare depictedh Table2.8.

1 National economic development (S4;
National economidevelopments considered a qualitative parameter that reflects the extent to
which thenationaleconomy benefits from each technology considering local manufacturing share
and job localizatiof42]. In addition in the case of Saudi Arabia, it includes the additional national

income from selling oil for local electity production.
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1 Operations and maintenance cost (&
O&M costs comprise, on the one hand, operation costs, including salaries additional to the
expenditure on energy production and services. On the other hand, it also consists of maintenance
costs, wirch are the funds spent to ensure reliable plant operations and to avoid failure and damage.

This indexis measureth dollars per kWhandthe dataare shownn Table2.8.

1 Energy cost (S&x)
This parameter aluates the expected cost of electricity produced by a power plant over its
lifetime. A lower generation price of a B&technology is reflected in a highweight. Energy
cost is a quantitative index. The energy cost data of each technology is obtained fiRENAe

database, which is collected from different sources as depictebia2.8 [23].

Table2.8. Capital cost$88] , operations and maintenance c¢88] , energy cos{23] and

employment creation87]

Operations and

_ Capital cost ) Energy cost Total Job-
Alternative maintenance cost
(USD /MW) (USD/kWh) Year/GWh
(USD /KW-year)
Solar PV 3,873 39.55 0.270 0.87
Solar
5,067 67.26 0.230 0.23
Thermal
Wind 2,213 24.69 0.08 0.17
Geothermal 6,243 132 0.07 0.25
Biomass 8,312 460.47 0.05 0.21

2.4.3.4. Environmental (Env.)
1 Land requirement (SG)
Land use reflects the required occupation of land for plant installattdoh differs according to

the RESstechnology for a given installed capacity. The land requirements for plants dRE&sh
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technology depend on the intensity of resource availability and efficiency. A comparison of the

land requirement of the FEsalterratives is shown iTable2.9 [64].

1 Impact on emissions level (S8
This parameter concerns timpactof a power plant on the environment and societierms of
emission reduction and ecological system disturbaswing to air emissions. It depends mainly
on # / reductionand further reflects the impact on the ozone layer and global warming. The
impact onemission level is a quantitative parameter. Data are acquired from an IEA report of
policy considerations for deploying BE in Organization for Economic Caoperation and
Development countrig89]. A comparison of alternatives in terms of impact on emission level is

shown inTable2.9.

Table2.9. Land requiremeri64] and emission levgB9]

Alternative Land use averaged 77 7 | Emissions(« F fequivalent/MWh)
Solar PV 150 0.07
Solar Thermal 40 0.02
Wind 200 0.04
Geothermal 100 0.04
Biomass 25 0.1

2.5. Model Application

The data on preliminary criteria and stiiteria was specified and collected from 20 stakeholders.
The responses are represented by giving weights to criteria aictteuia, as well as by carrying

out weighting for alternatives against stiiiteria tha are not measurable or that lack data.
addition participants are asked to add any parameters they belieirapam¢antand to remove
criteria that theyelievemust not be considered. These modifications to the criteria are considered

in the sensitiity analysis.
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Subcriteria aregiven as qualitative and quantitative parameters. Quantitativeadatbtained
objectively through international databases (e.g., the IEA), the literature, or from the data of
developed countries where similar projects Haeen implementedn the other hand, qualitative

data are obtained subjectively by means of expert weighting. Subjective judgment is needed in the
case of normeasurable parameters (e.g., social acceptance).

Classical AHP pairwise comparison is replacgdcetaluation on a ninkevel scale owing to the
abundance of considered parameters. Using rank number of alternative (RNA) scale BEethod (
2.2), the ninelevel scale evaluations are converted into pairwise comparisons. This replacement
of classic direct pairwiseomparisorbetween each of the two parameters has reduced the number
of questions for participants.

Owing to uncertainty and lack ofath associated with new technology planning in some
developing countriesdata collected from stakeholdease considereth order to prioritize the
decision criteria and swutriteria. Participants were asked only to evaluate criteria against each
other wih respect to the goal, as well as the-sriteria of each criterion against each otivéh

respect taheir parent criterion. This gives the weight of eachauttleria locally (i.e., with respect

to the parent criterion) and globally (i.e., with reggedhe goal). For quantitative parameters and
sub-criteria where the alternative with minimum values is preferred such as the capital cost of each

alternative, the transformation into RNA is presentetiahle2.10.

Table2.10. Rank numbers of alternatives for capital cost

Alternative Capital cost ($/MW) RNA (i)
Solar PV 3,873 6
Solar Thermal 5,067 4
Wind 2213( ) 9
Geothermal 6,243 3
Biomass 8312( ) 1
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Authors mapped these values into the AHP scale using the followind $0&ps
1. Find the step valud)

/ / Eq.2.1
W

E
Where 0 and 0 are the maximum and minimum values, respectively, among all
investigated alternatives.

2. According to the AHP numerical scalable2.1, theRNA; is calculated and attained for the

integer value. e RNA ofalternative is presented as follows:

=1 ———— h E/E EOEMAO!
5 E Eq.2.2

E/E EOEMAO

m
©
0

m
-

The maximum capital cost achieves the minimum allowable scof¢0 6 p whereas

0 provides the maximuny 0 6 =9. For instance, wind energy has the minimum capital cost,
which leads to the highest 0 0 , while biomass has the maximum energy cost among the
analyzed alternatives and obtains the minimum ségné 6 p according tcEq.2.2.

3. To adapt the rank numbers of alternatives into the AHP ,saglairwise comparison between
two alternativegA and B) is obtained using scoring val@&J in Eqg.2.3 below.Table2.11 shows

the pairwise comparison of alternatives obtained for the capital cost.

Table2.11. Pairwise comparison of alternatives with respect to capital cost

Solar PV  Solar thermal Wind Geothermal Biomass
Solar PV 1 3 1/4 4 6
Solar thermal 1/3 1 1/6 2 4
wind 4 6 1 7 9
Geothermal 1/4 1/2 1/7 1 3
Biomass 1/6 1/4 1/9 1/3 1
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PFYOO YOO p h YOO YOO m Eq.2.3
YOO YOO p h Y06 YOO ™

As a qualitative input, ach alternativas evaluatedunder each subriterion. For example, the
social acceptance indicator that varies from one society to another is consitieead.the

geometric mean is calcul at e dthefyt 0 nccortirgly,¢hk ol der :

pairwise comparison can be obtained using the scoring Eajuiz3.

2.6.Results and Discussion

The results iMable2.12 show the 14 subriteria categorize into four main criteria for evaluating

five RESsalternatives for electricity generation. After acquiring data from different resources (i.e.,
international databases, literature, and stakeholders), the evaluation matrix ¢ #iHRulated
according to the following steps. First, the AHP pairwise comparison of the four main decision
criteria is conductedwith respect tathe main goal of the studysecond, the AHP technique
discussed in Sectiah4is used to prioritize weights of decisionteria with respect to the goal.

The assessment model indicates that the economic and technical criteria are the most important
with respect to the goal; their relative priority weights are each 35.1%. Thepsmitical aspect

is the third most importdrcriteria with a score of 19% whereas the environment is the least

important with a weight of 11%.

Table2.12. Priority weights of suderiteria with respect to parent criteria (local weight)
Technical(0.351) Socicpolitical (0.189) Economic (0.351) Environmental (0.11)

2.
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Third, a pairwisecomparisoris conductedor each list of sufcriteria with respect to their parent
node (i.e., decision criterion) and local priority weights are obtained, as depidiaol&®.12.

The global priority weights of subriteria with respect to the overall goal of the decision
framework are depicted iRigure2.5. The results show that the energy costatierion under

the economic criterion has by far the highest importance with a global weight of 14.9% whereas
the resource availability stdriterion under the teclal criterion has the second highest global

weight of 11.7%with respect tdahe overall goal.

m Economic Environmental Socio-political Technical

0.16 14.9%
0.14
012 11.7%

0.1
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Figure2.5. Global priority weights of subriteria with respect to goal

Capital cost and national economic development are the thirdimpsttantsub-criteria, each

with a weightof almost 8%. Due to the vast unused land in the kingdom, the land requirement
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turns out to be the leastportantsub-criteria in evaluating any ESsalternative, with a weight of

only 3.7%.

Fourth, the pairwise comparison of alternativath respect tceach sukcriterion is conducted

t hrough data for gquantitative indexes, and th
priority weightsobtained from this step formulate a matrix, which is multiplied by the priority
weights of sukcriteria with respect to each criterion, resulting in priority weights of alternatives
with respect to each criterion. These weights represent the local wafighttrnatives under each
decision criterion. As illustrated iRigure 2.6, the analysis of RE&s alternatives by endode
criteriapresents the performance of eadtiernativein each criterion that has influenced the score

of the RESsalternatives toward the go&tom an economic aspect, wind energy ranked top owing

to its lower capital cost, average energy cost, and potential major contribution to national economic

development.

m Technical (L: .351) 11 Socio-political (L: .189) « Environmental (L: .109) # Economic (L: .351)

6.9%

9.1%

solar thermal WM IINIIINIIIIY 5%

4.4%

8 20 10.5%
2%

6.4%

3.6%

Geothermal W %:g%
Biomass 1.5%

5.0%

Figure2.6. Local weights oflternatives under each decision criterion
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Compared to othalternativessolar PV performed best in technical aspects because of the high
resource availability of solar energy in Saudi Arabia. On the other hand, it obtained the lowest
score under the eirenmental criterion owing to the high lifgycled O emissions involved in the
production phase of PV technology.
Finally, the results from the previous phase formulate a matrix that is multiplied by the priority
weights of the decision critengith respect tahe goaln order toobtain the final ranking of R&EsS
alternatives with respect to the goal, as showaq.4 below.
VOB YEUD ESHOEOED OO O a0 Qi & @I
Y€ QX T[&wtpnacw@wcnatuxlo & L p J& Lo Eq.2.4

DYE Qati awmumn&xun@cm&cp’c ® Y p

o WVEQ TR TPTH @ TW C pT 0¥ o " = TR (P

O @ d BT T BT o U X TP @ nﬁ) ' o'

U 6 Q¢ aaimpt pBty g mem x &
The results show that solar PV is the most promisin§g#&chnology, followed by solar thermal,
wind, biomass, and geothermal, as presentddguare2.7. Based on the priority weights of PV
technology in resource availability, contribution to economic development, higher employment
opportunity, strong social acceptance, and ease of deceati@i, the PV alternative has the
highest weight of 25.6%. PV technology offers higher decentralized electricity production, which

contributes to reduced losses in transmission lines and serves rural @& é@agenesert country

such as Saudi Arabiah@ second largest by land area inAnab world.
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Solar PV 25.55%

Solar thermal .53%

Wind

Biomass 15.57%

Geothermal 13.30%

0 0.05 0.1 0.15 0.2 0.25 0.3

Figure2.7. Priority weight of renewable energy alternatives

Solar thermal has the second highest priority weight of 23.5% as it has the highest resource
availability, lowest carbon emissions, ahayjher social acceptance; it has major potential
contribution to make to the kingdom maintaining its leading globaiggnposition. Wind energy
performed significantly in economic and technical aspects. It obtained the third highest priority
weight of 22%. Itamoderateperformanceawith regard toresource availability compared to solar
energy (PV and thermal) and easele€entralization reduces the overall relative weight of wind
energy. Biomass and geothermal have modeggjhtsfor resource availability, lower maturity,

and higher energy cost compared to the other alternatives. Their overall scores are 15.6% and
13.3%,respectivelyln the proposed model the inconsistency ratio did not exceed 0.05 for any of
the conducted pairwise comparison. This value is within the acceptedorapgsedy the AHP

consistency which has a maximum of 0.1.

2.7. Sensitivity Analysis

Sincethere is subjective evaluation in this study, sensitivity analysis is essential to observe how
the overall rankings of REsalternatives changgith respect tewhanges in the priority weights of

the criteria or suleriteria. Expert Choice software is usetb obtain the results and perform
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sensitivity analysis under different scenariégure 2.8 presents the default results for the

proposed model.

35.1% Technical 25.6% Solar PV
18.9% Socio-political 23.6% Solar thermal
IS
35.1% Economic 22.1% Wind
[ ]
10.9% Environmental 13.2% Geothermal
= =
15.5% Biomass
I
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Figure 2.8. Criteria weights and Alternatives ratings considering the proposed approach

Considering equal weights scenario (25% for each criterfesylts show that solar thermal has

the highest score (28%) among other alternatives. The solar PV has the second highest score
(24.2%) while the other alternatives ranking remains in the same order compared to the default
scenarioThisis mainly due tahe exceptional performance of solar thermal in all decision criteria.

The equal weight scenaéooutputis shownin Figure2.9.

25.0% Technical 24.2% Solar PV
|25.O%m-political lm
25.0% Economic T
|m)nmental I.13.4% Geothermal y
I I I I ! I | | ! I I !
0 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5

Figure2.9. Equal criteria weights scenario and Alternatives ratings

Since the kingdom is heavily dependent on fossil fuel for electgeityeration, switching to RES
should enable it to continue maintaining national economic developmestrangeconomic and

industrial growth. Increasing the economic criterion weight to 40% and maintaining equal weight
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(20%) for the other criteria givdhe same priorities as the scenario of equal weight criteria as

depicted inFigure2.10.
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Figure2.10. Performance sensitivity of alternatives with higher economic criteria (40%)

The results obtained from this scenario are in line with the initial energy mix plan s RE
generation in Saudi Arabia proposed by K.A.CARE (i.e., 25 GW of solar therm@WV16f solar

PV, 9 GW of wind, 3 GW of wast®-energy, and 1 GW of geothermal).

Heterogeneity is essential in the decisimaking process to ensure different opinions are involved
and various perspectivegse consideredThe expert panel for the AHP model is composed of
participants from different sectors involved in energy planning and road mapping for the country.
Participants cabe categorizeth the academic, industrial, energy research, and degisaing
sectors.

In this section, we highlight thariationof weights given to themaindecision criteria considering

the category orientatiomhish el ps t o understand the i mpact of
backgroundsand highlights the importance of heterngiy in obtaining balanced outputs.

Participants from the research and government sectors weighted the economic criterion as the
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highest, followed by the technicatiterion On the other hand, the academic sector participants
weighted the socipolitical criterion the highest, while the economic and technical criteria were
rated equally. The academigovernment,and research sector participants weighted the
environmental criterion the lowest. Meanwhile, the industrial sector participants presented a
different distribution in which technical, economic, and environmental criteria scored similar
weights, while the socipolitical criterion achieved the lowest score.

Figure 2.11 shows the analysis of sudniteria local weights per different categories of the
stakeholders. Research, government, and academic experts considered energy cost and resource
availability as the highest priority weights. This geito the fact that REsalternatives with high
potential for resource availability and low energy cost are preferred for sustainable power
generation projects. Furthermore, participants from the research, government, and academic
sectors considered lanédgquirements as a lower weighted suiterion. Technology maturity,
efficiency, and national economic development werasideredo be of high importance by

experts from industries.

42



Resource

avallablllty —o— Research
Emissions Energy safety Industry
Academic
Land requiremen Technqlogy
maturity Government

Efficiency

Ease of
decentralization

National Economi
development

Leading position

Figure2.11. Evaluation of each sutxiterion by exper@categories

As a result of the high unemployment rate in Saudi Arabia (1192h)government experts took

into account thexumber of employment opportunities generated frons&dtternative projects

by giving job creation the highest priority weight over the other categories. Looking into the
prioritization based on pa mgdverromentasator parficipantst e gor i
rating resulted imigherpreference for PV compared to other alternatives. This preference reflects
thelow concerns they showadlith regard tosafety and O&M cost parameters (as illustrated in

Figure2.11) since these are insignificant for PV systems.

2.8.Conclusiors

In energy mix planning, tackling the dilemma of which source to prioritize from one perspective
only presents maja inadequacy owing to the complexity and multidimensional aspects of energy.

Therefore, this study carried out prioritization and assessment &f@sby developing an AHP
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decision model for powegeneration purposes in an-bised and developing coontlt presented

a case study set in Saudi Arabia to demonstrate the effectiveness of the proposedmodel.
evaluationof solar PV, solar thermal, wind, biomass, and geothermal energy resaases
determinedvith respect to technical, economic, sepulitical, and environmental criteria. These

criteria were sulglivided further into clusters of 14 swbiteria for which each alternatiweas
evaluatedThe criteriaandsubr i t eri a were elicited from exper
energy policy Qualitative and quantitative data were integrated for the overall synthesis. The
MCDA prioritization model shows PV technology to be the most promisin§sRilowed by

solar thermal. This was mainly owing to their high performance in most of theacri&reover,

the results ranked wind energy third in theSREechnologies on the strength of its performance

in economic and technical aspects. Compared to BE&s biomass and geothermal had modest

weights for energy cost, technology maturity, andowuese availability causing these two
technologies to be ranked the lowest. The proposed model shows that energy cost and resource
availability are the most important sahteria in the economic and technical criteria, respectively.

The major advantages of REs deployment in Saudi Arabia are sustainable power generation,

| ower fossil fuel consumption, and maintaining
sector. Itis recommendedhat the country invests more in solar energy tetdgies (PV and

thermal), which would significantly promote the sustainable development of Saudi Arabia. One
caveat is that, owing to the countryds vast d
which may limit the performance of solar PVhets. The study limitatiorsre associatedith the

number of participants, which coule elaboratety considering higher number of experts and

the limited local data for the alternatives comparisons with respect-criseitia.

The findings of this sty have several policy implications including:
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1 The energy policy road mapping process involves several critical factors which interplay
and contribute substantially to the shaping of sustainable energy sector. Insteastl of
benefit analysis, developing a MCDM framework would facilitate inclusion of social,
political, and environmental criteria in the decision making process towards promoting the
use of renewable energy resources.

1 The proposed methodology supports the involvemediffefrent stakeholders standpoints
in the decision making process thereby has increased consensus, acceptability, fair share
of responsibility and results credibility.

1 By implementing energy mix policy, Saudi Arabia can preserve its finite energy resources
for thefuture orexport the surplus to back its strong economic and industrial growth, which

also leaves more energy available for other developing countries.
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Chapter 3

Sol ar PV Power Pl ar

3.1.Introduction

Utility -size solar PV technolodyas promisingpotentialfor deployment invastland areas where
theamountof solarirradiation per year is very highlowever one of the barrier® solar power
development is the inconsistency and variability of siotadiationwhich can be geographically
dissimilar from one site to anoth&ite selection has a direct impact on the potential RESs projects
in many different ways including technicaconomic and environmental aspects. Accordingly,
the identification of potential sites will rise to the forefront as a crucial phase to devote fostering
sustainable projects. Site selection for the utsitple gridconnected PV system is a criticaluiss
due to its direct impact on the output power, project cost, environmental, social and infrastructures
influences. The location of such project could be more technically feasible, economical, and
furtherenvironmentafriendly if interrelated factors afavolved in the site selection process.

To select a site for a PV installatighis essential to investigate the location suitability for
this purpose. The solar plant site selection plays a vital role in maximizing solar energy received
and thegenerated output powelt could reduce project costs and assist in planning future
infrastructure projects including roads, power lines, etc. Given the fact that several factors can
influence the site selection for utilfgcale gridconnected solar PV stems, employing MCDM
integrated with GIS facilitates the decision by considering the mukeyéactors in the decision
process. The utilingcale solar PV power plant site selection based on extensive information,

especially from GIS, offers significaadvantagef92]:
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Improving the solar project performance by ensuring a high level of solar irradiation and
moderate temperature.

The orientation of the site cdoe optimizedwhen the project is installed on flat ground,
towards the south and without a large shadow.

Minimizing the losses from transportation, power transmission, and production by
choosing the sites near these ugbtand near urban areas, which are the main consumption
points.

Reducing the environmental, social and infrastructure impacts.

Excluding the protected areas and unsuitable sites from the study areas.

The findings of potential site solar suitability studezs support new development of
transportation and transmission lines to be near those locations to promote the utilization

of renewable energy.

3.2.Problem Statement

To select a site for such an installatioartain aspects must be investigated, such as how good

the PV power plant location is, and how to minimize the total cost oprhject concerning

proximity to existing infrastructures while maximizing power output from the gudauels.

Performing a conprehensive solar site analysis is a strategic step towasdsinga costeffective

and weltperforming solar projectMCDM integrated with a geographical information system

(GIS) can be used to evaluate the land suitability in site selection fecamdcted solar plants.

A comprehensive site analysis is a primary stage in ensuring-aftediveand well performing

solar PV project. The plans for sustainable solar energjoitation can take advantage of

optimization tools such as MCDM to avoid seraof the inherent obstacles and to enhance the

outcomes of the sol@nergyprojects.

a7



Given the fact thaseveral criteria camfluence site selectiompplying MCDM methods can
help facilitate site selection for utiligcale grid-connectedPV solar enagy systems by
consideringkey factors in thadecisionprocessThe utility-scale PV cabe definedaslargescale
PV projectswvhich can generate at least 5 M98], [94]. MCDM methods haveeen successfully
appliedin many energyplanning projectsPohekar and Ramachandrgg®], Mateo[41], and
Wang et al[51] provide arexcellentliterature review on application of MCDRpproaches the
RES plannig.

In recent years, the GIS has become increasingly popular for various site selection studies,
particularly for energy planninf®5], [96], [105]) [109], [97]i [104]. Screeningoossiblesites for
PV projects is @rime strategiprocess as suggested by sevstadies andtrategicorganizations
such asNational Renewable Energy LaboratoNREL) [94], [110]i [112]. The decisiormaking
process for site selectionrcle structured into the following general phd4€2]:

1 Development of decision criteria and restriction factors for the site selection study;

1 Modelbased prioritization of selected potential sites

1 Sensitivity analysis to draw insights into the relevance of decision criteria.

Evaluation of renewable sources @hapter 2showsthat considering 14 criteriasolar PV
technology is the most favorable option. Tthapterfacilitates site selection for utilitgcale grid
connected solar PV projects by proposing a decision model that integrates AHMGBM
technique with data on sites from the GIS. Seombnation techniquewill provide further
insights into variousubjectiveand conflicting factors which can aid DMs in the process of site
selection.The aim of this chapter is to define and analyze optimal locations for st grid
connected solar P\projects. The site selection should ensure maximum power output and

minimize the potential project cost. For this, develop a MCDM model to consider different

48



economic and technical factors, and use real data such as those on climate, roads, mountains,
protected areas and other relevant data. Apply the developed model to the case of Saudi Arabia.
The following points are the main contributions of ttispter
1 Presents an original approach of developing criteria layers using real atmospheric sensors
data in siting utility size PV power plant using GIS tools. Solar irradiation and air
temperature criteria were generatedtie ArcGIS software and facilitated foAHP
process.
T To the best of a-basdd@HPohas ngienbeew torddoged for utility S
size PV site suitability study on such scale involving economic and technical criteria.
1 Currently, no solar farm studies are applyit®ySS-MCDM within Saudi Arabia.This
research ishe first contribution in this direction.
The remainder of thehapteris organizedas follows.Section3.3 presentghe literature review.
Section3.4 presents the proposed methodology for site selecti®V/gbower plants. Irsection

3.5, a case study for Saudi Aralsgprovided Fnally, Section 3.6concludes thehapter

3.3. Literature Review

3.3.1. Decision criteria and restriction factors
In thischaptey the decision criteria are derived based on the existargiitre, the study objective,
and accessibility to the gaeferenced database. Solar irradiation is an essential criterion for large
scale PV solar power projects. High amountsadér energylay a majorrole in producing more
electrical power from available resourc&glar irradiationis consideredas one of the most

important decision criterien majority of solar site suitability studieas shown iTable3.1.
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Table3.1. Solar PV site suitability criteria

Criteria

Sub-criteria

Reference

Environmental

Land use

[113]i [117]

Agrological capacity

[98], [118], [119]

Distance to urban areas

[96], [98], [122], [99], [111], [113], [114], [118]121]

Distance to substations

[98], [99], [118], [119]

Land Cover

[96], [114]

Populationdensity

[96], [116], [117], [123]

Distance to main roads

[96], [98], [124] [126], [99], [113], [114], [L17A|[119], [121],

Location [122]
) _ [96], [98], [121] [124], [126] [128], [99], [111], [113], [114],
Distance to power lines
[117]i [120]
Distance tdistoricalareas | [122][114]
Distance to wildlife
) ) [122]
designations
: Landcost [123]
Economic
Construction cost [123]
—— Solar irradiation [96], [98], [120] [129], [99], [130],[131], [111], [114][119]
m
e Average temperature [98], [99], [118], [119], [124], [125], [128], [131]
Slope [98], [99], [113] [115], [118] [121], [125]
Orography Orientation (aspect angles)| [98], [99], [115], [118], [119], [121], [130]

Plot area

[98], [99], [118], [119]

In the context of solar irradiation, the GHI is the sum of DNI, diffuse horizontal irradiation (DHI)
and grounereflected irradiation as depicted igure 3.1. The DNI is the amount of directed
sunlightwhile DHI is the irradiation components scattered by clouds or another object in the
atmosphere; however, thireadiationreflected from grounds considered lesser compared to the

othercomponents&nd couldbe neglectedThe PV technology works in the presence of both DNI

and DHI solairradiation,unlike CSP technology which works using only OJR4].
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Figure3.1. Components of Solar irradiation intercepted by earth supi&&d

Close proximityto utilities prompts sufficient accessibility and aids to avaigh cost of
infrastructure constructioms well as harmful consequences to the environnioteover,
minimizing the distance to electric transmission lines is an economical way to avoid the high cost
of establishing new lines as well asnimizing power lossn the transmissionCertainstudies
[96], [98], [113] consider locations that are further away from cities more suitable for RES
development to avoidegativeenvironmental impact on urban development and to avoid not in
my back yard(NIMBY) opposition. On the other hand, wiies[120], [121] indicate that sites
nearby cities have more economic advantagesobtain more accate resultsthe study area
could be screened to eliminatgeasiblelocations that poshindranceto the installation of a
utility -scale PV plant. Unsuitablecationswhich prohibit thedeploymentof such facilities will
be discarded using the Gl$able3.2 presents the most common restrictions applied for solar site

suitability.
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Table3.2. Restrictions used in solar energy studies

Layers of restrictions Reference
Urban lands [98], [99], [113], [119], [121], [122], [124], [125], [131]
Protected land [96], [98], [113], [119][121], [123], [131]
Cultivatedland [121], [122][116][126]
Area with high landscape [96], [98], [99], [113], [119][123]
Water infrastructure [99], [116], [119], [129]
Military zones [98], [113], [118], [119]
Cattle trails (wildlife areas) [98], [113], [118], [119]
Cultural heritage [96], [98], [118], [119], [122], [124]
Archaeological sites [96], [98], [99], [113], [118], [119], [123], [124]
Paleontological sites [98], [118], [119]
Roadsand railroad network [98], [99], [113], [119], [121], [124]
Sand dues [124], [125]
Natural disaster (Flood Aresc) [123], [124]
Areawith higher slope (>§ [122]i [124], [131]
Mountains [118], [119]
Softsoil [123]
Community interest sites [98], [118], [119], [123]
Dams [124], [126]
Flight security [120]
Biological significant areas [113]
Watercourses and streams [119][126]
Special protection area for birds (SP| [119], [122]
Coast [119]
Land aspects [122]

3.3.2. Methods in solar site selection
MCDM techniques aid DMs to select the best option among several alternativesaetistence
of various criteria. These techniques hdeen frequently deployeth the planning of RES,
especially for site selectiaamderenvironmental, technical, and economic factors. Furthermore,

multiple DMs could have different opinions regarding the specific criteria or alternatives that
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shouldbe invohedin the decision framework. The selection of sites for RES based merely on one

criterion is inadequatg133]. Huang et al[134] and Loken[133] propose siteselection tobe

suitably handledthrough the use of MCDMparticularly for energy planning complexity.

Recently, the integration of the GIS with MCDM has become increasingly popular for various

siting applications, such as landfill site selec{it®b], [136] urban planninL37], [138] and the

planning of RES sitef®0], [104], [129], [139], [140]

The GIS has demonstrated fsincipal role in e)ploiting geographical information for

developing a spatial decision support system for locating solar facikxtsnsive information

from the GIS offers significant advantadesdetermining ge suitability for utility-scale solar PV

power plant§92]. These include the following:

T

Improved performance of the solar project by ensuring a high level of solar irradiation and
moderate air temperature;

Optimization of the orientation of the site when the proigdhstalledon aflat ground
placed towards the south in regions with no large shadows;

Minimizing loss from transportation, powgansmissionand production by considering
sites near these utilities as well as nearby urban areas, which anaitheonsumption
points;

Reducing environmental, societal and infrastructural impacts;

Excluding protected areas and unsuitable sites from the study area

Using GIS extensive information to develop decision support system for locating solar
facilities could support new infrastructure development near those locations to promote

utilization of free energy.
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Therefore, incorporating both fields of GIS and M@ields mutual benefits and canffer a
more reliable decision for solar site selectioA. study conductedy the NREL onfeasibility
assessment of concentrated solar thermal potential in the southwestern United States (U.S.) utilized
GIS screening techgues[141]. After interpreting severatonstraintssuch as protected areas,
slope,and distance &im thetransmissionsolar resource mapgere generated anmbtential areas
for project developmemnwere highlighted

Various MCDM methods are available in the literature; however, research eiGI®/ has
utilized relatively few approaches, such as tleggivted linear combination (WLT)20], TOPSIS
[142], AHP [113], [118], [119], [121], [122], [124]grey cumulative prospect thed03], and
ELECTRE[98] . Jankowski143] clarified the role of the GIS and MCDMethodsn supporting
spatial decision making and pressth a framework for their integration. Greene et[&44]
provided an overview of MCDA and its spatial extension using the GIS. The authoestaagyg
improving the integration of MCDA with GIS software for increasing accessibility.

Chandio et al[137] investigated land suitability for solar energgesusing a GlSbhased AHP
approach A variety of criteriahave been consideredncluding solar irradiation, slope, land
orientation, urban areas, protected areas, transmission lines, aadeeasibility Rumbayan and
Nagaska[129] employed MCDM methods with the GIS to prioritize RES (sokeind, and
geothermal) in 30 provinces in Indonesia considering the availability criteria. SGnchel®g} al.
optimized solafarm locationsising ELECTREand the GISEffat[121] used the GIS and remote
sensing tools with an AHP to calculate the criteria weight of a spatial mdglah[113] applied
a GISbased solar farm site selection in Konya, Turkey.

In their work on optimal placement of PV solar power plants in the area of Cartagena, Spain,

Sanchezt al.[118] usedAHP for weighting decision criteria, whereas TOP®& appliedor
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assessment of alternatives. Sanchez ¢t H0] appliedfuzzy TOPSIS for the installation of solar
thermoelectric power planten the coast of Murcia, SpaiAHP was used to weigh treziteria,

whereagesultswere validated using ELECTRERI methodology.

Charabiand Gastli[124] conductedan evaluation ofand suitability for the implementation of
large PV farms in Oman. They combined AHP with ordered weighted averaging (OWA), using
fuzzy quantifiers in GISAydin et al. [120] proposedfuzzy decisioamaking procedure that
deploysthe OWA algorithm fo aggregating multiple objectives and prioritizing the nfeasible
locations for hybrid solar PWind systems. Jank@®6] applied a multcriteria GIS to identify
areas for the installation @find and solar farms in Colorado. A large area of Southern England
was assessddr the suitability ofwind and solar farms by Watson and Hud$§b2?] using AHP

and GIS A recent study by.iu et al. in[103] investigated the site selection of PV power plants to
support decisions in optimal installation site by ugingy cumulative prospect theoryable3.3
summarizes the applications of MCDM techniques in different studies for RES site seléction.
can be noticed thaBAHP has been frequently utilized fdhe planning of renewable and
conventional energy, the allocation of energy resources, thegeraeat of buildinggnergy and

the planning of electricity utilities0] [127].
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Table3.3. Multicriteria decisioamaking techniques isolar PVplanning

No. | MCDM Technique RES Location Reference
1 AHP Solar PMwind-geothermal| Indonesia [129]
2 ELECTRE Solar PV Southeast of Spai| [98]
3 AHP Solar PV and CSP Ismailia, Egypt [121]
4 AHP Solar PV and CSP Konya, Turkey [113]
5 AHPT TOPSIS Solar PV Southeast Spain | [118]
6 AHPi Fuzzy TOPSIS and ELECTR| CSP Murcia, Spain [119]
7 AHP-Fuzzy OWA Solar PV and CSP Oman [124]
8 Fuzzy OWA Wind-solar PV Western Turkey | [120]
9 WLC Wind-solar PV and CSP | Colorado, USA [96]
10 | AHP Wind-solar PV and CSP | Central England | [122]
11 | Grey Cumulative Prospect Theory [ Solar PV Northwest China | [103]
12 | TOPSISELECTRE Solar PV Southeast of Spai| [99]
13 [ AHP PV Serbia [145]
14 | AHP-Fuzzy TOPSIS PV India [146]
15 | Fuzzy ANP and VIKOR PV Taiwan [147]
16 | WLC PV-CSRWind Afghanistan [148]
17 | AHP PV-CSP Tanzania [149]
18 | FAHP PV Ulleung, Korea [150]
19 | ELECTREII PV-Wind China [151]
20 | AHP PV Morocco [152]

3.4. Proposed Methodology

The proposed methodology is depictedrigure3.2. This study aims to provide an evaluation
of site alternatives fothe sake ofliscovering the most suitable sites for uttétyale PV projects
in Saudi Arabia. The raw data of thibapteris collectedfrom different resources including
governmental agencies, opsourcesand related literature. A fotgtage analysis is performéal

facilitate decision support for PV solar farm site selection.
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Figure3.2. Flowchart of the proposed methodology

In the first stage, a GIS map overlay technique is applied taking different constraints and
restrictions into consideration to rule autsuitablesites.

In the second stage, an AHPha@mueis applied to determine the relative importance and

In the third stage, overall evaluation of the candidate isiggerformedby applying
weighted sum overlay approagsingthe ArcGIS tool. Thenainconcept of this technique
involves overlaying several criteria maps with consideration of the input criteria and their
relative weights obtained from AHP to create an integrated analysis. The weighted sum

overlay receives the scaled data inputsightsthe input layers, and adds them together.



1 Finally, the unfeasible sites generated in the first stmgeexcludedrom potential areas
for the selection ofsolar PV sites. A land suitability index (LSI) idevelopedto
demonstrate thsuitability distribuion of the potential sites and tsualize their spatial
allocationon the suitabilitymap[153]. A reclassification is performed to achieve the LSI
mapandthe results are grouped into figealedrom 1 (least suitable) to 5 (most suitgble
Depending on the chosen PV technologies, the required area per 1 MW ca#ssamging
a PV system on 18,0002rgeneratespproximatelyl MW of power,the potential areas
were limitedto utility size areaso ensurethat the total system size is large enough to be

considered for a utilitscale projecf93], [94].

3.4.1. Criteria for site selection
The location of utilityscale PV projects inveés technical feasibilitgriteria, which directly
affectthe performance of the solar power plant. Thaskide the amount of solar irradiation and
the average of the air temperatargeria Economic factors express timpactof the placement
of solarfarms on the project cost. Thaseludeproximity to urban areas, proximity toaghways
proximity to power lines, slope, and the aspect of the land criteéigarge3.3). The two technical
feasibility criteria are explained in detail as follows:
f Solar irradiation (C1) (kWh/m?): Thesolaranalyst tool in the ArcGIS software supports
solarirradiationmappingand analysis for specific areas or points gpecifictime. Ithas
been chosebecause it is viable famodelingsolarirradiationfor a field with diverse

terrain as it considers local factors such as orientation, slope, and weather cofidiipbns
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In addition the solar analyst tool uses the digital elevation model (DEM) as input, which was used
to generate slope and land aspects layEnés will result in a perfect match between the
incorporated layers. Three map layers were usednally in the modelor calculatingthe solar
irradiation Thesancludeviewshed map, sky map, and sun map. The value of diffuse proportion
variable ranges from (tl, where highewaluesindicatea less clear sky155]. The diffuse
proportionconsidered in this studyas elicitedrom a K.A.CAREstudythat used twelve months

of data from 30 stations distributed across the country based enione measurements GHI

and DHI [156]. Thetransmittivity is the property of the ratio of energy thatreceivedby the

e a r sehvigesto the amount received by the upper limit of the atmospratetsvalues range
from O (no transmission) to 1 (complete transmisgsi®his study considers a value of 0.65, which
hasbeen appliedn several studies that have similar arid regifi#4], [157] The parameters

appliedin ArcGIS solar analysare presentenh Table3.4.

Table3.4. Parameters used in ArcGIS solar analyst tool

Parameter Value Parameter Value

DEM Resolution of 90m Slope Aspect Input Typd DEM
Latitude 24.1 (Auto) Calculations Directions | 32

Sky Size 200 (Default) Zenith Divisions 8

Time

Configuration Whole Year (2014) Azimuth Number 8

Day Interval Hour | 14 (Default) Diffuse Model Type Uniform_Sky
Hour Interval 0.5 (Default) Diffuse Proportion 0.36

Z Units 1 Transmittivity 0.65

1 Average temperature (C2)(3 ): New network monitoring systenfsvebeen installedn
Saudi Arabia as part dfie Renewable Resource Monitoring and Mapping (RRMM) program

initiated by K.A.CARE to provide more reliable and ret@ine measurements for largeale
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deployment of RES technologies.studyby Zell et al.[156] summarizes the analysis of the
measurement data used in 30 stations spread across the country. giteshaing the study
period, the annual average based ionracor@ded hour
In this studyreal measurementge utilizedfor interpolating theyearly averagéemperature
for the entire study area. The spatial analyst tool in ArcGIS 10.3.1 employs several
interpolation tools that can generatsuafacegrid from points data. Natal Neighbors, Trend
methods, Topo to Raster, Inverse Distance Weight, Spline, and Kriging are available
interpolation methods. The Spline interpolation tool can estimate the values very smoothly
using a mathematical modelhich minimizesthe overall suidice curvature. It can predict
valleys in thedata,and it is the best interpolation tool for smoothing varying phenomena such
as temperaturgl 58], [159]. The tension spline type was ugedabtain higher values for the
weight parameter resulting incaarsesurface (weight=10, No. of points=4).
1 Slope(C3) and land aspectqC4): Flat areas or mild steep slopes will help to avoid the
high construction cost required ligh slopeareas. Flat terrain is essential for lasgale
PV farms; as such, higklope areas are not preferable for such projects due to low
economic feasibilityA southfacing slope is an ideal orientation for solar farm sites and
must be less thardin this study. Higher slope areas such as valleys and steep lands should
be avoidedUsing the DEM, the aspects of the survey area bhaga generated
1 Proximity to urban areas(C5), proximity to highways (C6), and proximity to power
lines (C7) (m): In this study, theroximity to residential areas considere@s afavorable
factor.A buffer of 1.5 km fronurbancitiesand a maximum radius of 50 karne considered,
whereclose proximityto the city ispreferable The Euclidean distance is used to calculate

the closest source based on straitjphe distance with a maximum of 50 km. Proximity
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factors to such utilities are crucial in creating a distributed generattarork and for grid

connected PV solar power.

3.4.2. Restrictionsfor site selection

For suitability analysis, aspects such as urban areas, protected land, major road networks and
higher slope lands (>5°) have been selected as restriction factors. These four constraints are
commonly applied in similar solar site suitability studies. Initeait these factors were available
as a dataset for the study area and serve the objective ofidipter The protected areas include
wildlife sanctuaries, national parkisdustrial cities, and sacred places. According to the Saudi
wildlife authority SWA), thereare 75 wildlife-protected areas in Saudi Arabia to encourage
sustainable rural development and preserve wildlife, 62 of which are wilderness areas and 13 of
which are coastal and marine areas as showigure 3.4. The thematic layers of protected areas
in this study are obtained from governmental agencies while the buffer distances have been
adopted from the literature as shownTiable 3.5. The total area of the existing and proposed

protected landsa ppr oxi mat el y 10totdlaréa. of t he countryods

Table3.5. Restrictions layers considered for utdggale PV in Saudi Arabia

Accessed
Restriction | Data Source Buffer | Reference
on
Protected : : Feb 9, <1000
Renewable Resource Atlas of Saudi Arabia [122]
lands 2014 m
) _ Oct. 15, <500
Major roads | http://faculty.ksu.edu.sa/falmutlag/pages/gis_data.§ [160]
2015 m
: : Feb 9,
Slope Renewable Resource Atlas of Saudi Arabia - <=5] |[[124]
) ) Feb 9, <1000 | Modified from
Urban areas| Renewable Resource Atlas of Saudi Arabia
2014 m [113], [122]
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Figure3.4. Protected areas

High slope areas are not viable for solar PV projects due to low economic feasibility. Based on the
data from various literary workgl13], [121], [122], [124] the slope factor for this study should

be less than or equal td. #igher slope areas including valleys and steep shpes eliminated

Moreover, b limit the feasibility analysisurban areas, highway networks, developsshsand

major roadsvere discardedue to the high density of population dndldings in addition tdraffic

safety issues.

The restriction layers shown Figure3.5 were integratedhto one layer including the necessary
buffers. They were then assigned a binary sca
the allocated consdimtindicatingt hat t he devel opment of the pro
indicates the presence lohitations, indicating that the development of the project is impossible

The initial resulting layer was reclassifiedas exploitable areas attributed bpe Once the
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constraints layewas convertetb binary, the multiplication of this layer with the criteria layer in

Sulsection 34.1was performed to generatee preliminarily suitable sites map

&= e - - =
®ze-Bra=0 =
Figure3.5. Restrictions part of the model

3.4.3. PV power plantssite selection

3.4.3.1. GIS-AHP based approach
The basics and procedure AHP introduced in Section 2.AHP has been accepted by the

international scientificommunity as aobust and flexible MCDMechniquefor solving complex
decision problemg61]. The top level of the AHP hierarchy encompassesptit@ary goal,
whereas the middle and bottolavels represent the decision criteria and the alternatives,
respetively. TheDMs assess each level parameters in pairwise comparisons against their parent
node. The AHP decomposes a large problem into snsailgproblemsin hierarchical levels and
assigns weights to the decisioraking criteriaGIS-AHP applications @ among the most often
used approaches for integrating AHP with other decision support techniques.
Following stepsdemonstrate howo generatesolar PV suitability map usingHP for &€ number
of criteria[161]:

1) Form a pairwise @mparison matrixa ¢ z¢ for several criteriaLet0 reveal

the preference score of critei@to criteria ‘Qusing the ninénteger value scale

suggested by Saaly61], as presented ifiable2.1. 0 denotes the entry in tféh row
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2)

3)

4)

5)

and thé@h column of matrixi . The entries of preference scoreandd must satisfy
the following constraint ifeq. 3.1:

0 & p Eq.3.1

Second, to establish a normalized pairwise comparison niéatrithe sum of each

column must equal to 1. This can be obtained uBiqg3.2 to calculated for each

entry of the matrixx .

v Eq.3.2
B 0

Ca

Then, the average acrassvs is computed to obtain the relative weights ukigd.3.
For each element, the relatineeightis within the range of 0 to 1; a higheeight

showsa greatemfluence of theslemento the solar PV power plant site.

B 0 Eq.3.3
€
Finally, to obtain the solar PV suitability ma} (Y)) Eq.3.4 has been applied for each

0

pixel of study area layer. If restriction)(exits, theni  mtwhich leads to th€Y"Y0
value of an unsuitable site. Otherai¥"Y @oud be obtained by findinthe summation

of each criteria valuex{) multiplied by corresponding criteria weigtit {.

YYD e 8 omi Ry mp o E434
The present study has seven elements associated with decision criéeriaxoThe
CRand RI equations are presented in Subsection 2.4€2rahdom consistency index

varies according to the number cdmparisoncriteria () as shown inTable 3.6.

Accordingly, RI = 1.32 and CR = 0.02 which is in acceptable range.

65



Table3.7 presents the eigenvalue obtained by pairwise comparisons of cniitbri@spect

to the goal of selecting the best site for solar PV.

Table3.6. Random index for different values of number of eleméhé ]

n |2 3 4 5 6 7 8 9 10 11 12

RI [0 058|090 112 1.24( 1.32( 1.41| 1.45| 1.49| 1.51| 1.48

Table3.7. Eigenvalue of criteria

Criteria Eigenvalue
Cc1 0.350
C2 0.237
C3 0.159
C4 0.106
C5 0.032
C6 0.046
C7 0.070

Total 1.000

6) If6'Y 1@ mthe degree of consistency is considered satisfactory; otherwise, there are
serious inconsistencies in the pairwise comparison. Therefore, the AHP may not return
meaningful result§l61].

The original high-level maturity and advanced embedded features enable the GIS to be a
powerful tool for strategic planning of energy development projects, including solar technologies
[94] [95]. In the presenthapter ArcMap 10.3 was utilized to perform spatial processes and

manipulation fo both vector (points, lines, or polygons) and raster (pixels or cells) files of the
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st u dy dataset lahdssbeen used to overlay the different layers to copape@site map results
andsmartvisualizations for insightfullecisionmaking

3.4.3.2. Steps in cetermining best sites
Thekey steps in determining the besstesfor deploying solar PV plants are as follows:
1 First, the decision problem was structured into a hierarchical model as shemyuaries.6.
The goal represents tiep-level of the hierarchy, which is to select the most suitable site

to install utility-size PV power plants. The decision criteara representeid the second

level of the model.

—— Technical

~—— Economic

Figure3.6. Decision criteria considered in solar site selection

1 The second key step is to obtain tbemparison matrix ofcriteria including solar
irradiation, yearly averageéemperature, slopdand aspects, proximity to aarbanarea,
proximity to the main road, and proximity to power lines, all of which are elertenésds
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the goal of the study in the proposed decision framework. Aran [@24introduced an
approacho obtain a patwise comparison matrix and determined the priority weights of
the criteria.Several points highlight thetionale behind the criterion weightingirst, the
climate criteria, including solarirradiation and theyearly averagetemperature, are
consideredhe most importantriteriaas they definghe output power of the PV power
plant. In subsequent orderiaiportance aree slope and the land aspects criteria, as they
determine the amount of irradiance received by the solar panels. iffgortance
essentiallydepends on the steepness or mildness of the slopes and the orientation of the
area. Milder slopeand south aspect areas are consideredimgbrtancefactors. From

an economiperspectivethe distance to thelectricitygrid, majorroads,andcitiesfollow

in importance, as they determine the infrastructure and transmission cost of installation.
Based on the above reasoning, and considering the criteria weights presented in similar
solar site suitability studiefl19], [124], [153]the pairwise comparison matrix was
established, as shownTrable3.8. The importance of such criteria is also emphasized by
strategic organizations such as the NREL and the environmental protection @gfeALy

in U.S.[92], [96], [110], [124]

The third keystep is to calculate the priority weights and to check for inconsistencies. The
eigenvector, which indicates the priority weight of each criterion, was computed and the
sum of all weights is equabtone as represented kiigure 3.7. To verify the weighted
values of eachriterion, the CRwas calculatedCR=0.02); as its less than 0.10, the value

judgments are considered to be acceptgl@ia].
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Table3.8. Comparison matrix of the adopted decision criteria

Criteria C1 C2 C3 ca c5 C6 c7
C1 1 2 3 2 7 6 5
C2 172 1 2 6 4
C3 13 12 1 2 5 2 3
ca 1/4 13 172 1 4 2
c5 177 1/6 15 14 1 172 13
C6 1/6 1/5 1/4 13 2 1 172
c7 15 1/4 13 172 3 2 1
0.35 0.322
03
0.243
0.25
0.2 0.163
0.15 0.108
o1 0.085
0.046
. mm B
Priority weight
mECl mC2 C3 C4 mC5h5 mCo mC7

Figure3.7. The priority weights of the criteria

At this point, seven layers of tikensideredtriteriawith their corresponding weights (gained from

the AHP tool)were obtainedJsingthe weighted sum overlay tool in the Glise PV siteselection

is tackled as follow$162]:

1. Since the input layers are in different values and ranges, each criterion must be brought to

a common scale in order to integrate them in ayerl Subsequently, values in the input

maps were reclassified ineocommonpreferencescaleof suitability rangingfrom 10 to

100 (with 100 being themost suitable).
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2. Each criteria |l ayer is multiplied be the
AHP.

3. The resulting cell values were added togethegdnerate theiltimate combined layer.
Therefore the alternativesare the potential sitegeneratedhrough the GIS which takes

into account the criteria weights obtained from AHP technique

3.5.Case 3udy

The field of our study includes Saudi Arabia, which encompasses most of the Arabian
Peninsula. The country is located in the southeast of Asia with an area greater than 2 nfillion km
The main cities are Riyadh (capital city), Jeddah, Mektsdina,and Dammam. The country is
majorly arid terrainexcept theAsir provincein the southwest thas influencedoy monsoons of
the Indian OcearMost of the country is dominated bydasert climate witkextreme heat during
the day and an abrupt drop in temperaat nightT h e Ki n g d o mmassivelnusedareas,o n ,
and amountof daily solarirradiationare all factors that offgprofoundpotential for exploiting
solar energy in Saudi Arabi@he solairradiationin the Kingdom is considered one of thighest

rates worldwide with an average GHI of 2 MWR/year as shown iRigure3.8 [163] [164].
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Annual GHI potential per country [kWh/m2]
Germany
France
Greece
Spain
Morocco
Jordan

Egypt
Mauritania
Saudi Arabia

Yemen

500.00 1,000.00 1,500.00 2,000.00 2,500.00

Yemen ,Asrzl;)(ij; Mau;tam Egypt Jordan Morocco Spain Greece France Germany

kwh/m2 2,286.00 2,216.00 2,150.00 2,126.00 2,083.00 1,897.00 1,659.00 1,637.00 1,259.00 1,066.00

Figure3.8. The annual global horizontal irradiance among selected countries

Rahmanet al. [20] studied longterm mean values of sunshine duration and global solar
irradiationon horizontalsurfaces of over 41 cities in the kingddResults showed that the overall
mean of yearly sunshine duration in the Kingdom is 3,248 hours, and the GHI varies between a
minimum of 1.63MWh/m?/year at Tabuk, a northwestern region of the Kingdom, and a maximum
of 2.56MWh/m?lyearat Bisha, a southwestern region of the Kingddihe minimum solar
irradiation is higher than the average GHI in Germany and many other European countries.
Furthermore, the pattern of global salaadiationintensity and sunshine duration follows that of
electricity demandSolar energy coultde the mostlesirableRES option to ermunter theequired
power, especially during the summer season when demandgaedies its highest, mainly due to
air conditioning systemfgl9]. Saudi Arabia gained significant experience in the area of solar
energy from different studies and research prod4] [19].

Solar PV hagreatpotential for deployment in the kingdom whegestareas of land aravailable

andthe amount of global solar irradiation is very hiGurrently, Saudi Arabia plans to produce
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9.5 gigawatts from renewabl es, mai nly sol ar

2030 vision[165].

3.5.1. Screening potential sites
The proposed methodology was applied &iwdyarea of Saudi Arabia for site selection of
utility -scale solar PV powsaslants. The final map of unsuitable areas indicates that most of the
study areadoes not fall under any restrictions and does not belong to any protected areas, as
illustratedin Figure3.9. Theseeminglysuitableareasarelargezones across the study area, which

can be exploited to implement utiligize solar PV power plants.

444444

500°N ] I:l Final constraints layer

I:l Study Area

T
444444

Figure3.9. Restrictions layer map

As a result of MCDMGIS integration, the overlaid result msipowedthat 16% (300,000 kfn of
the study area is promising and suitable for deploying uslitg PV power plants as depicted in
Figure3.10. The centrbpart of Saudi Arabia has shown mareaghat areappropriatdor utility -

sizePV power plants, mainly due to th&aworablehigh solar irradiance, mild slope, and proximity
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to major roads, gritines,and urban areas. It hatso been founthat few sites are suitabi®rth

and northwest of the study area. The east and west guasented few strips of suitable sites.
The southeast region, which contains the largest contiguousieaed (known as Rub' al Khali),

is mostly unsuitable foinstalling such a facility due to relatively high air temperature and low

density of main roadgower transmissiolines,and urban areas.

Pt
N //Aws i s

ran
\J\APB Al Mub4n u
i @> 2 S

S - SN

soond || Suitable sites [ —ee— )]

I:l Study Area

T T T T T
500 40°00°E 4500 5000 55°00°E

Figure3.10. Preliminary results of potential sites

3.5.2. Site selection results
For better demonstration and insight, the isSproposedThe LSI defines the degree to which
eachsite is suitable for the placement of PV plants according to the associated criteria and
excluding all restrictions. The resulting datdicatesthat most of the overlaid values range from
30 to 80 with aneanof 60 considering theommonsuitability scale (10.00). For this distributed

data, the suggested LSI valwse showrnn Table3.9.
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Table3.9. Land suitability index

Scale values Land suitability index
1-40 1 (least suitable)
40-50 2 (marginally suitable)
50- 60 3 (moderately suitable)
60-70 4 (highly suitable)
70-100 5 (most suitable)

According to the LSI analysis, many of thghly suitable locationsire in the central region as

illustrated inFigure 3.11. Themostsuitableareasare locatedhorth to northwest, mainly due to

higher solar insolation and lower air temperatures inrégibn Along the southwest and west

coasts, lands have lower LSIs duentajor steep slopes, including the mounteaimge (Sarawat

Mountains) which runs parallel to the west coast. The eastern region of the study area shows

moderate to high LSIs since it hasegdate infrastructure combined with thigh density of high

solarirradiation

35°00°E
1

2000 4500 50°00°E 55°00°E
1 1 1 1

000N
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Figure3.11
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Based on the model results, Tabuk and Arar cities located in the North, besides Taif city in the
West would be the most suitable sites to implement solar PV on a-sidléyscale. While these
locations account for only 3% of all teaitableareas, thepffer a potential fohigh performance

solar PV projectsn terms ofpower generation and associated infrastructure costs. On the other
side, thdargestcontiguous sandesert located to the East and South East (known as Rub' al Khali)
is unsuitable for wch projects due to relatively high air temperature and low density of
infrastructure.

The suitability distribution for Saudi Arabia developed in this study can sugpogionmakers

in selectingthe most suitable sitder utility-size solar P\projects Recently, Saudi Arabihas
plannedto build 300 MW of solar and wind plants in several locatid66]. Al-Jouf city which

is locatedin the North (East from Tabuk as shownFigure3.11) hasbeen designatefdr a 50

MW solar PV project. Such a location which is near the most suitable sites is favorable to the PV
technologyandoffers a high potential for ultimate performanceaalar PV system. Likewise,
considering théigh suitability sites in central areas, which comprise 50% of the suitable areas, is
significant forgrid-connectedutility-scale PV power plants, since these areas are near the most
populous city, Riyadh. Lastlyhis suitability distribution map can benefit the decision makers by
helping them to be proactive in the solar PV development and can aid to achieve the Saudi 2030
diversified energy targets.

Figure 3.12 outlines the land suitability distribution based on the previous suitability index
analysis. We found that more than 80% of the suitable &@da moderate to high LSI. It has
been foundhat suitdle lands are following the pattern of #ugproximateange of the proximity

to main roads, transmissitines,and urban cities. Therefore, thergisatpotential to have more

suitable sites in the north and northwest of Saudi Arabia by improvingfibierey of power
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lines and major road networks and utilizing these sites to generate power from their abundance of
solar energy. However, no sites had a score of 100 in the study results, which indicates that no
location is perfect acrosdl of thecriteria.

To validate the modgthe results obtaineare comparedith a performance study of solar
resources in Saudi Arabia conducted [167]. Based onreaktime solar radiation and air
temperature from monitoring sensors, #ughorreviewed the performance of a pilot photovoltaic
across32 sitesin Saudi Arabia. Results are consistent with suitability ineep resulting from
the proposed GISAHP model. For instance, due to the lower air temperature in Tabuk and Taif
cities (with yearly average temperature03 ) and high solar irradiatiorafinualaverage of GHI

6.3 kWh/n?), they showa high energyproductivitycompared to other sites (generated energy
210 MWh).Also, Najran site gives the highest generated energy (218.5 MWh) due to the highest
solar irradiation compared to dtications(6.8kWhm?). Nevertheless, in owtudyit haslow

suitability index due téow distribution ofpower lines majorroads,and urban areas.

1% = Mostly
= Highl
8% gnly
= Moderately
Marginall
506 ginally

= Least
1%

0% = Non-Suitable area

Figure3.12. Land suitability distribution

3.5.3. Sensitivity analysis
For conducting sensitivity analysigifferentcriteriaweight scenariosere considerednd their

overall impact on land suitability indexas assesseth addition to the criteria weights assigned
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using AHP technique, twecenariosncluding equal weights and higher econonvieight have

been examineth this study. In the case of equal weights scenario, the weight of 14.28% has been
assigned to each criterion to ignore the relative importance of each criterion. This approach is the
simplest decisiommaking method for avoiding risk. On the other sittee economic criteria
including slope, land aspe@roximity to urban areas, to power lines and to major roads are given
higher weights than others (each 16%) in otdetudy the inflence of economic factorsigure
3.13depictsthe criteria weight used in AHP, equal weights, and higher economic weight scenatrio.

m AHP priority weight m Equal weights ® Higher economic weights

32%
24%

16%

I 14%

I 16%
11%
e 14%
NI 16%
B 3%
e 14%
NI 16%
E= 5%
R 14%
I 16%
9%

e 14%
I 16%

S 14%
mmmm 10%
T 14%
I 10%

Figure3.13. Weights of decision criteria considering different scenarios

Alternative sites were assessed and ranked to develop-stétg solar PV projects using equal
weights for associatectiteria Thisscerariowill promptthe even measurement of the influence

of the criteria on the resulting suitability layer and will lead to a greater understanding of the
importance of each criteria weiglf@ompared to AHP methodology, the overall suitable area of
this scaario has decreased by 0.64% (1,825.5%)kaf the study areaThis is essentially
attributable to the decision criteria that offer more weights (14.3%) to economic factors including
proximity to major roads, gritines,and urban areas. Similar to the Aldpproach, the result of

thesimilarweight scenario shows that there @astareas with digh LSI for approximately 48%
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of the suitable area. On the other hamdrginalLSIls andmoderatel Sis haveincreased from
1.02% to 1.22% and from 5.29% to 5.9% respectiagbundthe whole study area, as shown in

Figure3.14.

= Mostly
0%
= Highly
= Moderately
Marginally

» Least

= Non-Suitable area

Figure3.14. Suitability Index distribution for equal weights scenario

The most suitable LSI showedkghtdecline from 3% to 2.5% of trauitablearea (from 0.4% to
0.35% of thestudyarea) when considering equal weightings focateria. Most of the moderate

to high LSI areas are spread near the central province of Saudi Arabia, as depigaceiBi15.

More moderateand high LSI sites exist where mountains stretch from the sostltalang the

west coast, since the slope weights have decreased by 2% (from 16.3% to [MtBéegast, the
moderate LS| improved to highly suitable and nsstabledue to higher weight® the proximity

to economic factors arldwer weightsto the temperature criteriAs solar PV systems present a

high initial cost and require relatively large areas of land to produce energy, the land construction
costs turn out to be more of an issuéeveby proximity to the national grid, major roads, and
urban areas could have significant economic costs which outweighs the electricity generated from
the solar farn{168]. Selecting sites on the basis of slope and orientation as well as installation

near existing infrastructures will be more pertinent for solar dpuedats.
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Figure3.15. Suitability results:equal weights (left) and higher weights to economic (right)

Assigning higher weights to economic criteria including slope, land aspects, proximity to urban
areas, roads, and proximity to power lines could be a viable option. When assigning higher weights
to economic factors, the results reveal that the most seigabhs are approximately three times
superior compared to equal weight and AHP scenasdspictedn Figure3.15.

The central region where the necessary infrastructure exists demonstrates high density of the most
suitable LSI areas. The least LS| has increased slightly, whereas the moderate and b&lrginal
dropped compared to the same weight scenario.

The results of different scenarios have proven sensitivity to the criteria weights and offer various
land suitability distributionTable3.10 illustrates the final results obtained by varying the criteria
weights, thus demonstrating that both economic and technical factors are influential in the

evaluation of the study area.
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Table3.10. Land suitability distribution considering different scenarios

Land suitability distribution (%)
Scenario Weights
5 (Most suitable) | 4 3 2 1 (Least suitable)
Tech. = 0.57
AHP 0.42 8.01| 5.29] 1.02 0.01
Eco. =0.43
) Tech.=0.5
Equal weights 0.36 7.1215.90| 1.22 0.06
Eco.=0.5
Higher economic | Tech. = 0.2
) 1.25 7.67| 4.85] 0.86 0.08
weights Eco.=0.8

3.6. Conclusions

RESs such as solagnergycan contribute t@lectricity generationvith a sustainable, secure,
andlow-carbonemission future. Thishaptempresents an original approashdeveloping criteria
layers including solar irradiation and air temperature using real atmospheric sensor data in siting
utility size PV power plantsAs an initial stageof installing PV power plants, the identification of
suitable sites can saliEMs a great deal of timand money and can promote future infrastructure
developments. The integration of the GIS with MCDM methods has emergetigisly ugful
techniqueto systematically deakith rich geographical information data as well as manipulate
criteria importance towards introducing the best sites for solar power plants. Furthermore, by
incorporating associatettiteria into the decisiormaking processwe could offer better results
and make the solar project more economically and technically feasible.

This chapteroffersa highlevel overview of the potential of site suitability of utilisgale PV
technology in the study area basedintegraton of the geographical information system and
multi-criteria decisiormaking tool. The AHP technique is used to evaluate the importance of each
decision criterion in selecting the best site for utiibale solar PV power plants. Technical and

economic fators considered in the proposed model include the amount of solar irradiatidy,
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averageemperature, slopéand aspects, and proximity to power lines, majoads,and urban
sites. The methodology successfully generates a land suitability indewtéartial sites where
implementing utilitysize grid-connectedPV power plants are ideal. Our study for Saudi Arabia
case indicates that most suitable ama@sfoundnorth and northwest of the study area as well as
west of Taif city near the west coaldigh suitability areas comprise 50% of th@tability areas
andare mainly spreadround the central region. This location will ibgportantto consider for
grid connectedtility-scale PV poweplants sincet is one of the most populated areasSaudi
Arabia. The eastern region of the study area shows moderate to high LSIs since it has a decent
infrastructure together with the@gh density of high solarrradiation More detailedsurveyfor
each region will be a direction féuturework. These techniges carhelp Saudi Arabia and other
countries to achieve their RES portfolio goals towards a more sustainable energy future.

The proposed approackxploits the existing resources and infrastructure to provieeded
power to thecitiesin harmony with theenvironment The solar analyst modeling in ArcGIS used
to generate solar irradiation mapsaisvery powerfultool due to s flexibility to embed real
atmospheric parameterfn addition actual temperature measuremeats consideredrom
sensors spreactiss the country, and the average yearly temperature is interpolated using the
spline tool in ArcGIS.Consideringa small number of points for the temperature interpolation
process could be a limitation of our study which may reduce the accuracy ohgierdéure layer.
Currently, research is activeheing conductedn solarresources; however, ougsults describe

for the first time thesolarsite suitability in Saudi Arabia employing MCDM methods.
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Chapter 4
Opti wdlarSyBYRens i gn

4.1. Introduction

Oil-dependent countries including Saudi Arabia, which imaor oil producer and
exporter, and the country with highest oil consumption in the Middle East, hardwugask
ahead concerning energy production andsumptionf169]. Nowadays, 100% of the power in
Saudi Arabia is generated from fossil fuels, as showigare4.1. Saudi Arabia consumes more
than 3 million barrels/day of oil, primarily for power generation, water desalination, and
transportatiorf170]. The growingpowerdemand is burdening the country, as generating more
power means burning more fossil fuel. Recenthg Electricity andCogeneration Regulatory
Authority (ECRA) highlighted the power gap as high as 25% between the supply by the SEC, the
main electricity provider, and the peak loads in central and souyiherimceq171]. Furthermore,
according torhe World Bank, the C@emissions in Saudi Arabia were around 1@eiric tons

per capita in 2013, which places it in the top 10 counini€X0; emissionsvorldwide[172].

Natural gas

Diesel

Crude oil [

Heavey fuel oils

0 10 20 30 40 50
Percentage share %

Figure4.1. Fuel types used in electricity production in Saudi Arabia in 2013
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The prolonged hot weather duringsummer iscausing a significant usage of air
conditioning, whichconsumes more than 60% of the total pogemeratedn the country{173].
To tackle the high power consumption issseveral measurdsave alreadypeen takerby the
decision makers, including the establishment of the Saudi Energy Effici&myein 2010 to
publicize the rationalization awareness and to bposter consumption efficiencyin order to
preserve th@ationalwealth of energy resourcgkr4]. Furthermore, K.A.CARREvas established
to improve the diversificatiorof energy resources. In June 2016, the government removed
subsidies for power generation and made a new adjustment to the consusamifgnwhich
causedn increase in theostof energy of more than 60% in some service categfdrf&y. Such
policy measures were intended to encourage commercial and industriadrssigyapplications
in the country Currently, Saudi Arabia plans to produce 9.5 gigawatts frarawables, mainly
solar and wind power, by 2023163s a part of t
Due to the variability of solar irradiation, electricity prices, renewable energyirietadiff
(REFIT) and load demand, the optimal plannindR&Sscomponents is becoming an important
issue that considers thfent aspects including technical, economic and environmental
performance. The optimal sizing and planning would provide a system that requires minimum
investment and operation and maintenance costs while meeting the technical and emission
constraint§175]. The assessment of different solar tracking system designs is significant because
the use of solar trackeis highly efficient and has become more mainstream and accepted by the
solar energy developers. One of thest powerfultools for this purpose is HOMER software.
Considering such relevance of the geimhnected solar energy technologies, the objectiviei®f
chapteris to examine the gridonnected solar PV systems proppedlifigrenttracking systems,

and particularly toexaminetheir performance undedifferent time adjustmentsit aims at
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designinga system thatequires the lowest investment among #iternatives available while
providing a highly efficient solar PV system.

The PV tracking system configurations considered in this study include seven tracking systems.
The actual data required by the model, including solar irradiation, air tempetatderofile,

and cost of energy, have been collected in Makkah, Saudi Arabia. Makkah city experiences some
of the highest average daily and peak electricity dem&indsdesign should include the decisions

on different sun tracking systems and REFITe Tptimal design should consider the technical
performance as well as economic metrics including NE&lized cost of energf COE) and

return on investmenR0OlI) of the system.

As per the author sdé k nexaminiagdddferent trackingslesigns fortah e f i
grid-connected configuration with their impact on the system cost. Furthermore, this is an original
techneeconomic study of solar PV tracking systems in GCCcountries (i.e.
Bahrain,Kuwait, Oman,Qatar,Saudi Aabia, and th&nited Arab Emirates}to date, which
entailed a detailed investigation of the local conditidrigs objective requires a comprehensive
investigation, and the technologies examined have a high potential deployment in this region.
Recently several softwareveredeveloped to evaluate hybrid energy system performance, which
helpthe user to plan, design, and examine the integration of renewable sources with conventional
power generatorsHybrid Optimization of Multiple Energy ResourcéBlOMER) <ftware,
developed by NRELis the easiest to use and the fastest in evaluating the RESs.

This chapteris organized as followsection 42 reviews the related studies about grahnected

PV and tracking systems. Bection 43, the problem definition anithe case studsre presented

Then inSection4.4, the proposed system designs and the associated model inputs are defined. The
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results and discussion of various cases considering tradksignsare presenteih Section 45.

Finally, the conclusion associated with tbiepterare presenteith Section 4.6

4.2.Problem Definition

Ultimately, the dilemma of the project viability including economic and technical potential could
be tackledby optimal design and planning of solar energy system. Such design depends on several
factors including realistic inputs of the site such as metrological data, load consumption of the
community and components co$te techneeconomic assessment of enesygtems could be
carried out using reliable and advanced commercial simulation tools as an altetmétiee
complex and lengthy algorithmend tothe costly physical experiments. Currently, there exist
several softwartd design, optimize and simulat&R, primarily aiming at technical and economic
assessment. HOMER, RETScreen, PVSyst, HybiidRGA, and TRNSYS are among the most
popular and the most frequently reported software tools in the literature. Due to the nature of the
problem, which includes-hour timestep data of load profile and air temperature, HOMER has
been selected for this studgs it is superior to other software in handling this type of input.
Moreover, HOMER demonstratdsigh capability to handle different simulation scenarios,
including varioustracking schemes, and performoptimization and sensitivity analysialso, it

is userfriendly and offers powerful graphical presentations. Computer tools used for the
integration of renewable energy into varioesergy systemsvith different objectiveswere
analyzed and compared by Connoly et[&V6]. According to a recent study of 19 software
associated with RES sizing and planning, Sinha and Chghdeé] concluded that HOMER the

easiest to use and the fastest in evalualiedRES Moreover, Bahramara et §L.75] presented a

comprehensive review of papers which us&@MER exclusivelyfor optimal planning in the area
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of RES. The study showed that HOMER software is the most popular tool considered by many
researcherand applied widely in the developing countries.

The primary economic metrics used to rank various energy system cotifigsiia@e the NPC and

the levelized cost of energy (LCOE). The NPC computespthsentcost of installation and
operation of the entire system over the project lifetime minuprdggentevenues, and it can be
expressed bfg. 4.1, whereaghe LCOE calculates the average cost per kWh of electrical energy

in the system and is calculated uskg 4.2.
# ok Eq.4.1
# 2 &
Whered | isthe total annualized costjs the annual interest rati,is the project lifetime,

andCRFis the capacity recovery factor, given By'Y "@) _—

060 BrQGQ R Eq.4.2

Where Y is the primary load (kWh/year) and Y is the total grid sales
(kWhlyear). When making suchimportant decisions, alternative economic performance
measures coulde consideredAlong with NPV and LCOE, the return on investm@ROI)
represents the amount of return on an investment relative to a reference system. HOMER calculates

ROI usingEq.4.3:

YO O

Eq.4.3

Where:
1 6y =reference system nominal annual cash flow
1 6 = current system nominal annual cash flow

1 6 = current system capital cost
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T 6 | =reference system capital cost
Beyond the original approach presented in this chapter, the case of the Makkah, Sauds Arabia
investigatedasa case studyMakkah is the capital city of the western region with the highest
number of consumers (more than 2.7 million), and it dadaximum energy satd 84,264,000
MWh in 2014[171]. Makkah hasan extremely hatummerseasorandit hosts millions of visitors
every year during various religious occasions. Consequently, the power grid experiences a high
power consumption, mainly due to-amnditioning A recent study by Al Garrand Awasthi in
[178]investigated the most suitable sites towards deployinijty -sizesolar PV in Saudi Arabia.
This study found Makkah city as a highly suitable site for such a project considering several
technical and economic factors.
A significant drawback of the solar energy lies in its unpredictable nature, as it depends on weather
conditions. Neverthelesthe high demand in Makkadjuite often coincidesvith the high solar
irradiation, particularly during the summer seadeigure4.2 depicts the real load profile data for
the period 2012015 and the monthly average GHI for the period 183%2 on the monthly
average basidhis indicates thasolar energy technologies ynhe ableto providean adequate
alternative source of energy. The solar power is a potential suppléontet primary utility's

generation to cope with the massive load.
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Figure4.2. The relation between load demand &tdl in Makkah City

One of the key factoris solar PV performance is the angle betweerstireraysand the solar PV
panels. Accordingly, theainobjectives of this chapter are as follows:

1 To examine different solaPV tracking system configurations wittlifferent time
adjustmentsincluding horizontabxis, verticataxis, and tweaxis systems bwtudying
their impact on the system cost and power generation.

1 To design an optimal solar PV grabnnected system based on realistgy inputs

including metrological datajserprofile dataand economic factors.

4.3. Literature R eview

Many research papers studied the teebomnomics of PV systems based orgftl [179],
[180], [189)[191], [181)[188] or gridconnected settingfl92]i [200]. The gridconneted
systems are intended to supply power generated by RES into the electric grid. Such schemes could
be in a distributed form, serving particulargrid-connected client, or in a centralizéatm,
delivering power into a transmission grid. Hafef200] studieddifferentconfigurations of hybrid

renewable energy systermgcluding diesel only, fully RES, diesdRES mixed and RES§rid-
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connectedconfiguration. Using the HOMER software, the Iagupliedwas ahypotheticalrural
community while the solar dataras derivedrom National Aeronautics and Space Administration
(NASA) surface metrology database. The results showed that-BiESeimixed configuration has
the lowest NPC, wile the fully RES has the higet NPC with no carbon emissioAshybridRES
grid-connected systemvas found to be the mostonomicaloption due to the low capital cost.
Furthermorea breakeven grid extension distance from therogridwas analyzed

Anwari andAyong in [192] studied the technical feasibility of edirid PV thatgenerated
2.5% of load requirement of Makkahycih Saudi Arabia based on solar irradiance using HOMER
software. Thdoad profile with random variability factoraasassumed based on tload pattern
in Makkah with no grid connection consideration[183], they applied gricconnected solar PV
to the same case. Similarly, Adaramola examined the feasibility eEgndected solar PM Jos,
Nigeria, investigating the technical and economic performance of the sjk¥din The load
profile was assumed baken the pattern of the energy consumption in Jos. He concluded that the
solar PV systentould provide for around 40% of the annual electrictypnsumption whereas,
aside from the amount of solar irradiation, the initial cost oktthemeplays a signiftantrole in
electricity priceTomarand Tiwari in[195] studieddemandsidemanagement to obtain an optimal
design of solar PV system for a decentralized applicatioview Delhi, India. Theyoncluded
that agrid-connectedsolar PV system without battery storage is a technically and economically
viable option fordecentralize@pplicationsMondal et al[196] examined the economic feasibility
of grid-connected solar PV for Bangladesh employing a proposed 1MW solar PV system. All sites
showed favorable condition fatevelopmenbf the proposed solar PV systehiu et al.[197]
simulated and optimaed a gridconnected PV system ddsidentialpower supply in Queensland,

Australia. Itis foundthat the PV system &n effectivevay to decrease electricity bills and mitigate
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COz emissionsRaturiet al.[198] described the current status of goonnected P\gystems in the
Pacific region and reviewed some challengssociated with the power utilities which are
completely dependent on diesel generators and hydropdheresultobtainedrevealthat both
grid-connected andtandalonesolar PVare economically attractive to tackle these challenges.
Kim et al.[201] examinedhybrid P\-wind-battery systems by simuiag) a system composed of

a renewable energy grid system and a diesel generator on Jeju Island in SoutTKersady

found that the griconnected PMvind-battery hybrid system is the mastonomicallyfeasible
system. Furthermore, comprehensive regieidifferent aspects of gridonnected PV systems,
along with highlights on technical and economic constraints that may hinder the solar energy
projects,were providedn [202], [203]

In promoting RES, the REFIT mechanism basn appliethe mosextensivelyand it has
proven to be an efficiestystemoffering substantial benefits to both RES project developatds
consumerd204]. REFIT has prevailed as fawitful policy approach to spur renewable energy
penetrationswhich obligates the public power entities to purchase the power geneoateRES.

Lau in [199] analyzed the effects of such policy and economic factors orcgnidected PV

systems in Malaysian residential sector. €ffectof varying interest rates, electricitgriffs, and

the carbontax was discussedrhe gridconnected system with no battery showed to be the most
feasiblealternativeasi nt r oducing a battery increases the
100 counties and provinces enacted faaetariff policies[4]. The REFIT is considered to be the

most commonly adopted regulatory mechanism to prompt RES.

The performance of solar panels is primarily dependent on the awfaoiar irradiation
received. Hence, a mechanical system that tracks the sunlight and enables orienting the panel

towards being perpendicular to the light beam leads to capturing mordrsad#ation which
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accordingly advances the system performanceaéking system for a PV array can increase the
arrayés annual ener gy pr eadsutmdker and 40860dor duakis 2 7 %
trackerg205]i [207]. A singleaxis tracker adjusts either the azimuth or the tilt angle, while dual
axis trackingcanadjustboth angles. The tilt angle is the vertical angle between the horizontal
plane and the solar panel surface (typically towardssthgh if PV site located innorth
hemisphere)The azimuth angle is the deviation angle between the surface and the smitbrdir

horizontally, as illustrated iRigure4.3.
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Figure4.3. The tilt and azimuth angles of the solar p42e8]

Typically, PV panels are installed with fixed tilt and no tracking system, as in the cases studied in
[20], [194], [209] [214]. Nevertheless, singlaxisand dualaxis trackers have recently undergone
intense research. In addition to the daytime movement of the sun rays from morning to evening,
their direction also variegcross the seasotisoughout the year

Compared to fixed systems, the advantageefricking systems is the significant boost in power
production. In high irradiation areas, eaes tracking hadominatedor utility-scale PV systems,

with benefitsgreaterthan the cost§215]. Lazaroiu et al.[216] examined the daily energy

production of a fixed system and the gtacking PV systems and found that sun tracker systems
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generated 120% more power than the fixed systeBased on both technical and economic
criteria, Alexandry217] determined that a single axis tracking system is preferable teagisal
tracking for the area of Brasov, Romania. Mehrtash ¢248] investigated the performance of
solar tracking PV systems in Toronto, Canada with four different tracking systems: fixed tilted,
fixed horizontal, singlaxis and duabxis tracking. The stydshowed that duaxis tracking
received 33% more irradiation and generated 36% more electricity than the tilted system.

A review of suntracking methods by Mousazadeh ef2419] concluded that using twaxis sun
trackers can increase the energy production b3 yearly.EkeandSenturkin [220] compared
doubleaxis sun tracking versus a fixed PV system and found that 30.79% more electricity is
obtained with doublaxis surtracking. Similarly,Ismail et al.[221] found that dual axis tracker
achieved 20.4% more in annual energy productiorpewed to a fixed system. Sal@22] studied

four tracking systems including duaxis, one axisertical, one axis eastest and one axis north
south.The results revealed that each of the four trackers was superior to the fixed system. The
electrical power gain was 44%, 38%, 34% and 16% for the two axesyestsvertical and north

south trackingrespectively. The aboveaentioned studies reveal that solar PV tracking systems
are superior to the fixed systems when it comes to power generation. However, there is no study
investigating the techreconomic aspects of differeRtV tracking system confjurations with
different time adjustments, including fixed system, horizeax, verticalaxis,and tweaxis for

a gridconnected solar PV.

4.4. Systemunder Consideration

To achieve the above objectiyssnulation and optimization processes are usednmidjerinputs
to the simulation and optimization model consist of the key faeiibestingthe performance of a

PV system. The model inpuése electrical load, solar irradiation, air temperature, components
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cost, and energy prices. In contréststudied192] and[204], reatdata including metrological

data, loadgrofile, and the technical and economic characteristics of the equipmearged in this
chapterFigure4.4 shows thenajor research steps. In previous wi#&3], the authors consided

different costs inputs as well as different technical and economic reeasuirthischapter we

extend this work by adding a comprehensive analysis to each tracking system performance under
feedin-tariff mechanism with a detailed investigation of the local conditions. Moreover, an
additional economic measure, ROI, has beaamened and comparegimongdifferent tracking

desigrs. The following subsections describe the system design components with their

specifications applied in this study.

Model Inputs

Local metrological data (solar and air temperatu Load profile REFIT and energy price

Model design using HOMER

PV system Converter Grid System economy
l y

Simulation and optimization

- a NOTFTIacking Vs trackm
Grid-connected Power generation and temperature effects J d

Results and analysis

Optimal configuration with high performance and minimum NPC and LCOE

Study and compare different tracking system efficiency against the fixed solar PV.

Figure4.4. Proposed steps foptimal sizing of PV grid connected system

4.4.1. Metrological data
Solar irradiation and the ambient temperatfrine PV arrayaffectsthe amount of energy
that a PV system generateésccordingly, HOMER uses the monthly average global horizon

irradianceand he monthlyaveraggaemperature among its inputs. Thageutsare definedn the
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HOMER resources, and their effects on the output performance of the PV systeescribed
The following points give more detail about the data used in this study fortéthesariables:

1 The solar irradiation: the monthly average GHI of Makkah (Latitude 21.42 N, Longitude
39.82 E)is downloadedrom K.A.CARE. Itis basedbn GeoModel Solar for thperiod
199471 2012 with 3 km resolution. An extensive comparison stiaty18 validation
locations in Europe and thdediterranean region, authored by Ineichen, concluded that
Geomodel data has the lowest overall [222l]. The solar irradiation ranges between 4.22
kWh/mé/day and 7.4 kWh/#day, wrereas the annual average solar irradiation for this
region is 6 kWh/m2/day as depictedrigure4.5. From March to September, the GHI rises
above theaverage with a peak in June. The remaining months particularly January,
December, and Novembbkaverelatively low solar irradiation.
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Figure4.5. The monthly average GHI in Makkah

1 The air temperature: the monthly average temperatuce fears2011-2015 using a -1
hour time stepis depictedn Figure4.6. The average annual temperature is 31°C tlaad
long summer season with even higher temperatures is from May until September. This

ambient temperature profile will be considered iredaining the PV power efficiency, as
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HOMER softwarecan calculate the power output of a PV array utilizing the cell
temperature in each time stéigure4.7 shows the temperature data frequency distribution

with a normal shape.
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Figure4.6. The monthly average temperature

10 20 40 50

30
Baseline data (°C)

Figure4.7. Histogram graplef temperature data of Makkah
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4.4.2. Load profile

From the demangderspectivetheload profile of any study area is the most significant factor in
the optimization process. Thead profile is critical for accurately designing aptimal system,
which means to satisfy the power demaatdany given time and avoid extra costs due to
overdesignCompared to other regions in Saudi Arabia, western regiothé@dmsghest number of
consumers and the highest energy sglés]. The electricity demand of Makkah has significant
fluctuations due to several factors including weather variatioas extremely hosummer,
religious events such as thmnthof fasting(Ramadan), and pilgrimage (Hajnd othespecial
occasions (National da¥ids, etc) [193]. Figure 4.8 shows the yearly average electrical load

profile for years 2011 to 2015 irHour time step size.
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Figure4.8. The annual average electrical load of Makkah

Figure 4.9 illustrates the monthly average load profile with a peak demand startiAgrih
continuing duringsummerseason and declining in Novembg&his is mainly die to the overlap
of the summer rad the HolyMosquev i s i t o r Bhé daify everage ¢hower consumption is

47,752 MWh/d with a peak of 3,0MW.
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Figure4.9. The monthly average load profile for Makkah

The histogram irFigure 4.10 shows abimodal distribution with two relativepeaksof power
demand (1,200 MW and 2,600 MW). The relative frequency of load consumetieals that the
highestfrequencyis between 2,000 and 3,000 MW yearly. Another peak is between 1,000 and

2,000 MW with lower frequency.This indicatesthat different customers utilized a different

distribution of power consumption throughout the year.
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Figure4.10. Histogram graph of the load profile

4.4.3. Grid and renewable energy feedn-tariff
The utility grid is themain power supplier, whereas the solar PV system runs in daytime only.
However, if the power generated by the solar PV exceedgritimary load demand, the surplus
electricity is sold to the gridSeveral studies have shown that utilizing the excess enetbisin
way can significantly reduce the LCQE25]. The REFIT is a longerm policy agreememith
the RES provider to pay for the electricity that the RES system feedbaergrid. Recently, based
on an assessment of REFIT and their applications in Europe, Asia, and Ritdi, et al. in
[204] concluded that applying fixed REFIT in Saudi Aials likely to accelerate the development
of its renewable energy sector. Such fixed pricing scheme is market independent, which neglects
inflation and is not affected by the fossil fuel prices. Accordingly, the residential rate in Saudi
Arabia (se€lable4.1) is utilized to design a scheduling rate that permits fprazksat each time

of day and montlaspresented ifrigure4.11.

Table4.1. Consumption rates for residential category in Saudi AfaFi3]
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Consumption categoriesKWh) Residertial rate (¢/kWh)

17 2000 1
200171 4000 3
40011 6000 5
60011 8000

> 8000 ®

Figure4.11shows the daily gridcheduled rates divided infioe intervalsbased on the peak load
period,whereeach column presents tHaily hours starting at 00:0A93]. The rates include off
peak, shoulder and peak hours whereas their prices are $0.016/kWh/i@¥923d $0.040/kWh
respectively, as shown Figure4.12. As a result, the buying/selling of power from/to the grid at

a fixed REFIT scheme is pobks.
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Figure4.11. The grid scheduling rate during the day in each month



Parameters | Rate Definition | Demand Rates Reliability Emissions

Step 1: Define and select a rate: ‘5]
Price Sellback
OFF-PEAK . 0.0320 0.0160 (edit! 3¢
SHOULDER 0.0530 0.0270 m P4
PEAK . 0.0690 0.0400 m P4

Figure4.12. The scheduled rates for different time during the[d8g]

4.4.4. Optimal design of solar PV gridconnectedsystem
The design of the system under consideration compoisiesir components: solar PV array,
direct current (DC) to alternating current (AC) converter, grid system,panchry load as
presented ifrigure4.13. Grid-connected PV systems require an inverter to adapt the DC generated
by the PV array and supply it to thead side. Since this system has no batteries or external

generator, the utility grid iv be themainpower supplier to thimad

AC DC
Grid Electric Load #1

Siamt 1N

-

47752632.00 kWh/d
3040800.00 kW peak

Converter

Figure4.13. Design configuration of PV gridonnected system
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444.1. PV modules

A PV module isa RESintegrated into the system, whisbippliesrenewable electricity to the DC

line. The size of a PV module depends on the system constraints, including the unmet load
permission and the size of other renewable fractions contributing to the system. In this study, the
PV system should be sized to ¢eli the required peak load demand, and this determines the output

power requirement of a PV panel system. The output power of a PV system can be calculated using

Eq.4.4[226].
6 &z rﬁr o 1 Y Y Eq.4.4
Where:
0 =isthe generated power from PV system

1 & =isthe rated capacity of the PV array [kW]

1 "Q =is the derating factor [%]

1 "® =is the solar irradiation on the PV [kW/m

1 "d; =isthe incident irradiation atandard test conditiofi$ kW/n?]
1 | =isthe temperature coefficient of power [%/°C]

1 "Y=isthe PV cell temperature [°C]

1 7Y; =isthe PV temperature under standard test conditions [25°C]

As illustrated inEq. 4.3, the power generated from a PV systsrmfluencedby severafactors
including the PV cell temperature and the amount of solar irradidtaiie4.2 presents the

financial and technical input datatbe PV and inverter types.

101


mk:@MSITStore:C:/Program%20Files%20(x86)/HOMER%20Energy/HOMER%20Pro/Help/HOMER.chm::/def-pv-stc.htm

Table4.2. PV and Converter parameters

Cost
Component  Size Hfetime Capital O &M  Replacemen Other information Reference
VS e e @
Ml =-040%/ AC
PV 1kW 25 640 10 640 1°Q =90 % [227]
1 Efficiency =1 86
Converter 1 kW 25 375 10 $375 1 Efficiency = 97 % [228]

4.4.4.2. Solar PV tracking system designs

Nowadays, most of theolarPV arraysare installecn a fixed mounted system, where PV panels
may be installedwith a fixed tilt angle. Such fixed systems, where paasdsinstalledcat a fixed
slope and azimuth, have the advantages of simplicity anecéstv However, they have a
significant deficiency in receiving adequate solar irradiation, since the sun moves throughout the
day and changes its orbit seasonally. Therefore, a $ix@@m with no tracking (FT) is considered
the base case in this researthacking systems are categorized according to their number of
rotation axes ashown inFigure4.14. The followingsix tracking systemare consideref226]:

1. Horizontal-axis with monthly adjustment (HMA): the rotation axis is around the
horizontal (eastwest), whereas the tilt angle is adjusted each month to have aalose
perpendicular angle between sun rays and panels at noon time

2. Horizontal-axis with weekly adjustment (HWA): the rotation is arounthe horizontal
whereas the tilt angle is adjusted every week.

3. Horizontal-axis with daily adjustment (HDA): the rotation is arounthe horizontal
whereas the tilt angle is adjusteaich day.

4. Horizontal-axis with continuousadjustment (HCA): the rotation of HCA isaroundthe

horizontal, while the tilt angle is adjusted continuously.
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5. Vertical-axis with continuous adjustment (VCA): the system rotates continuously
around the vertical (mth-south) axis, whereas thié is fixed.
6. Two-axis (TA): the panels rotate in both axes (horizontal and vertical) continuously in

order to maintain the perpendicular angle between PV panels and sun rays.

(b)

T

Figure4.14. (a) Horizontal axis, (b) Vertical axis and (oj@-axis tracking229]

Astudyof each designds i mpact on t he iscgreedortm econ

The cost of theérackingsystem components excluding the PV module amsgivenn Table4.3.

Table4.3. Cost inputs for the different tracking systeli229]

No.  Tracking System Capital cost ($/kWh)
1 HorizontatAxis, daily, weekly, and monthly tracking system 563.00

2 HorizontalAxis, continuous adjustment 870.00

3 VerticalAxis, continuous adjustment 255.00

4 Two-Axis 1000.00

For moderate latitude locations (less thad) 3Which is the case of Makkah, is generally
acceptedhat the tilt angle is approximateggual to the latitude which typically maximizes the
annual PV energy productig®30]. Therefore, the tilt angle for the FT system for the location of

Makkah is considereequalto 21.39° Thisis identical for VCA where the tilt angie fixedwhile
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the azimuth is changing continuously. The rest oftthekersystens havevariable tilt angle as

part of each tracker scheme.

4.5. Results Oscussion

The results and discussion of different ggmhnected solar PV system designs are presented in
this section. 8ven cases of tracking systermse examinedo determine the mosfficient
alternativein terms ofboth technical and economic measures. The performance results and
analysis of the panel with rfeT, as well as the results of HMA, HWA, HDA, HCAXCA, and

TA are investigatet the next subsections.

4.5.1. Impact of various tracking designs on technical performance
For the FT scenario, the annual average electricity production from PV is about 32,395%(937
MWhlyear) of the total generation, while the remainder of the necessary power in this case is
purchased from the grid, as shown Figure 4.15. Therefore the major share of the power is

obtained from the grid to meet the load requirement and to keep zero unmet energy by the system.
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Figure4.15. The monthly average electric production

The PV system generates power during the daylight period, with a peak output around noon as
illustrated inFigure4.16. The system operatds404 hous throughout the year, with an average

output of 1,500 MW/day.

104



PV Power QOutput

24

PN 000 0 0 011

Figure4.16. PV power output throughout the year and daytime

In order to investigate the air temperature impact on the power generated bystjstd?V,
the yearly average okal air temperature for Makkah was used in addition to the temperature
coefficient fromTable4.2 in the PV parameters. Owing to the negative temperature coefficient of
solar panels, the power output from the PV system decreases as the temperature increases. As
predictable, during the summer season when the average temperature ranges between 30 to 45

the system efficiency declines stsown inFigure4.17.
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Figure4.17. Solar PV production versasnbient temperature throughout the year
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Undoubtedly, the amount of solar irradiation received by panels is a determining factor for
their output.Figure 4.18 illustrates the average output power generated by different tracking
designs on a daily basis.tas foundthat all the tracking systems produce similar amounts of
power atnoontimewhile the power density varies noticeably in the morning and evening hours.
Obviously, the TA generates considerably mpoaverin the shoulder periods of the day compared
to the other trackers, and it was found to provide 34% more electricity than.ti@&TA has a
distinctive feature as it can rotate according to the sun direction on a daibeasohabasis
Consequently, during the morning and evening hours, TA directs the panels towards the sun and
captures more irradiation than the other tragck@n the other hand, FT shows the lowest daily
output power whereas the HDA, HWA, HMA generate similar amounts of power.gi@Aices
2.4% more power than the other three horizontal trackérs slight improvement iswingto the
continuous adjustment the panels from morning to evening. The simulation shows a significant

amountproducedoy VCA, 20% more than FT.
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Figure4.18. Average daily power graph of the different tracking systems
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The excess electricity production occurs when tptalductionof solar PV surpasses the
amount of consumption. The surplus powsenormallydumped or curtailed. ¢lvever,in the
proposed system, the excess power will be sold back to the grid at thereaiesisly described
in Figure4.12. Suchgrid-connected schemean take advantage of thusedpower and gain
additional revenues for the system. gkown inFigure4.19, FT yields the lowest excess power
(37,923 MW/year), whereas all the momtal axis tracker designs (HMA, HWHADA, and HCA)
give similar amounts of excess electricity (around 66,000 MW/year). On the other hagige$A
the highest amount of exceslectricity, almost 400% more than FT. VCA presents a reasonable

amountor excesselectricitycompared to the other trackers.
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Figure4.19. The excess electricity of different trackers per year

Through comparative analysis of the six tracking designs in terms of monthly power
generationthe variance in the efficiency of varionackingsystemss illustratedin Figure4.20.
TA designshows the highest power generated from the PV system, with a maximum of 912.4 MW
in April and the minimum in December. Furthermore, HMA, HWA, and HDA show very similar
production. However, from May to June, HDA and HWA were able to generate 2.5% (17.8 MW)

more power than HMA as shownfilgure4.21. FT demonstrated the lowest performance during
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summerperiod, as a result of the movementsofi n 6 sto themndrthih addition to thehigh

temperaturémpact.This highlights the significance of adjusting the tilt angle regularly.
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Figure4.20. Monthly power generation from various tracking systems
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Figure4.21. Horizontal trackers performance from March to July

The percentage differenaeelectricitygeneration bylifferenttrackingsystems in comparison to
the FTis shownin Table4.4. It can be notethat TA generates the highest power output, with an

hourly average of 861.3 M/ which exceeds the FT system production by 34.84%. It should also
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be notedthat PV panels mounted with horizontadis (HCA, HDA, HWA, and HMA) show
relatively small differences in capacity, with a slight improvement compared to FT sys88a).(5
Power generated with VCA trackers was 20% more than power generated wiik flincreased

production duringlaily tracking.

Table4.4. Hourly power production along with comparison to fti@atking system

Tracking System FT TA VCA HCA HDA HWA HMA
Hourly average power (MW) 638.8 861.3 766.8 6919 676.7 676.6 674.2
PV power output Vs FT (%) 0 34.84 20.04 8.32 5.94 5.92 5.54

As the output power generated by a PV system increaseppter purchased from the grid
declines instantaneously. As showrrigure4.22, the sum of the P@owerand the grid power is
equivalent to the total electrical load served, which means that the system has déie/eigtu

amount ofpowerwith zero unmepowerdemand.
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Figure4.22. The production of PV system along with grid to maintain load demand
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4.5.2. Impact of various tracking designs on system economics
By applyingeq.4.1 andEq.4.2, HOMER calculates NPC and LCOE for the ensiystemFigure
4.23 shows the cost summary of FT scheme by components. The power purchased from the grid,
which is considered an operation cost, represents the higbststt amounts to $6,361 million
with a constraint of no unmet power. The total NPC of the system is $10,233 million whereas the
LCOE is $0.0441/kWh. Since there is no tracking, the PV component cost of $2,339 million has a

moderatecostcompared to otherdcking systems scenarios.
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§0
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Figure4.23. Simulation results of net present cost of FT system

It is interesting to discuss the purchasing and selling periods throughout the year. The power flow
during the year to and from the grid for the tracking scenario FT is depidtgglire4.24, where

three periods can be distinguished the first three months of the year (period 1), the air
temperature and the customer load are lowest. Consequently, the system shows the highest amount
of power sold tahe grid, reaching 1,000 MW. However, during most of the year (period 2) the
system becomes more reliant on the grid due to high demand in addition to the rising temperatures
(over 40°C) Finally, in period 3, the system resungeeratingnore power thanequired by the

load and selling the surplus to the gihwer purchasing from the grid is continuous throughout

the year, with a maximum of 2,931 MW during August and September.
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Figure4.24. Energypurchased from grid and energy sold to grid

The findings of the different tracking simulations show that FT has the lowest NPC and LCOE as
shown inFigure4.25. Thisis due to the relativellow power generation cost along with the low
cost of thesimplesystem. Conversely, HCA demonstrated the highest NPC and LC&IR 662
million and 0.05434/kWh respectivelyDespite the daily and weekly adjustment oftiieangle

in HWA and HDA, results presented almost the same as eachitieems ofLCOE and NPC
values. Moreover, the@eno significant differences between HMHAWA, and HDAregarding
LCOE, whereas HCAad the highest LCOE followed by TAn the other hand, the VCA tracking
system showed enhanced performa@mnsequently, in this scheme less poweuishasedrom
thegrid, which reduces its NPC (10,4 dillion) and LCOE (0.04475 $/kWhin spite ofthe high
contribution of renewable energy to the system by HCA and TAyitgtecostof grid purchases
andthe tracking system components boosttKOE for these two systems compared to other

trackers.
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Figure4.25. NPC and LCOE for various scenarios of tracking systems

Due to the differences in cost of solar tracking systenasinsolar irradiation, the optimal solar
tracking design may vary for different locations. The resultsimdtausing HOMER software in

this research couldbe comparedwith the results from existing projects with similar solar
irradiation. In the United States, more than 50%tloé utility-scale operating solar PV (which
account for 60% of the total solar PViuoapacity) use either singbxis or dualaxis form of

tracking systenf231]. These tracking technologies tend®locatedn the Southwest where the

solar irradiation ranges from 5 to 6 kWH/day, which is comparable to that in Makkah, Saudi
Arabia.

In comparison to the reference case which is the FT, all the horizontal axis trackers demonstrate a
negative ROI {3.3%) as shown ifrigure4.26. This is mainly due to the high capital cost at the

year zero of the project. On the other hand, despite the double capital cost of the TA system
compared to the referendbe negativeimpac on t he TAO6s ROI is mitiga
throughout the project lifetime whidgd considereds 25 years for all designs. The ROI of the TA

is -1.8%. Notably, TA camenerateextra power and sell it to the grid. Ultimately, V@Aowsa

positive ROI (+1.73%) which makes it the best option sinageiierates profit in the project
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lifetime. We should also bear in mitldat solar trackeprices are anticipated tmntinuefalling

in the coming years, as tiéstoric drivers including the steadilseducing production costs and

the market expansion are likely to continue into the future. Therefore, the ROI of all trackers will
increase
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0.0%
> v v v v '3 v
-1.0% &S S 9 & © A
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-2.0% N
-3.0%

-4.0% -
Tracking systems

Figure4.26. Return on investment with FT as the reference case

4.6.Conclusions

The following arethe key findings andontributions of thichapter

1 Grid-connected solar PV systems witlifferent tracking system designs, including
differenttime adjustments of thédt angle, have been examined and compakadptimal
designof a utility sizesolarPV grid-connected system fa specificlocation haseen
demonstratedSix trackingdesignsincluding FT,HMA, HWA, HDA, HCA, VCA, and
TA are considereds viable options for a solar PV gridonnected systenThe techne
ecoromic performance of the different tracking schemes was assessed using HOMER
simulation tooland discussed

1 In a comparativeanalysis of daily power generation, all the tracking systems produce

similar power output ahoontimewhile the power densityaries noticeably in other
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periods.The results reveal that TA camnoduce34% more power than FT, which was the
base case and the lowest producing scheme, while VCrodanceup to 20% more power
than FT The different time adjustments of ttié angle in FAD, HWA and HMA designs
had nosignificant effect on the amount of power generatechpared to each other,
whereas HCA produced only 2.4% more than HDA.

Regardingexcess power, TA similarly produced the highest amount, 400% more than FT.
All horizontal axes trackers (HMA, HWA HDA, and HCA)producedsimilar amounts of
excess electricity as each other. V@rfoduceda reasonable amount compared to other
trackers.

The study findings show that FT design has the lowest NPC and LEXDE233 million
and 0.04907 $/kwWh respectivelbhisis mainly due to the relatively low power generation
cost along with the lowcost of a simplesystem. Moreoverthere are no substantial
differences between HMA, HWA, and HDA regarding LCOE whereas H@A the
highest costs, followed by TA. VCB able tosell back excess power produced mainly in
low temperature and low demand periods (Janudtgy). It showed less power purchased
from thegrid than FT and other oraxis trackersvhich lead to lower taNPC and LCOE.

In comparison to théixed system, the tracking systems require higher initial, operation,
and maintenance coskgertical continuoudracking systenpresents a high penetration of
solar energy to thgrid, and it has relatively low LCOE dNPC. Moreover, it introduced
the only positive ROl compared to all trackers.

Considering the high cost of the tvagis tracking system and the low performance of
horizontaltrackers, th&/ CA offers a significant technicglerformancealong with feasible

economic metrics (LCOEROI and NPC). Therefore, VCA can be recommended as the
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optimal choice for Makkah cityto enhance thelectricity generation of gridonnected
solar PV.

The proposed system design and evaluation of tracking systems could be &ppingd
location worldwide tamprovethe performance of gridonnected solar PV. However, the
simulation results in this study agaitedependent on site metrological conditions |tael
profile, and the components cost which may vary by location.

HOMER software is a powerful toolto evaluate designs of waariety of tracking
configurationdor grid-connectedpplications, as it considers tkey factors of PV system

performance including load profile, component costs, and resource availability.
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Chapter 5
Deter nhpriiin®pallarOrkR\ent at i

5.1.Introduction

Solar energys seerasa promisingRESs for future energy generation and fossil flié9], [232]

In realworld, various operating conditions and factors affect the performance of the solar PV
system. Nowadays, most commercial solar cells ar20%0 efficient Figure 5.1) [233]. The
combination of suclkeffectswith the site location and climate conditions determitiee power
generation potential of the system. Thus, understanding and tackling these external factors is
essential for improving the solar PV system performance and increasing the feasibility in both
technical and economic aspects. Hence, maximizingtihzation of the system by eliminating

or mitigating energy losses will improve the reliability of the PV system and overcome some of
the drawbacks of solar PV projectd.a particular site, the power output colble maximizedf

the panel orientationncluding its tilt angle and azimutiingle are adjusteéppropriately. At a

given moment, the solar irradiation on a PV panel is highest when the surface of the PV plane
points towards the sun capturing the core components of tharsathation whichis the direct

solar beamThis leads to receiving more solaradiationand ultimately generating more power

from the solar P\systemsince the power output is almost proportional to photons received by the
solar panel. For instance, a solar panel withraa of Im? and a 15% efficiency will yield 150/

at standard test condition (STC) (solar irradiation 1 k¥véntell temperature of 25°C). However,

the solar cell generates more power when there is high irradiation and less under shading or in

cloudy wether.
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Figure5.1. Efficiency comparison of some PV technologies

5.2.Problem Statement

Thesite andveatherconditionsdefinethe power generation potential of the system. Thus,
understanding and tackling these external factors is essential for improving the solar PV system
performanceln the same contexthé solar PV power output coulte maximizedf the panel
orientation irtluding its tilt angle and azimuthngle are adjuste@ppropriately.This leads to
receiving more solar irradiation and ultimately generating more power from the sotystvh
since the power output is almost proportional to photons received by th@aoéh
As a final phase, by applyiregdetailedncident solar radiation calculation model, the optimal tilt
and azimuth angles will be determined towards generating the maxenengy yield The
orientation adjustment of solar PV panel will lead to more efficient system and can mitigate the
challenge of the low cell efficiencies and the high cost to the solar PV system BromeChapter
3, the central region of Saudi Arabia was found to hevégh suitably index for solar PNL78].

The authors studied and investigated theability for the whole country considering different
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economic and technical criteria, with the goal of assuring maxiemargy yieldvhile minimizing
project cost. In thishapter our objectives are:
1. Consider the permutations of tilt angle between 0 ad&®@ azimuth angle betweed0J
and 90 in onedegree steps to calculate the total power produced monthly and annually for
each pair which results in maximum solar irradiation.
2. To investigate the optimal tilt and azimuth angles for 18 cities in Saudi Arabia using real
hourly measurements.
3. The air temperature has some effect on the PV performance. Thusfettiese hourly
power generated by PV wille consideretbr more accuri calculations.
4. Due to solar PV cover material, some solar irradiasdnstwhen the angle of incidence
(AOI) is greater than zerd.o account for such losghe incidence angle modifier (IAM)
will be used
5. To validate the results of thihaptemwith results obtained from ChaptepB potential site
suitability for utility-scale PV technology in Saudi Arabia.
A detailedincident solar radiation calculation model will be develojefirst determine the solar
angles and then convert the values of hoursasured solar irradiation components, including
GHI, DHI and DNI as well as ambient temperature) for one year into hourly, monthly and
yearly tilted irradianceThese values will be used to find the optimal orientation, consisting of tilt
and azimuth which allow the system to generate the maximum yearly power. Symbols and

abbreviations used in ththapterare listedn Table5.1.
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Table5.1. Symbols and abbreviations

Acronym definition Acronym | Definition
GHI global horizontal irradiation . solar azimuth angle
DHI diffuse horizontal irradiation I solar altitude angle
DNI direct normal irradiation L latitude of the site
STC standard test condition . surface azimuth angle
n day number t tilt angle
Ta ambient temperature H hour angle
AOI angle ofincidence 1 solar declination
IAM incidence angle modifier 6 "Y | Clock time
n day number 0« standard meridian
King Abdullah City for Atomic and . ) _
K.A.CARE 0 "Q | longitude of the site
Renewable Energy
Z ground reflectance (6] equation of time
[ Output OC power — AOl angle
[lm DC power 0 total direct normal irradiation
« year ‘O total diffuse horizontal irradiation
| . total direct normal irradiation on
- cell temperature o
surface
{|+ ambient temperature ‘O total diffuse irradiation osurface
4 E F4 | nominal operating cell temperature 0 total reflected irradiation
|

PV temperature coefficient of power

5.3. Literature R eview

Different methods have been proposed for optimizing the tilt angle of solar PV for different sites

in various latitudes in the literatuf@34], [235], [244] [246], [236] [243]. Sixteen different

analytical formulae havieeen developefbr calculating the optimum\Ptilt angle for each month

by Nijegorodov et al[235]. Cheng et al[240] conducted a study for soutrientedtilted PV

panels at 20 different locations in 14 countries, ranging from 0 to 85 latitude, and concluded that

more than 98% of the system performance can be achieved by considering the latitude angle as the

p a n e larfy sptingaktilt angle in the Northern Hemisphegéminir et al.[239] concludedthat
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yearly optimumtilt is approximately altitude + 15 degrees, where plus and minus signs are for

winter and summer seasons, respectively. They studied the case of Helwan, Egypt. Monthly,

seasonalsemiannual and annual optimum tilt anglesre deteminedfor two cities in Iraf247].

Their study showed that twtome adjustments led to about &nuaincrease in the total received

energyBenghanert al.[248] foundthatthe average optimum tilt angle at Madinah, Saudi Arabia

is 373for the winter months and 1for the summer months, whereas the annual optimum tilt angle

is almost equal to the latitude of the siRowlands et al. [236] recommendhat tilt angle be

marginally less thatatitude for Ontario, Canada, given a particular pricing regime, while the

desired azimuth is close toe southin [249], additional annual energy achieMey adjusting the
PV surfaces at monthly, seasonal, sgearly and yearly optimum tilt angle can be 23.15%,
21.55%, 21.23% and 13.76%, respectively compared to the no adjustmetazisauraet al.
[234] investigated the optimum tilt angles for various cities in Saudi Ar&biraleddah city with
the latitude of 21.5A N, the optimal tilt
adjusting tilt angles six times per year yieldsatthieving99.5% of the solar radiation compared

to daily adjustment.

By optimizing solar panel tilt angles asolartree for San Francisco and Pai®y et al[238]

ang

demonstrated a power generation increase of 2.04% and 7.38% respectively compared to latitude

tilt. Lv et al.[237] concluded that due to a low significant variation in total solar energy compared

to the case without adjustmeiitis not recommended to adjust the tilt angle monthly during the

heating season in Lhasa, China.

The tilt angle is essential to tiperformanceof solar PV. Improper tilting leads to capturing less

available solar powe® rule of thumb that the tilt anglshould be equal to the latitude of the

location and that the azimuth angle should be towards the south for a maximum annual energy has
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been considered in many stud[@89], [250], [251] However, the solar irradiation availability
varies throughits annualcycle. The ruleof-thumb approach may be appropriate for specific
locations. However, it may result in increased system cosigs owersizing of systems if
considered without proper analysis. The consequences are particularly notable fesaatiéity
sdar power plantg§252]. In comparison to the earlier studies, thlzapterdemonstrates that
measured datdriven determination of panel tilt and azimuth angles is crucial to maximizing the
incident solar radiation on a panel at a particular site, andithaty accepting panel tilt to be

equal to location latitude might not be the best approach for all places.

5.4. Methodology

Figure5.2 presents the proposedethodology |t consists of three steps; the first stepnprises

of weather data collection for the study region. The secongetepntshe solar angles equations
while the third step computes the impact of solar irradiation on solar PV. The methodology applied
in this chapterexamines every optimization loop to find the decision variables, including the tilt
and azimuth angles, that leadilted solar PV panel to capture the maximum solar irradiation in

monthly, seasonally and yearly adjustmefiteese steps are explained in detail as follows:
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5.4.1. Input data
Hourly measured weather data including GHI, DNI, DHI and for the Riyadh city
(latitude=24.91 and longitude = 46.40) in central Saudi Arabia were obtained from K.A.CARE.
K.A.CARE as the lead organization working to develop a RESs mix portfolio, has established the
renewable resource monitoring and mapping (RRMidlar measurement network, which is
deployed over Saudi Arabia with 50 metrological stations classified in three tiers. For this study,
a tierl RRMM weather station, which is considered as a research type station provided the highest
quality data with lav uncertainty (in the range of¢ bPsubhourly). This station is maintained and
cleaned on a daily basis and providemihute level data. The data from January 2015 to
December 2015 was used to investigate the optimal tilt and azimuth gge$igure5.3 shows

the average monthly GHI and air temperature for Riyadh city.
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Figure5.3. Monthly average oGHI on a horizontal surface and air temperature for Riyadh

5.4.2. Solar angles equations
The solar declination (| defines the angle between the plane of the equator and a line drawn from

t he center of t he sun t o t h e23.45hand -23¢198The e nt er
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following equation defines the relation between the day nuni)esnd the declination ate

assuming 36%lay year and spring equinox on day number 81.

Q

S

| ¢@ d Q g p Eqg.5.1

o
S
Cm-A

At any time of day { , the sun location can be defined in terms of its altitude &ngled its

azimuth angle as shown irFigure5.4 [254].

-~
sunrise -~
LIRES

s Tz -
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West of S: ¢ <0

sunset

Figure5.4. The su@ position with solar altitude and azimuth angles

The time of the day, the day number and the site latitude determine the solar azimuthd(

solar altitude anglds. The foll owing equations can be use:

0BT AIWGRIAT0 OBIOE] FEAS2
... Al ®EG £
A= g.5.3
Okl ATT0
The solar azimuth angle is considered positive before noon, when the sun is in the east, and
negative in the afternoon when the sun in the west. The hour angle is the number of degrees that
earth must rotate before the sun can reach the local mefiiyitude). The hour angle (H) can

be calculated as follows considering the earth turnd 8624 hours or 18hour:

124



"0¢ 0w ¢ "QIOQ % 18 @ 0 1iQ Q8 i¢'@ec¥i ¢ ¢ EQ.54
The solar azimiln could be obtained usirtgg. 5.3. However, in summer and spring seasons, the
magnitude of the solar azimuth will reach more thahd@0ess than90J away from the south in
mornings and afternoons. A test is required tafydhe position of the sun as the arcsine is

ambiguous. This test should be done to check whether the angle is less or greatek than 90

. 0 W€ .
N0 5 c(:)ﬂtz HMée.s wnl] € i 0 RsQwm Eq.5.5

The sun path including solar altitude and solar azimuth could be depicted in a graphical form for

a given | atitude, to help visualize the sunbo:s
utilized to avoid locations shaded by trees, buildings orahstructions at a potential site. In the

northern hemisphere, the solar path is high in altitude during summer and low on the horizon
during winter.Consequently, summer days are longer while winter days are siiratenns are

opposite in the southetmemisphere. All these variations result in varying geometry of the sun
position at a particular plagg@41]. From the above equations, the solar altitude angled solar

azimuthe can be calculated and graphed at any given latikigare5.5illustrates the suis path

in altitude and azi mut h adfgrl2& day éf each nRmthyfmrd h 6 s |
5:00 a.m. to 7:00 p.m. local time. The positive side (east pfepresents the sun path before

noon, while the negative side (west) represents the afternoon path. At the center is the azimuth of
zero at noontime. In summer and spring martties  takes values beyond the&@0Jwith hight .

This understanding is es#tial for analyzing and modelling solar irradiation components as shown

in next section.
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Thesolartime (ST) is a time expression represayatime relative to solar nooithisis different
from the local time or civil time (CT) where the world regulates cl@sidtime according to the

coordinated universal time (UTGtandard. Two equatioaserequired to adjust the ST as follows:
OO HEWMOI® wPOED x® AT60 paOBid Q¢ 6 6 Eq.5.6
VM ocoefrevé YPp'QQQ QQi
Thefinal relationship between the ST and CT in minutes is:
YE aadRAWY 6Y 12 & 0Q O EQ.5.7

Where0 dis the standard meridian afd"@® the longitude of the site. The equation of the time

is a function of time of the year as depictedrigure5.6.
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Figure5.6. The equation of time (E) in minutes as a function of day number (n)

5.4.3. Computing the impact of solar irradiation on solar PV
The solaiirradiationreceived by the solar panel is a combination of its components: direct beam
irradiation 'O , diffuse irradiation 'O and reflected irradiationO as shown ifFigure5.7. Using
geometric calculation, the estimation of the DNI insolation on a PV panel is easy and highly
accurate compared to DHI and reflected irradiation. The translati@ ointo direct irradiance

hitting the surface™O is a function of AOI and given by:

0 0 8¢ i Eq.58

Where— s the angle of incidence, between the direct beam array and normal to the panel. On
a fixed solar PV;O will not be normal to the panel at all the times during the day, thus when the

0 U '@Bcreases, the reflected irradiance increases because of the PV panel front cover material
(usually glass). To tackle such material reflectance, irradiance angle mgbiid) will be
considered to computmore accurately the irradiation of the panel beneath the protective layer.
The American Society of Heating, Refrigerating and -8onditioning Engineers (ASHRAE)

adopted the following calculation of IAM response of Rahels[255]:
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V60 p & YQE  p Eq.5.9

The® value of 0.05 has been recommended to model the glass respismsecommended to
use this equation only fer Y 11[256]. The modifiedOcomponents after considering IAM

are as follows:

O 0 6éi-p MWUYQE p Eq.5.10

Figure5.7. Irradiation components received by the pabdehg withangles

The estimation of scattered solar irradiation (diffuse sotadiation) ‘O due to the diffusion
caused by clouds, atmospheric particles or nearby oligattsre complicated~or asimple

model, the expression f@is as follows:

0 0 p O6¢i Eqg.5.11
q
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WhereUis the tilt angle of the panel concerning the horizontal surfaceehe other handQis
the irradiatiorreflected from ground, water or snow, received by the panel. The following

expression gives the reflected irradiation:
0 "0 Y@ O p 0¢f Ig Eq.5.12

Where” is the ground reflectance, which could range from 0.1 forbanenvironment to 0.8
for fresh snow. In thistady,” is estimated as 0[257]. The total irradiance received by a PV
panel is:

O 0 0 O Eq.5.13

Like other semiconductatevicesa solar cell is sensitive to the temperature generated from the
received sunlight. When the operating temperature of the solar panel increases, the solar cell
performance decreases. The conversion rate of solar energy to electrical energy for a kgpical so
PV module is in the range 0fZ5%. Accordingly, the rest of the incident irradiatisrtonverted

to heat, which significantlincreaseshe temperature of thmodulehence lowering the efficiency

of themodule[258] Taking into account a typical module efficiency of 16%, and cell area®f 1m

the DC power yield resulting froi@will be as follows:

% GO Eq.5.14

C

To account for the hourly change the ambient temperatyréhe nominal operating cell
temperature (NOCTi¥ consideredNOCTis often providedby the module manufacturer and gives
the cell temperature when ambient is 20°C, wind speed is amafsplar irradiation is 800 W/

In this study, the NOCT is assumed to be 4mdthe temperature coefficienf2 r) is -0.4%/°C

[259].
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0 0 p QFY ¢uv Eq.5.15
WM QY Y 006 Y TP RO Eq.5.16

The consumption tarifff will be considered as if the power produced by the solar PV system
will be injected to the grid with the same tariff. A new electricity tariff of QY08 7 Ewvas
announced on 1/1/2018 in Saudi Aralpi&,3]. For each hour in the year, the total of annual
potential revenue fromush panel orientation is calculated as follows:

~

0 r0 Eq.5.17

5.5. Results

5.5.1. Annual optimal orientation and energy yield
The proposed approach describedFigure 5.2 was coded in MATLAB to find the optimal
orientation for Riyadh. The optimization code was run 16,472 times to investigate the potential
solar irradiation and power output for every camalbion of tilt and azimuth angles in the whole
year. The tilt angle ranges fron @ 90J while azimuth from90Jto 9QJin 1J}incrementsFigure
5.8 presents a sample of such simulation using surface azimufinofm -20Jto +20J for eachtilt
angle range fromJio 9QJ. Theenergy yielcswings betwee@®81to 330kWh per year. Thenegy
yield output increases as the tilt angle varies fromt® approximately 30 and then starts to
decrease. As the azimuth angles changes f&ihtowards zero, the pe&kergy yieldremains

almost constant, whereas the power trend starts to decreaseaasihth increases beyond zero.
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Figure5.8. Sample of simulation outcome for different azimuth and tilt angles

For a tilted surface, the annual potential solar power has been calculated for défeneuth
angles ranging from 9qeast) to-90J (west) in 1 increments, using the MATLAB codEigure
5.9 shows the annuanergy vyieldfor different azimuth angles (-60J,-40J,-20J, 0J, 20QJ, 4QJ,
60J). The azimuth angles 620J, -40J and @ demonstrate similar potential with their maximum
between the tilt of 2Dando 1@ The power decreases as the azime#ithes or exceeds 20 earst
60 westof southfacing. For a panel close to vertical, #&8J azimuth is optimal, as vertical
orientation misses the major solar irradiation dunngntime but it can capture more irradiation

before sunset by directing the panel towards the wspgcially during long summer days.
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Figure5.9. The potential annu&nergy yieldversus tilt angles for different azimuth

5.5.2. Monthly orientation adjustments
As discussed in previous sections, the godaver production varies owing to the variations of sun
path from one month to anothehd& monthlyenergy yieldkWh) is plotted versus tilt angle for
each month for a soutlacing panel with dixed azimuth angle-RQJ) as depicted ifrigure5.10.
As observed from the graphs, the selaergy yielddepends on the tilt angle. In January, February,
December, and Novembérstarts at low (125 kWh) at the tilt angle ofJiit increase gradually
as the tilt increases to approximately#nhd then it starts to decrease. In summer months (May,
June, July, and August), tlemergy yieldreaches the highest values with low tilt angle near the
horizontal, and it declines steeply beyondtth@ngle ofo @ This is due to the high solar altitude
during summer. It should be noted that tilt angles higher thagig@ lowestenergy yieldor any

month, and therefore this range need not be considered. It should also be mentioned that the panel
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efficiency and air temperature effects are taken into account when calculating the potential solar

power.
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Figure5.10. Total monthlyenergy yieldversus tilt angle for20 azimuth angle

Based on the maximum totahergy yieldn each month, the optimum tilt angle was found for the
azimuth angle of20° as shown ifrigure5.11. Winter months including December, January and
February show the highest tilt angles with a peak of 53° in December, which is when the sun is on
the Tropic of Capricorn (23.5° south). The average of tilt angles in summer months, i.e., May,
June, July, and Augussg 9°. For the equinox months (March and September) when the center of
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the sun is right over the equator, the tilt angles are 25° and 22°, respectively. Finally, the annual

optimum tilt angle was 24° which is very close to the latitude of Riyadto(p N).
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Figure5.11. The monthly optimum tilt angle for Riyadh

Figure5.12 shows the total of monthly solar irradiation at the annual optimum tilt anglel(241.0

For this value of tilt angle, the solar irradiation varies throughout the year. A maximum of 230
KWh/m? occurs in July with the azimuth oft 1. During summer monthéay, June, and July)

the solar irradiation is at the maximum due to the high solar altitude and long days with an average
of 225 kW/nt/month. In these summer months, the sunrise is around 6:00 am and the sunset around
7:00 p.m. The surface azimuth betweec tand 1 1 (towards the west) is suitable in these
months, to capture more irradiation. In the equinox monthgMarch and September the azimuth
angles between soufacing and ¢ ftare optimal, with around 200 kWh#fmonth. In general,

the azimuh of 1 (southfacing) and ¢ @ have similar performance except in summer months
when ¢ @has a higher output due to the solar path. The moetidygy yieldhas the pattern

similar to that of solar irradiation as shownHigure5.13. However, due to the air temperature
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effect, theenergy yielddecreases sharply in April and September, while in the summer months the

availability of solar irradiatiomompensates for the air temperature effectskgpee5s.3).
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5.5.3. Proposed orientation adjustment scheme
The fixed tilt angle of 24 whi ch i s the same a8azimutbwoRld yadhod
yield the maximum annual power ofo&QdQ The azimuth of2Qu indicate that the panel will

generate more on the west and thisssa result ohigh solar irradiation is available in the
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afternoon Figure5.14 presents the daily GHI of each®8ay of each month to highlight the time

where high solar irradiation taking place.
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Figure5.14. Daily GHI of the 15th day of each month
This is in accordance with the gener al Arul es

optimal, and the deviations in the aztmangle of 10to 20 from southas having small effects.

The optimum monthly tilt and azimuth angles found in this study, withéneirgy yieldare shown

in Table 5.2. Moreover, the calculation afnergy yieldthat could be generated by the solar
generation system is investigated. It was found that the monthly adjustment increases the harvested
solar energy by 4% (13.3 kWh). The monthly adjustment might not be justified considering the
cost of manpower and sokaackers for such minor improvement in the system performance. From
Figure5.11 and Table 5.2, it can be noted that the summer tilt angles for May, June, July and
August are very close to each other with an average of 9.4°. Moreovengityy yieldlifferences
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between these months are less thalVh. Therefore, there could be one tilt angle for the whole
summer season. Similarly, for the winter months of November, December, January, and February

there could be one tilt angle of 47.25°.

Table5.2. The monthly optimum orientation and their corresponding potesigigy yield

Optimal
Month (Base, Monthly) Energy yield (kwh)
1J e J

Jan 49 -14 25.126
Feb 42 -15 27.5565
Mar 25 -18 28.9332
Apr 11 -24 27.8821
May 9 290 30.5617
Jun 7 -90 32.4334
Jul 8 -90 30.8385
Aug 12 -64 31.074
Sep 22 -16 27.8855
Oct 37 -15 29.0833
Nov 45 -12 24.7242
Dec 53 -10 28.6875
Annual 24 -20 331.4937

Compared to the study ¢234], which considered only tilt angle adjustment, the optimization
approach in this study considered both the adjustment of tilt angle and the surface azimuth angle
from the east (w @) to the west (w @ with high accurate solar irradiation datdne monthly
optimum tilt angles are very comparable. Howeweur study, for the summer seasbfay to

August), the optimum tilt angles were found to be very close tzdrmgal, while theoptimum

surface azimutis in the west direction, atw @ The case in the previous study shows a tilt angle
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with a negative tilt, which means that the surfecerientedtowards the north. The azimuth -of

90J (westfacing) is owing tothe sun path in summer months which is more upwardly concave
towards the north especially during morning and late afternoon time as shbigane5.5. Also,

due to the clear sky in the afternoon kingh availability solar irradiation is existing.

A wider solar modulesanrangecan resulin a seltshading issue which may reduce the system
performancesignificantly. For more practical azimuth ranpesidesavoidng wider orientation,
modified azimuth angles are proposedcukve fitting with 4" order polynomia(R? = 0.964)is
appliedfor better azimuth angles for summer mordakgepicted ifrigure5.15. The reslis show

that the new azimuths feummer seasqiMay to August) hae 98.5% efficiencycompared to the

obtainedoptimalazimuthas shown ifmrable5.3.

Angle °

-26

Figure5.15. Proposed monthly azimuth angle for Riyadh
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Table5.3. Proposedolar PV orientatioior summer months

Optimal . Efficiency compared to

Month (Fitted model) Energy yield (kwh) . . _

1 . J optimal orientation (%)
May 9 -24.5 30.3195 -0.792
Jun 7 -25 32.0213 -1.270
Jul 8 -24 30.3723 -1.51
Aug 12 -21.5 30.9340 -0.450
The monthly adjustmentf solar PV orientation might be quite challenging as it is labor

demanding. Therefore, the proposed adjustment schedule for both tilt and azimuthisangles
presentedn Table 5.4. Adjusting the tilt angles according to tpeoposedscheme results in
harvesting 33% more solar energy than with the fixed annual optimum orientation. This scheme
should generate almost the sameh&scase of monthly adjustments (with onlg@@®%6 less) as
shown inTable 5.4. The variation of tilt has a significant impact on theergy yield By
considering a monthly tilt of altitude (24and fixng the azimuthas showrTable5.4., the annual
energy yielddecreases by 4.1% (14 kWRn theother hand, the impact of the azimuth angle has

a minor effect on thenergy yield Using the optimum tilt with zero azimuth (sot#ting), the

system would generate less by only 0.77%nergy yield 3 kWh).
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Table5.4. Proposed scheme for periodic adjustmentstlaadorrespondingnergy vyield

Optimal
Period (Base,Fitted, Periodic) Energy yield (kWh)
TJ e J
Nov 28.565
1 Dec 47.25 -12.75 24.712
Jan 25.109
Feb 27.468
2 Mar 25 -18 28.933
Apr 27.8707
May 30.3195
3 Jun 9.4 -23.8 31.8736
Jul 30.3149
Aug 30.9947
4 Sep 22 -16 27.886
5 Oct. 37 -15 29.083

Figure 5.16 illustrates the impact of varying the panel orientation with respect to the potential
energy yield It can be noticed thdtoth monthly tilt and azimuth angles are presented as concave
upwardthroughout the year. Compared to altitude tilt and due south orientation, thestilsh

peak of more than doub{en December) whereas the azimuth has a minir2@ (in June). In
summer months, tilt angles start to decrease while the azimuth temaséoto the west with a
maximum of-5J. This will cause the panel to capture high solar irradiation and thus generate more
energy yieldlexceeding 30 kWh) as displayed in the sharp move in power trend lin€igsee

5.16). From November to February the tilt angle is at high (latitudelyfd/Bereas the azimuth
angle is in the range 610J to -15J. This drives theenergy yieldto be betwen 2428 kWh ger

month.
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Figure5.16. The orientation variation with respect to teergy yield

5.5.4. Results validation and optimal annual orientation for 18 cities in Saudi

Arabia

The same optimization procedwras appliedor 18 cities in Saudi Arabia using the measurements

of RRMM sensors from K.A.CARE from one year, and the resarkspresentedh Table 5.5.

Since the data collection projectatts early stages, some stations had missing data. We used the

2015 data, and for the missing data, we used the data for the same hourgrefitius or the

following year.The annual optimum angles for most o ttities are very close to their respective
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latitudes The highest optimum tilt angles (401 Ao ) Were foundor Tabuk and Alwajtcities

which is consistent with their north locations, with latitudes higher than 26

Table5.5. Annual optimum orientation for 18 cities wigmergy yield revenues and suitability

Annual
. Annual Annual o
. _ _ optimal (Base . . Suitability

No. | Location Latitude | Longitude energy yield potential

model) [178]

(kWh) revenue ($)

1J e J
1 Abha 18.2227 | 42.546 22 -25 325.3645 26.0292 Moderate
2 Albaha 20.1794 | 41.6357 24 -32 330.3742 26.4299 High
3 Aljouf 26.2561 | 40.02318 | 33 -54 324.5771 25.9662 -
4 Riyadh 24.90689| 46.39721 | 24 -20 331.4937 26.5195 High
5 Alwajh 26.2561 | 36.443 39 -56 330.5207 26.4417 -
6 Arar 31.028 | 40.9056 | 33 -43 320.679 25.6543 Most
7 Hail 27.39 41.42 28 -33 322.1703 25.7736 High
8 Dammam | 26.39497| 50.18872 | 23 -8 309.1162 24.7293 Moderate
9 Al Ahsa 25.34616| 49.5956 23 -8 317.0333 25.3627 Moderate
10 | Qassim 26.34668| 43.76645 | 25 -30 312.5703 25.0056 High
11 | Rania 21.21501( 42.84853 | 24 -32 322.59 25.8072 -
12 | Yanbu 23.9865 | 38.2046 | 34 -55 320.9651 25.6772 Moderate
13 | Al Khafji 28.48 48.48 24 -13 295.5449 23.6436 Moderate
14 | Tabuk 28.38284( 36.48397 | 40 -53 343.9283 27.5143 Most
15 | Madinah 24.4846 | 39.5418 | 32 -50 307.7511 24.6201 Moderate
16 | Taif 21.43278| 40.49173 | 26 -35 338.336 27.0669 Most
17 | Makkah 21.331 | 39.949 24 -43 296.139 23.6911 High

Wadi
18 ~ | 20.4301 | 44.89433 | 23 -27 328.7003 26.296 Moderate
Addawasir

The results of this studwere validatedagainst[178], which offered a highevel overview of
potential site suitability for utiliyscale PV technologyn Saudi Arabia, based on the integration
of geographical information system and mliiteria decisioamaking tool. A land suitability

indexis computed to determine potential sit€be locations of the 18 citieewe showron the
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suitability map inFigure5.17. The high suitability areas comprise 50%abfthe suitability areas
consideredand can be seanainly spreadround the central region.

Tahuk city, with the highest suitability indexrigure 5.17), demonstrates the highest annual
potentialenergy yieldof 343.93 kWh and potential yeangvenue of $27.5{Table5.5). This
annualenergy yields 9% higher than thannualenergy yieldwhen the tilt equals to the latitude
and azimuth eaals to zero. Also, Taif city whicts locatedn the most suitable area presents the
potential of 338.34 kWh and $27.07. In Riyadh, whichlieen considereid this study, it shows
the third most potential citgegardingenergy yield Thisis due to the igh solar irradiation and
the mild air temperature year round. Frm8], it presents &igh suitability indexthisis a strong
indication that these three locations are the best sites to consider for solar PV. Both studies
consideredhe availability of solar irradiation and the air temperature aremidie drivers for

ranking the suitabily sites.
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Figure5.17. Suitability map and solar station sites
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Based on both resultsigh suitability presented in Albaha, Arar, and Ha#reassociated with a
high annuaknergy yieldnore than 322 kWh. Tabuk located in the North, Riyadh, Albaha besides
Taif city in the West would be the most suitable sites to implement solar PV on asitiditycale.
While these locations account for less than 3% of alhfipropriateareas, they é&ér potential for
high-performancesolar PV projectsegardingenergy yieldand associated infrastructure costs (see

Table5.5 andFigure5.17).

5.6. Conclusions

In this chapter we investigated the impact of teentation of a fixed solar PV on the energy
yield. A case study for Riyadh, Saudi Arabia was conducted. The results of our studghahow
the monthly adjustment of tilt angle increases the harvested solar energy by 4% compared to the
fixed tilt angle. Based on the calculation results, instead of moadjxgtmentit is recommended

to adjust the tilt angle fiveBmes per year to achieveareoptimal resultsThis enables harvesting

4% more solar energy than with the fixed annual optinoaentationwhile minimizing the cost
associated with workforce for monthly adjustment or solar trackers. If considering only the fixed
diredion, the tiltof 24Jand azimuth of20Jwill lead to the maximum potential power. Howeyver

the impact of moving the azimuth from sod#ting ¢ T toe J ¢ Tuis minor with less

than 1%ossin annual potential power.

The optimum orientation, including optimuitt and azimuth angles of solar panels in 18 cities in
Saudi Arabiawere studied Using hourly measured GHI, DHI, DNI and air temperature, a
MATLAB detailed model was developed to optimize the tilt and azimuth angles by maximizing

the captured solar irréation andenergy yieldper square meter.
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Chapter 6

Concl usi ons and Fu

6.1. Conclusiors

In this thesiswe investigatedour interrelategproblemstowards optimal design and analysis of a
grid-connected solar PV systeffhe first problem tackle the prioritization of RESs undéour
criteria namely economic, technical, socjaolitical and environmental. The second problem
studies the site suitabilit of utility-size solar P\system Then, the design and analysis of solar
PV systemis examined as the third problefhe fourth and the final problem investigathe
optimal orientation of solar PV using a detailed solar irradiation model.

In problem 1evaluation of five renewable energy resources including solar energy, wind energy,
geothermal energy, and biomass enaggperformed toexaminetheir potential for electricity
generationFourmain criteria (14 suloriteria)are consideretbwards prioriizationthe renewable
resources for an energy mix portfolio for Saudi Arabia. The results show solas th¥ most
promising alternative (highest weight of 25.6%) followed by solar thermal.

Problem 2 conductsa highlevel suitability study of the potential sstdor utility-scale PV
technologyimplementationn the study areand defines the degree to which each site is suitable
for the placement of PV plants. This suitability vessessedccording to the aesiated criteria
and excluding all restriction#\n essentiateal data ofveather including solar irradiation and air
temperatureare considered iddition to the associated infrastructuteta The approaclof
integrating the GIS and MCDMffectively excludes the unsuitable sites armmtoduces a land

suitability index for potentiaPV plantswhere employing utilitysize gridconnected PV power
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plantsvaries from the least to the mastitablesites.Chapter 2 and Chapter 3 can be considered
asprimary stgesof installing PV power plants.

Subsequentlyin problem 3of the thesis we investigatesix different designs ofracking system
(FT,HMA, HWA, HDA, HCA, VCA, and TA. HOMER softwareis used for design analysi

case oMakkah, Saudi Arabie consideredit was observethat TA carproduce 34% more power
than FT while VCA carproduceup to 20% more power than FT. However, TA requirgher
initial, operation, and maintenance cosS¥&CA presents a high penetration to thedgtow
economiccosts (LCOE and NPC) and presented a positive ROI compared to all trackers.
Finally, in problem 4 a detailed model was designed to investigate the impactfodetthesolar

P V 6osentation on the energy yield and to find the optimal tilt and azimuth angles that will
generate annual maximuemergy yield This isowingto the emerging discussion of the solar PV
orientation andhe associatednergy lossesThe case oRiyadh cityis consideredThe monthly
adjustment of tilt angle increases the harvested solar energy by 4% compared to the fixed tilt angle
Nevertheless, adjusting the panels monthly is associated with challenges lsw&oélsbor and

high costs. Therefore, we propose an adjustrseheme of onlyive times per yeawhich leads

to harveshg almost the samenergyas the monthly adjustments scheme with less than 0.5%
power lossesThesame optimization proceduieapplied to calculate themergy yieldand system
revenue for 18 cities in Saudi Arabia.

The results of thiphasewere validatedgainstesults from Chapte3, most of the high suitability

sites present a high pattial forenergy yieldconsidereingptimal orientation.

6.2. Future Work

This thesisis inspiredby the RES targets set by many countries, and its main objective is to

facilitate the decision making towards the deploymersotdr PV systemsThe chapters of this
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thesis narrate how this objective was attairvad, some issues still need to be tackiledt can be

consideredsfuture research works:

T

In problem 1(Chapter 2, further technical and economic saiiteria could be considered

to enrich the model. The accuracy of the model results can be enhanced bynaigng
local datarom K.A.CARE.

In problem2 more electrical criteria can lo@teworthyto consider for determining the best
sites includingeffect on voltagerofile on nearby buses, voltage sag/swell, transmission
line losses, maximurpower injectionimits, and maximum power flow rate.

For thesolar PV site suitability problem presented in Chaptaadkling hybrid systems
including more than one RESsuch as solar RWind and solabiomass could lead to cost
effective and technically feasible RE®jarcts. Moreover, applying new techniques as well
performing a comparative analysis of such techniques towards an insightful understanding
of the best approach, are potential directions for future research. Furthermore, it would be
interesting to include tber decision criteria to enrich the proposed model, such as
population growth, heritage sites, vegetation distribution, and visual impact. Sandstorms,
which are a common phenomenon in arid and deserted areas, have a significant impact on
PV performance,rad therefore avoiding these areas is a crucial factor for more efficient
PV systems. Furthermore, considermegl longtermdata from star monitoring sensors
across the country could enhance the solar irradiation modeling in ArcGIS.

For the solar P\esigns presented in Chaptesdveralimitationscanbeaddressed-irst,

REFIT can play aital role in the RES economic viability, and further analysis could be
carried out to observe its impact on #gmnomic performance of the systeMoreover,

the effect ofdifferentmodelsof solar PV withdifferenttemperature coefficientnd their
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effecton power generatiodPC,and LCOE coulde investigatedn the future research,

a comparative performance analysis ofgifid and gridconnected designs faarious
locations withdifferent metrological conditionsan be investigatedMoreover, hybrid
systems such as solaind-biomass could be integrated to examine the optitesiign
Finally, it would be interestindo integratesolar PV into the energwyix, the demand
pattern and market pricasproblem 4 Chapter $. These factors can play a majofe in
determining the optimal solar PV panel orientation, as maximizing aemeagy yield
may not always be appropriate as ke dmasis for this determinatioNlowadays, various
power regulations exisin different countries including timef-use tariff, peak demand
chargesand reaitime pricing. Accordingly, understanding the load profile of the customer
and the associated chasg®uldlead to a proper design to lower the amsthe customer
side In addition, he optimal orientation depends on the site location and climate
conditions However,most of the higlsolar irradiatiorregions are hot and arid witbw
vegetation which can causleist accumulation on panels that wiihder solar capturing

andalterthe optimal orientation of solar panels.
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