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Significant risks and uncertainties are introduced by the quick growth of photovoltaic (PV)
parks as a sustainable energy source, which has an impact on their long-term profitability,
operational effectiveness, and financial stability. This thesis focuses on risk analysis and
management in PV parks using the Monte Carlo method, a probabilistic approach that models
risks and assesses their influence on renewable energy investments. A theoretical review of
PV park construction, risk management concepts, and the foundations of the Monte Carlo
approach are covered at the outset of the study. The risks are then divided into Project
Management, Technical, Environmental, Financial, Regulatory and Compliance, Operational,
Social and Community and Cyber security risk categories in a thorough risk breakdown
structure.

The construction of a 1 MW PV park in Prochoma, Thessaloniki, Greece, is Photovoltaic Park
on which the risks are evaluated. Risk sheets and risk tables, which provide a methodical
technique for detecting, evaluating, and managing risks, are an essential tool in this study.
Each risk is thoroughly described on a risk sheet, along with information on its likelihood of
happening, effects on the project, and suggested mitigation techniques. A quantitative risk
assessment is conducted using the Monte Carlo method, considering variables including
equipment failures, material price volatility, quality control failures, severe weather events
and soil stability issues. A statistical assessment of risk impacts is made possible by simulating
thousands of conceivable events, which yields a clear distribution of probable outcomes.

The use of the Monte Carlo method as a tool for decision-making that facilitates the creation
of risk-reduction plans based on probabilistic models is given particular attention. The study's
conclusions demonstrate how applying such approaches might improve PV parks' ability to
withstand unforeseen events and offer insightful information to investors, project
developers, and legislators involved in the solar energy industry. This study adds to the body
of knowledge in risk management by connecting theoretical risk analysis with real-world
applications. It also suggests a methodological framework that can be applied to maximize
the sustainability and performance of renewable energy projects.

Evidence, such as that derived from this thesis, can be considered highly relevant by
construction companies specializing in the field of renewable energy sources, as well as by
policy makers in this sector. Each investor receives specific information as to the areas where
measures should be taken immediately to be prepared for the main difficulties that they are
going to face with this project. By understanding these and anticipating risks such as those
discussed, the safest possible condition for the construction of such a project is achieved.

Key words: Risk Analysis, Risk Management, Photovoltaic Park, Mitigation Strategies, Risk
Score

6 EANMMS “Alaxeipion Epywv YroSopwv Kat Kataoksuwv”
MSc “Infrastructure and Construction Project Management”



Risk Analysis in Photovoltaic Parks using the Monte Carlo method
Metamtuytokn Atmdwpatikr Epyaocio — ANéEavdpog Zndakng
Master's Thesis — Alexandros Sifakis

NepiAnyn

H taxela avamtuén twv ¢wrtofoAtaikwv (PB) mapkwyv, to omola amoteAoUv UEPOC TWV
OVAVEWOLLWY TINYWV EVEPYELAC, CUVOSEVETAL OO ONUAVTIKOUC KLvOUVOUG Kat aBefaldtnteg
TIOU EMNPEALOUV TN XPNHMOTOOLKOVOULKH 0TABpATNTA, TNV ETILXELPNOLAK ATTOSOTIKOTNTA KOl
™ HoKpompoBeoun PBlwolpudtnTd tou¢. H mapovoa SUMAwWUATIKY gpyacia €oTldlel otnv
avaluon kal &laxeipon KWwOUVWVY KATA TNV KATAOKEUN GWTOBOATAIKWY TAPKWY,
xpnotpomnolwvtog tn uEBodo Monte Carlo, n omola eMITPENEL TN LOVIEAOTIOINON KLVEUVWV KOl
TNV EKTLUNON TWV EMUMTWOEWV TOUC.

H peAétn €exva pe po Bewpntikn avaockonnon t¢ avantuéng twv OB mapkwy, Twv apxwv
Slaxeiplong kwduvwyv Kat Twv BepeAwdwv otoleiwv tng pebodou Monte Carlo. Itn
OUVEXELN, Kotaypadetol pia Aemtopepns dour) availuong kwduvwv, omou ot kivéuvol
taflvopouvtal o Katnyopieg omwc: Siaxeiplong, mePBAAAOVTIOG, XPNUOTOOLKOVOULKWY,
KOVOVLOTLKOUG, ETILXELPNOLOKWY, KOWVWVLKWVY Kol KUBepvoaodAAeLaG.

YJKOTO¢ NG epyaciag sivat va dtepeuvnBolv kat va afloAoynBouv mibBavoi kivdéuvol mou
eVOEXETAL VA TTAPOUCLOCTOUV KATA TNV KATACKEUT VOG dwTtoBoAtaikol mapkou. OLkivéuvol
autol, adol aflohoynBouv kat katavepunBouv otnv avtiotolyn kotnyopia pe Baon tnv
ETUKLVOUVOTNTA TOUG, SlepeuvwvTal £1G BABOC WC MPOC TOUC TPOTIOUG OVTLUETWITLONG TOUG.
‘ETol, N epyacia amookomnel emiong oto va SlamotwOel Katd mooo Lo emEvOuon oTov TopEa
QUTO elval EAKUOTLKN 1 av oL Kivbuvol Tnv kablotolv pun cupudépouvaoa.

Ma tnv KOAUTEPN KATOVONGON TOU TOUEQ TWV GWTOBOATATKWY MAPKWYV, TapaTiBevTal apyLka
Baoika BewpnTikd otolxela. H katavonon tTwv Lotoplkwv Sedopévwy Kal tng Stadkaolog
KOTOLOKEUNC TOUC SLEUKOAUVEL TNV KOTOVONON TWV KWvSUVWVY Tou eveEXeTalL va TipokUpouv.
ErumAéov, n Staxeiplon KwvdUvwy eival évag Topag mou mepthapPavel S1adopeG KALVOTOUEC
TOKTIKEG, OPLOUEVEG €K TwV omoiwv aflomololvtal otnv moapovoca epyacia. Emiong,
napatiBevtal OAe¢ oL KAUAKEG TIOU XPNOLUOTOLOUVTAL OTNV aVAAUON TwV KWOUVWYV, UE
Baolkn KaTnyoplomoinon o€ TPELS KaTnyopleg kwdUvou: xapnAng, peocaiag kot uPnAng
SLakvduveuong. Me Tov TPOTO AUTO, O AVOYVWOTNG OTOKTA AR PN KAl TTOAUSLACTATH €LKOVA
TOU OVTLKELIEVOU Kat TNG peBodoAoyiag mou akoAouBeital otnv avaluon Twv KvdUVWV Kata
TNV Kataokeun evog pwtoBoAtaikol mapkou.

‘Eva Baolkod BAupa tng epyaciag sival n avayvwplon oAwv Twv mbavwv Kvduvwv mou
EVOEXETAL VA EMNPEACOUV TO XPOVOSLAYPOUMO TNG Kataokeuns. Katd to PBrApa auto,
napouatalovral 6Aot ot ermAfPuol Kivéuvol Tou avayvwplotnkav kKal opadomnolovvral
Baoel TG puoNg toug. MoAAol amd autoug Toug KvEUvoug £xouv SLAPOPETIKO AVTIKTUTIO
QVAAoya E TNV EPLOXN, TO MEYEDOC 1) AKOUA KOl TNV XPOVLKI ETLAOYH ULOG ETALPELOC YL TNV
KaTtaokeuy &€vog dwtofoAtaikov mapkou. MNa to Adyo autod, KpiBnke okoOmuo va
xpnowdoroinBel wg mapadelypa €va  CUYKEKPLUEVO WTOBOATAIKO TAPKO Kal va
aélodoynBouv ol dtadopot kivbuvol pe Baon auto.

TNV €pyaocia, mapouclaletal E€va CUYKEKPLUEVO PwToBoATaikd mdpko oxvo¢ 1 MW otnv
neploxn tou Mpoxwpato¢ Oscoalovikng, yla to omoio Ba aflohoynBouv oL eviomiopévol
kivbuvol. Eva Baoikd epyaleio mou xpnoLpomnoleital yia tn Slaxeiplon autwyv Twv Kvduvwv
elval ta pUAa availuong kwwduvwy (risk sheets) kat ot mivakeg kwvduvwy (risk tables), ta
ornola mpoodépouv pla cuotnuatiky pebodoloyia yia tv kataypadn, afloAdynon Kat
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OVTLUETWTILON TwV KWwéUuvwv. Ta ¢UAa avaluong Kivduvwv meptlapfdavouv Aemtopepn
neplypadr kabe kwvduvou, tnv mbavotnta eudAvIor G TOU, TOV AVIIKTUTIO TOU OTO £pY0 Kal
TIC OTPOTNYIKEG METPLACHOU Tou. Emiong, mpoodlopiletal o epyalopevog mou Ba eivat
umevBuvocg os mepimtwon eudaviong tou Kvduvou.

ISlaitepn pveia yivetat ota risk sheets w¢ mpog TG oTpATNYIKEG HETPLACUOU TwV Slddopwv
KvSUvwv. Mépa amod Tov avaAuTIKO oTpaTnYLKO oXeSlaopuo mou AapBavetat yia kabe kivbuvo,
ovadEPETAL KOL O OVTIKTUTIOC TIOU QVOUEVETOL QMO TIC CUYKEKPLUEVEG OTPATNYLIKEG OTN
mBavotnTa eudavionc 1 oTov avtiktumo tou Kivduvou. Katd tnv epoppoyr autwyv Twv
OTPATNYIKWY, TAPAyETAlL €va VEO risk score, TO Omolo QVTLOTOLKEL OTN VEA Katnyopia
Slakwvduveuong. Me auTtov Tov TpOmo, elval Suvath n Katnyoplonoinon Twv Kwvduvwy BAaoel
Tou BaBpou emKVOUVOTNTAG TOUC, £LTE MPLV €LTE HETA TNV £DAPUOYN TWV OTPATNYLKWY
OVTLUETWTILOTC TOUC.

MNa oplopgévoug Kwduvoug, nNTav edlKTd va avtAnbolv TOCOTIKA OTOLXElD OO
KOTOOKEVUQOTIKN €Talpeia pwrtofoAtaikwy mapkwy. Ta otolxeia auta PBonBnoav otnv
akplBEatepn availuon tng mbavotntag eUPAvVIon Kal TOU aVTIKTUTIOU TwV KvdUuvwy, T000
TPV 000 KO UETA TNV €PAPHOYr) OTPATNYIKWY QVILLETWILONG Toug. ETol, mévte Kivduvol
avaAuOnkav £1g BaBocg kat anotéAecav tn Baon yla tnv epappoyn e pebodouv Monte Carlo.
Me Tn Xpron ¢, TapPAYOVTaL CUUMEPACLATA OXETLKA LE TNV OKPLBELA TN APXLKNC AVAAUCNC
YLOL TOUG OUYKEKPLUEVOUG KLVSUVOUG.

Méow tn¢ uebodou Monte Carlo, mpaypatomnoleital mToooTikr) afloAdynaon Twv KvUvwv Tou
oxetilovral pe tig mbavég BAABeG Tou e€omALlopo, TN HETABANTOTNTO TWV TLUWV TWV UALKWY,
TIC TIOLOTIKEC QOTOXIEC UALKWY, Ta aKpailo Kalplkd ¢awvopeva Kal ta MPoPArnpata mou
oxetilovral pe tn otabepotnta tou £6adouc. H mpooopolwon XIAASwY oevaplwy EMITPEMEL
TN OTATLOTLK QTOTIUNON TWV EMUMTWOEWV KAOE KlvdUVou, TtapéXovTtac pUia oodr) ELKOVO TNG
KOTAVOUN G TwV TBavwV eKBACEWV.

MNa tnv epappoyn tng uebodou, xpnoLpomnotBnke to npoypaupa Crystal Ball tng Oracle. Zto
TIPOYPOUHA ELOAXONKAV OL TIHEG TIOU apXLKA oploTnkav ota risk sheets Twv kvdUVWV yLa tv
TuBavotnta epdAvIonG KAl TOV AVTIKTUTIO TOUG. ETUAEXBNKE N TPLYWVLKN KATOVON yLa TG SU0
QUTEG TOPAUETPOUG Kal Ta anmoteAéopata eriBeBalwoay YEVIKA TIG APXLKEG EKTIUNOELG LAG.
ISlaitepo evlladEpov mapouciacay To AMOTEAECUATO TOU KIVEUVOU TNG LETABANTOTNTAG TWV
TLUWV TWV VAKWY, KaBwg ta amoteAéopata Tou risk score Stapolpdotnkav Kupiwg oe SUo
Katnyopieg Slakivéuveuong.

JUMUIMEPACUOTLKA, TIAPATNPOUHE OTL UTIAPXOUV OPKETOL KivBuvoL KATA TNV KATAOKEUH EVOG
dwtoPoAtaikol mapkou. MoAAot amd auToUg eKTIHWVTAL WS XapnAng Stakvduveuong kat Sev
armoteAoUV ONUOVTIK avnouxlo yla T KOTOOKEUQOTIKEG €Talpeiec. AAAOL, woTOOO,
Bewpouvtal OTL uropolV va oploBetnBoUV Kal va PelwBoUV pe amAég peBddoug, pelwvovTag
™V mbavotnta eudaviong f tov avtiktumo toug. Mapd TavTta, UTTAPXOUV Kal Kivouvol Ttou
evbéxetal va kabuoteprioouv TO XPovoSLAypappa €VOC €pYOU, OKOUO KAl HE TA METPA
QVTLHETWTILONG Tou Aapfdvovtal. lMNa KAmoloug amd autoUg, N EMLKLVOUVOTNTA TOUG
TIAPAUEVEL o€ UPNAQ eTtimeda, akOUN Kal LETA TNV ePapUOYr OTPATNYLKWY AVILUETWTILONG.
Juvenwg, Stapopdwvetal €va cUPTMAEYUA KLvSUVWVY Ttou Tipémel va AndBel umoyn mpwv tv
avaAnyn TETolwv Epywv.
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H uébodog Monte Carlo ouvéBale otnv €1g faBog avaluon Twv KvdUVwy, yla TOUG OToloug
Atav epkto va AndBouv meplocotepa OCOTIKA dedopéva. MEOw QUTAG, KATAVOELTAL TO
€UPOC TWV TIHWV TIou propel va AdBeL to risk score kaBe kivbUvou pe pLa pikpn dtakvpavon
OTLG TTAPOUETPOUG Tou To Kabopilouv. Ta amoteAéopata, Ta onoia nponABav and 20.000
Soklpég, mapouaiacav otabepotnta Kal emiBePaiwoav tnv alomiotia tng pebodou.

ISlaitepn €udaon divetal otnv aflomoinon ¢ peBodouv Monte Carlo w¢ gpyaleiov AnPng
anodpACEWVY, TO OTOLO EMITPEMEL TNV OAVAAUOT TwV KIVEUVWV BACEL LOVTEAWY TTOU TTAPEXOUV
TMEPALTEPW oTolXela yla t ooPfapdtnta kabe kivdUvou. Ta AMOTEAECUOTO TNG £PEUVAC
KataSelkvUouv OTL N edappoyn TETOLwV PHeBOSwV Umopel va evioxUoeL TNV mMAnpodopnon
€vavtl Twv KWoUvVwv Kal va mpoodépel mMOAUTIHa Sedopéva yla TOUC ETEVOUTEG, TOUG
HUNXOVIKOUC €pywV Kol TOUC ¢OpeiC OTOV TOMEQ TWV OVAVEWOLUWV TINYWV EVEPYELAC.
Yuvbualovtag TN BewpnTikn avaAuon KWWOUVWV PE TIPOKTIKEC EDAPUOYEC, N Epyacia auth
npoodEpel véa yvwon otn Otaxeiplon kKwdUvwv Kol mpoteivel peBOSoug yla TN
BeAtiotonoinon ¢ anddoong Kal TNS PLwoLUOTNTAC £PYWV AVOAVEWCLUWY TINYWV EVEPYELAG.

JTolxela, OMWC QUTA TTOU avTtAoUvTal amo tnv moapovoa epyacia, lval Ldlaitepa onUaAvVTIKA
ylOl TIC KOTLOKEUOOTLKEG ETALPELEC TTOU £LOIKEVOVTOL OTOV TOUEQ TWV OVAVEWOLUWY TINYWV
EVEPYELOG, AAAA KOl YLO TOUG POPELG TTIOU KOTOLOTPWVOUV TIOALTIKEG OTOV CUYKEKPLUEVO KAASO.
O k@B enevdutn¢ pmopel va avtAnosl kpiolpa SeSopéva ylo TouG TOUELG 0TOUG omoloug
TpEneL va AnpOouv dpeoa HETPA, WOTE VA ELVOL TIPOETOLUOOUEVOC YL TLG BAOLKEG SUOKOALEG
TIOU TIOAVOV VO AVTIUETWITIOEL KOTA TNV UAOTIOLNGN €VOG TETOLOU EYXELPNUATOC. Me thv
Katavonon Kat tnv mpoAnyn Kwvdlvwy, OMwc autol mou avaAlovtal oTnyv apovoa epyaocia,
gmLTUYXAvETaL N acparéotepn Suvatr) cuvlnKn yla TNV KATOOKEUH €vog dwTtoPoAtaikol
£€pyou.

Né€elg KAewdua: Avaluon Kwduvwy, Awaxeipion Kivdovwy, OwTtofoAtaikd mapko,
ITPATNYLKEG avTLeTWTLONG KvdUuvwy, Risk Score
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AC: Alternating Current

Al: Artificial Intelligence

AHP: Analytic Hierarchy Process

BIPV: Building-Integrated photovoltaics
CdS: Cadmium Sulfide

CIGS: Copper indium gallium selenide
COVID-19: Coronavirus disease

DC: Direct Current

EBITDA: Earnings Before Interest, Tax, Depreciation, and Amortization
ERM: Enterprise Risk Management
ESG: Environmental, Social, and Governance
IRR: Internal Rate of Return

kW: Kilovolt

kW: Kilowatt

kWh: Kilowatt hours

LTV: Loan-to-Value

Max: Maximum

MCDM: Multi-criteria decision-making
MCS: Monte Carlo Simulation

Min: Minimum

ML: Machine learning

mm: Millimeter

MW: Megawatt

NREL: National Renewable Energy Laboratory
OPEX: Operational Expenditures

OPV: Organic Photovoltaics

PID: Potential Induced Degradation
PPA: Power Purchase Agreement

PV: Photovoltaic

RBS: Risk Breakdown Structure

Risk ID: Risk Identification Number
UHVC: Ultra High Voltage Center

USD: United States Dollar

WBS: Work Breakdown Structure

K: Mean value

o: Standard deviation
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1. Chapter 1 - Introduction

1.1 Thesis Framework

There are a number of dangers and uncertainties associated with the quick growth of
photovoltaic (PV) parks as a renewable energy source, which could have a big influence on
their long-term sustainability, operational effectiveness, and financial feasibility. The stability
of PV investments and the mitigation of these issues depend on effective risk management.
The implementation of the Monte Carlo method as a probabilistic risk analysis tool to evaluate
PV park uncertainties is the main emphasis of this thesis. This study intends to offer a
guantitative evaluation of numerous risk factors that impact the lifecycle of PV projects, from
development to operation, by utilizing stochastic modeling methodologies.

Given the inherent variability in solar energy generation, which is impacted by technical
performance, economic variables, and meteorological circumstances, risk assessment is
essential in PV parks. Project uncertainties are also influenced by outside variables including
shifting regulations, shifting market conditions, and altered policies. A popular simulation
technique that can be used to represent complicated systems when deterministic approaches
might not be enough is the Monte Carlo method. This approach improves decision-making
for investors, engineers, and politicians in the renewable energy sector by making it easier to
estimate risk probability distributions by iterative random sampling.

This thesis' main goal is to use the Monte Carlo approach to create a thorough risk assessment
framework for PV parks. Project management, technical, environmental, financial, regulatory,
operational, social, and cybersecurity risks will all be methodically categorized in this study.
This study advances the subject of risk management in renewable energy projects by
measuring uncertainty and evaluating their effects on PV park performance.

1.2 Scope

The application of risk assessment techniques specific to solar parks is the main focus of this
thesis. The study includes probabilistic simulation methods, risk management concepts, and
a theoretical analysis of PV park development. A systematic approach to risk mitigation is
made possible by the application of the Monte Carlo method to the analysis of uncertainty in
different risk categories.

An analysis of the construction of a 1 MW photovoltaic park in Prochoma, Thessaloniki,
Greece, is done. A quantitative assessment of the hazards related to the building and
operation of PV parks is made possible by this case study, which acts as a real-world
implementation of the Monte Carlo method. Aspects including environmental circumstances,
financial volatility, equipment reliability, and regulatory compliance are all covered in the
study. Risk factors are carefully documented and analyzed using risk sheets, risk tables, and
risk breakdown structures (RBS).

This research attempts to close the gap between risk analysis methodology and practical
implementations in renewable energy projects by combining theoretical and computational
approaches. For those involved in the development of PV parks, including investors, project
managers, legislators, and energy planners, the results will offer insightful information.
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1.3 Delimitation of Thesis

Although this thesis offers a thorough framework for risk analysis, some limitations must be
noted. First off, other renewable energy sources like wind and hydroelectric power are not
included in the analysis; they are solely focused on solar parks. Certain risk parameters that
might not be directly relevant to other energy infrastructure projects are introduced by the
peculiarity of PV projects.

Second, the study's scope is restricted to a single case study in Greece, which would restrict
how broadly the results can be applied to other regions. Different markets may be affected
by regional characteristics, such as economic stability, regulatory frameworks, and climate
conditions, in different ways.
Furthermore, even though the Monte Carlo approach is dependable for probabilistic
modeling, it is inevitably reliant on the caliber and precision of the input data. The accuracy
of risk assessments may be impacted by uncertainties in data collection, model assumptions,
and computing limitations. However, this study aims to reduce potential biases and improve
the reliability of the findings by applying an organized method to risk categorization and
sensitivity analysis.

In conclusion, this thesis uses the Monte Carlo approach to improve decision-making by
offering a thorough examination of risk factors influencing PV parks. Notwithstanding its
limitations, the study adds to the current discussion on risk management for renewable
energy and provides a methodological framework that can be used for future projects of a
similar nature.
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2. Chapter 2 — Theoretical Insights into Photovoltaic Parks, Risk

Management and Monte Carlo Simulation

2.1 Historic Development of photovoltaic parks

Since its discovery in the 19th century, photovoltaic technology has undergone multiple
stages of theoretical investigation, material development, and extensive commercialization,
all of which have contributed to its ongoing innovation. photovoltaics' evolution from a
theoretical idea to a useful and essential part of modern energy systems demonstrates the
significant advancements in solar technology over the past two hundred years.

The essential processes guiding the conversion of light into electricity were discovered during
the foundational period of photovoltaic development, which lasted from 1839 to 1899. The
first major discovery was made in 1839 when French physicist Alexandre Edmond Becquerel
discovered the photovoltaic phenomenon, which showed that electrical conductivity in a
system with metal electrodes and electrolytes increased under illumination. His research laid
the groundwork for further investigations into solar energy conversion. Willoughby Smith
discovered that selenium has photovoltaic qualities in 1873. Shortly after, Richard Evans Day
and William Grylls Adams noticed that light striking a platinum and selenium connection could
cause an electrical current to flow. The first selenium solar cell was built in 1877 as a result of
these observations, and in 1883 Charles Fritts gave a thorough explanation of how it worked.
Heinrich Hertz's 1887 discovery that ultraviolet light could alter the voltage needed to
generate electrical sparks between metal electrodes—a phenomenon that would later be
central to the quantum theory of light—further improved scientific understanding of the
photovoltaic effect (Butti, Ken and John Perlin, 1980).

The creation of the first usable solar cells and the theoretical justification of the photovoltaic
effect defined the years 1900-1949. Albert Einstein won the Nobel Prize in Physics in 1921
for his groundbreaking work in 1905, which offered a quantum mechanical explanation of the
effect. In 1916, Robert Millikan confirmed the quantum nature of light absorption in
photovoltaic materials by experimentally validating his theoretical predictions.
Simultaneously, developments in material science made it possible to create monocrystalline
silicon, which was first identified by Polish scientist Jan Czochralski in 1918 and later proved
crucial to produce solar cells. The viability of photovoltaic applications was further advanced
by the successful construction of the first silicon sun cell in 1941. During this time, cadmium
selenide—a material still essential to the manufacturing of thin-film solar cells today—was
discovered to have a photovoltaic effect in 1932 (Butti, Ken and John Perlin, 1980).

In the 1950s and 1960s, photovoltaic technology advanced significantly, primarily because of
the demands of the fledgling space industry. Dan Trivich of Wayne State University made
theoretical calculations on solar cell performance across various materials and spectrum
wavelengths in 1953 after the first germanium-based solar cells were manufactured in 1951.
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The photovoltaic effect in cadmium sulfide (CdS), which would subsequently be employed in
thin-film solar cells, was discovered by RCA Laboratories around the same time. The most
notable achievement of this era was Bell Laboratories' 1954 creation of the first practical
silicon solar cell, which had an initial efficiency of 4.5% before being increased to 6%. Hoffman
Electronics produced radiation-resistant silicon solar cells for space technology by 1958,
which contributed to the launch of the Vanguard | satellite, the first solar-powered spacecraft.
With solar cells reaching 10% efficiency by 1959 and 14% by 1960, photovoltaic efficiency
continued to increase throughout the 1960s. In 1963, Sharp Corporation produced the first
silicon photovoltaic module for commercial use. Photovoltaic systems were also integrated
into important space missions like OVI-13 and Nimbus (Butti, Ken and John Perlin, 1980).

Growing energy demand and geopolitical concerns about reliance on fossil fuels propelled the
commercialization of photovoltaic technology in the 1970s. Large-scale industrial production
of solar cells began at this time with the founding of significant photovoltaic firms, such as
Solar Power Corporation in 1972 and Solarex Corporation in 1973. This decade saw the
emergence of hybrid photovoltaic-thermal systems, such as Delaware University's Solar One
project, which combined solar energy with residential heating applications. Government-led
research initiatives, like Japan's Sunshine Project, which began in 1974, helped fast-track
photovoltaic advancements. NASA, the U.S. space agency, was also instrumental in the
development of the first amorphous silicon solar cell in 1976 and the installation of terrestrial
photovoltaic systems. By 1977, global photovoltaic module output exceeded 500 kW, and the
foundation of the Solar Energy Research Institute (SERI) in Colorado denoted rising
institutional support for solar technology research (Butti, Ken and John Perlin, 1980).

The first large-scale solar power facilities were installed in the 1980s. In 1980, ARCO Solar
became the first company to achieve annual production of photovoltaic modules exceeding
1 MW, a milestone in industrial-scale solar manufacturing. The decade saw the development
of historic projects, such as the 105.6 kW system in Utah, which remains functioning today,
and the advent of photovoltaic applications for vaccine refrigeration in distant places. The
Solar Challenger, the first solar-powered aircraft, made its debut in 1981, demonstrating the
potential of photovoltaics in aviation By 1982, global photovoltaic module output exceeded
9.3 MW, while research efforts led to the introduction of amorphous silicon solar modules by
ARCO Solar in 1984 and high-efficiency silicon solar cells topping 20% efficiency by 1985. The
growing economic feasibility of solar power was demonstrated by large-scale photovoltaic
power plants, such as BP's installations in Sydney and Madrid and a 1 MW facility in
Sacramento, California (Janzing, Bernward, 2011).

The photovoltaic sector grew dramatically in the 1990s, and large corporations became the
industry leaders in the manufacturing of solar cells. Growing corporate interest in
photovoltaics was indicated by the establishment of United Solar Systems Corporation in
1990 and Siemens' 1991 acquisition of ARCO Solar. The Solar Energy Research Institute was
rebranded as the National Renewable Energy Laboratory (NREL) in 1991, reflecting its broader
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mandate to advance renewable energy technologies. International collaborations, including
World Bank-sponsored solar projects in India, facilitated the adoption of photovoltaics in
developing regions. The introduction of solar-powered aircraft like Icar in Germany and the
commercialization of copper indium selenide (CIS) solar cells by BP Solar were two examples
of commercial developments that further highlighted the technological advancements of this
era (Janzing, Bernward, 2011).

Multi-megawatt photovoltaic power plants began to appear in the early 2000s, especially in
Germany, where extensive solar deployment was fueled by laws like the Renewable Energy
Sources Act. To keep up with the growing demand for solar energy in Europe, companies like
Sanyo, Kyocera, and Sharp increased their production. The HELIOS solar-powered aircraft
from NASA and AeroVironment Inc., which broke altitude records in 2001, is an example of
how technological developments have permeated aerospace applications. With a peak power
of 4 MW in 2003, the Solar Park Hemau in Bavaria, Germany, was the biggest photovoltaic
plant in the world (Janzing, Bernward, 2011).

Beginning in the 19th century and becoming widely used in the 21st, photovoltaic technology
has developed into an essential part of the world's energy landscape. Together with
manufacturing advancements and widespread deployment, the ongoing improvement in
solar cell efficiency highlights the growing significance of photovoltaics in the shift to
sustainable energy sources.

High-efficiency solar cells have become a major topic in photovoltaic (PV) research due to
their potential to boost energy conversion rates and lower costs. Perovskite solar cells, which
have become a competitive alternative to conventional silicon-based cells, are among the
most promising developments. The light-harvesting active layer of these cells is a perovskite-
structured substance, usually a material based on tin halide or a hybrid organic-inorganic lead.
According to recent research, efficiencies have surpassed 25%, outperforming silicon cells
that are sold commercially (Nature Communications, 2023). They have been the focus of
much research due to their tunable material properties and simplicity of fabrication, which
could lower the cost of producing solar energy.

Another notable innovation in PV technology is the development of bifacial solar panels,
which capture sunlight from both the front and rear surfaces of the module. By utilizing
reflected light from surrounding surfaces, these panels can increase energy yields by up to
30%, depending on factors such as albedo, tilt angle, and module height (Robin Sun, 2023).
Since maximizing energy output is crucial for economic viability in large-scale PV parks, their
increased efficiency has led to their widespread adoption.

Multi-junction solar cells, often known as tandem cells, represent another advance in high-
efficiency PV technology. To capture more energy, these cells combine several layers of
materials, each of which is made to absorb distinct parts of the sun's spectrum. Recent
advancements in materials science and device engineering have enabled efficiency near 50%
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under concentrated sunlight, making them an attractive option for high-performance
applications despite their higher cost (IEA, 2022).

Modern solar technologies have also helped PV systems become more versatile and efficient.
By transforming the direct current (DC) produced by solar panels into alternating current (AC)
for grid integration, smart inverters are essential components of contemporary PV
installations. These inverters enhance energy efficiency and guarantee grid stability by
enabling real-time monitoring and control (IEEE Xplore, 2022). The dependability of solar
electricity has been significantly increased with the use of energy storage technologies,
especially lithium-ion and flow batteries. For instance, the Tesla Powerwall can store up to
13.5 kWh of energy, which may be used to improve energy management for both commercial
and residential systems and provide backup power during outages (Tesla, 2023). Battery
storage offers vital grid functions like frequency management and voltage support, as well as
mitigating variations in solar energy generation in large-scale PV parks.

The capacity of solar tracking systems to enhance energy capture by modifying panel
orientation during the day has also contributed to their rise in popularity. These systems,
which are divided into single-axis and dual-axis trackers, are a desirable option for large-scale
installations since they can increase energy production by up to 25% when compared to fixed-
tilt systems (Science Direct, 2023).

Building-Integrated photovoltaics (BIPV), which integrates photovoltaics into constructed
surroundings, is another crucial area of research. These systems combine energy-generating
and architectural features by integrating solar cells into building elements including windows,
roofs, and facades. For example, transparent solar cells make it possible to generate power
without sacrificing aesthetic appeal or natural light, opening the door to more
environmentally friendly urban energy options (Solar Energy Materials & Solar Cells, 2023).

The application of flexible and transparent solar panels is another development in PV
technology. Advances in materials research have enabled the production of ultra-thin, flexible
solar cells that may be installed on curved surfaces, like those used in automobiles and
portable devices. Technologies such as amorphous silicon, copper indium gallium selenide
(CIGS), and organic photovoltaics (OPV) have enabled these flexible solar panels, which can
also be integrated into transparent structures like windows and greenhouses (Renewable
Energy Journal, 2023).

Cost reductions have been a distinguishing trend in the solar energy industry during the last
10 years. Since 2010, the cost of solar panels has dropped by over 80% due to advancements
in technology, economies of scale, and better production techniques. As solar energy
becomes more cost-effective than fossil fuels, its use has expanded globally, contributing to
the transition to sustainable energy (World Economic Forum, 2022).
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Another crucial challenge in PV production and disposal is sustainability. Researchers are
continually looking into new materials and production methods that reduce the
environmental impact of producing solar panels. Initiatives to develop effective recycling
strategies for used solar panels are also advancing a circular economy in the solar sector (PV
Tech, 2023).

Future developments in PV technology are anticipated to be influenced by ongoing
improvements in sustainability, cost effectiveness, and efficiency. Researchers are working to
increase multi-junction solar cells' efficiency above 50%, while energy management systems
are incorporating Al and machine learning to maximize PV parks' performance. Furthermore,
the smooth integration of solar energy into electrical grids is being made possible by
developments in energy storage and smart grid technology, guaranteeing a more reliable and
effective power supply (IEA, 2022).

Photovoltaics are positioned to be a key component of the global switch to renewable energy
as these advances develop further. PV technology will improve energy efficiency and help
create a more sustainable and fair energy future with continued research and development.

2.2 The five phases of developing a solar park

Finding an appropriate site with ideal solar irradiation and closeness to the electrical grid is
the first step in creating a solar park. A number of considerations, including flood danger,
sunlight exposure, and land topography, must be carefully considered during the site
selection process. For optimal energy yield, the selected ground should ideally be level, free
of obstacles, and flood resistant. Due to their constant sunshine, arid places frequently offer
higher solar yields; nevertheless, issues with infrastructure and grid connectivity need to be
resolved (Smith et al., 2021).

The solar park's (Figure 1 and 2) anticipated capacity determines the necessary land area.
About one hundred square feet of space are needed for every kilowatt (kW) of installed
capacity, or about 2.5 acres for every megawatt (MW). A total of 5 to 10 acres of land are
required per MW, which includes additional room for equipment, access roads, and
infrastructure (Johnson & Lee, 2020). Because it directly affects the cost and viability of
transmitting the generated electricity, site proximity to the electrical grid is crucial. Utility-
scale solar parks typically connect to substations that regulate power to the required voltage
levels or to transmission lines with voltages of 69 kV or higher. In contrast, three-phase
distribution lines with voltages lower than 69 kV are usually connected to community solar
parks (Anderson, 2019). When the interconnection point is within a mile of the park,
transmission losses and infrastructure expenses are reduced, increasing the solar project's
financial feasibility.
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Figure 1: Example of 1MW PV Park

In addition to technical factors, local zoning laws must be followed when choosing a location,
and the high initial expenditure should be countered by minimizing land purchase expenses.
In certain cases, local governments might provide land or offer it at preferential lease rates to
promote the development of renewable energy (Miller & Rodriguez, 2022). Before moving on
to later stages of the project, a suitable location must be secured.

Following the selection of a suitable site, technical design and permitting are the next steps.
Solar panels, inverters, racking systems, and storage units, if any, are the four main parts of a
solar system. For the system to operate as efficiently and effectively as possible, its design
must consider the amount of land that is accessible. Installation quality, energy vyield
optimization, and component warranties—most manufacturers provide performance
guarantees ranging from 20 to 30 years—are crucial considerations throughout the design
phase (Chen et al., 2021). Selecting the right equipment is essential. Reputable manufacturers
like Canadian Solar, Jinko, Phono, and Trina offer affordable options, while QCells, LG,
SunPower, and Megasol offer more expensive options (Harris, 2020).

After choosing the equipment, thorough technical planning and regulatory authority
permission are needed. Depending on site-specific conditions and legal requirements, the
permitting process may take one to five years. To determine how the project may affect
nearby ecosystems and species, an environmental impact assessment (EIA) may be required.
Obtaining construction approval requires proving to the authorities that the project is feasible
and sustainable (Davies & Kumar, 2018).

Negotiating a Power Purchase Agreement (PPA), which lays out the contractual arrangements
between the solar electricity generator and the electricity distribution business or other large-
scale energy consumers, is an essential part of project development. The PPA outlines the
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energy purchase period, which is normally 18 to 25 years following the solar park's
commissioning. Depending on geography and market conditions, the negotiated price per
kWh varies between USD 3.5 and 7.0 cents (Garcia, 2021). By lowering market exposure and
offering financial security, the PPA lessens the risk of unsold electricity. Securing
advantageous financing terms and guaranteeing long-term contractual compliance depend
heavily on the power buyer's creditworthiness (Nguyen & Patel, 2020). Project feasibility is
increased by a well-negotiated PPA, which is frequently a requirement for securing funding.

The next important step is obtaining funding, which usually happens once permission and PPA
discussions are over. The two main types of funding for solar parks are loan and equity
financing. Project promoters and early-stage investors contribute funds for equity financing,
taking on construction risk in the hope of earning returns later. Once the solar park is up and
running, these investors frequently leave the project and transfer their shares to institutional
investors looking for steady, long-term earnings. One important indicator for assessing the
viability of investments is the Levered Internal Rate of Return (IRR); the term "levered"
describes the use of debt financing to increase returns by lowering reliance on equity capital
(Williams, 2021). Prior to investing their money, equity investors usually need concurrent loan
financing arrangements.

Large-scale solar farms require a significant amount of capital, which makes debt financing
necessary. Since interest payments are less than the anticipated returns on equity
investments, debt financing is more economical than equity financing. The quality of cash
flow predictions and collateral assets (such land, solar panels, and inverters) are used by
lenders to evaluate project risks. Lender evaluations heavily rely on standard financial
statistics, such as the Loan-to-Value (LTV) ratio, Debt to EBITDA ratio, Debt to Equity ratio,
Debt Service Coverage Ratio, and Interest Coverage Ratio (Brown & Thomas, 2019). Securing
funding requires a solid financial strategy that shows the project's capacity to fulfill debt
commitments and uphold covenant compliance.
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Figure 2: Example of 1MW PV Park

The construction phase starts after funding is obtained and the required approvals are
obtained. The procurement of equipment is started, and supply chain logistics, customs
processes, and documentation need all effect delivery schedules. Usually, lasting several
months to several years, the construction period varies according to the project's size,
infrastructure preparedness, and regulatory issues. Phased development of large-scale solar
parks enables gradual capacity augmentation (Peters et al., 2021).

Commissioning, the project's last phase, comprises testing and verifying power generation in
relation to predetermined performance standards. Getting official approval from the
electricity buyer, who incorporates solar energy into the larger grid network, is part of this
phase. To ensure that the solar park is prepared for full-scale operation, commissioning
entails a number of technical assessments to verify system functionality and adherence to
regulatory criteria (Martinez, 2020).

2.3 Risk Management

In the quickly changing business environment of today, risk management has become an
essential discipline that companies need to adopt to successfully navigate uncertainty. An
initiative-taking and all-encompassing strategy to risk management is required due to the
complexity of contemporary hazards, which are fueled by environmental issues, geopolitical
changes, and technological breakthroughs. It is impossible to overestimate the significance of
putting in place strong risk management frameworks given the variety of dangers that firms
face, from cyber attacks to problems with regulatory compliance.

The idea of enterprise risk management (ERM), which stresses a thorough approach to
detecting and managing risks across all levels of a business, is one important trend in modern
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risk management. The realization that risks are interrelated and can have significant effects
on an organization's success is reflected in this shift in fundamental beliefs. Seventy percent
of risk managers are increasingly concentrating on strategic risk responses, per a recent
FERMA study, suggesting a rising understanding of the necessity of coordinating risk
management procedures with business strategy (FERMA, 2024). Through this integration,
businesses may take advantage of possibilities that come from successfully managing risks in
addition to protecting against any threats.

The contemporary landscape of risk management is shaped by a number of megatrends that
have emerged because of the growing complexity of threats. These include the need for
operational resilience, the increase in cybersecurity threats, and the focus on Environmental,
Social, and Governance (ESG) considerations (IERP, 2024). To evaluate risks more precisely
and effectively, organizations must now implement data-driven risk management methods
that make use of artificial intelligence and advanced analytics. Businesses can find patterns in
data that guide their decision-making procedures and improve their capacity to proactively
reduce risks by employing machine learning and predictive analytics (IERP, 2024).

Organizations must also modify their risk management plans as they go through digital
transformation to manage new vulnerabilities brought on by developing technologies. In
addition to increasing productivity, integrating digital technologies into company operations
raises new dangers including data privacy and technological disruptions (IERP, 2024). To keep
companies robust in the face of disruptions, good risk management must take these changing
trends into account.

The technique of risk analysis is fundamental to efficient risk management. Organizations can
systematically discover, assess, and rank risks with the help of risk analysis, a fundamental
technique. This procedure entails evaluating the impact and likelihood of hazards that have
been discovered, enabling decision-makers to deploy resources efficiently and put suitable
mitigation plans into place (Logic Manager, 2024). Organizations can learn a lot about their
risk profiles by using formal approaches like probability-impact matrices or qualitative
evaluations.

Moreover, by offering a thorough grasp of potential hazards, risk analysis helps make well-
informed decisions. It gives businesses the ability to balance the advantages and
disadvantages of different strategies while taking the risks into account (MetricStream, 2023).
As stakeholders become more conscious of their responsibilities in risk management, this
analytical approach not only improves operational efficiency but also cultivates an
accountability culture inside businesses.

In conclusion, effective risk management has become essential as firms traverse a risk
landscape that is becoming more complex due to rapid technological breakthroughs and
changing regulatory frameworks. This framework's incorporation of risk analysis as a key tool
enables firms to proactively identify certain hazards and create customized mitigation plans.
Organizations can strengthen their ability to withstand unforeseen events and set themselves
up for long-term success in a constantly shifting environment by giving risk analysis top
priority within their overall risk management procedures.

The discovery, evaluation, and mitigation of risks are all part of the risk analysis process, which
is essential to successful project management and organizational success. A Risk Breakdown
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Structure (RBS), risk sheets, and risk tables are frequently used in a thorough approach to risk
analysis. This systematic framework not only helps to comprehend the different risks that
engage in a project, but it also makes it easier to create methods to properly manage these
risks.

By starting with broad categories and gradually dividing them into more focused
subcategories, the RBS functions as a hierarchical tool that divides risks into discrete levels.
Project managers and stakeholders can more easily see the terrain of risks using this
methodical approach. Technical, operational, external, and organizational risks are among the
main types (ProjectManager.com, 2022). Sub-risks within the technical category, for example,
could include problems with software development, hardware malfunctions, or integration
difficulties. Teams can make sure that all pertinent factors are considered during the risk
identification phase by structuring risks in this way.

An essential initial step in the risk management process is risk identification. To identify
hazards, a number of methods can be used, such as workshops, stakeholder interviews,
brainstorming sessions, and historical data analysis (Wikipedia, 2024). Teams can also find the
project's possibilities, threats, vulnerabilities, and strengths by using methods like SWOT
analysis. Because risk identification is iterative, it should be reviewed frequently over the
project lifetime to consider new information or modifications to the project's scope.

Risks are recorded in risk sheets when they have been recognized and grouped according to
the RBS framework. These documents function as thorough logs for every risk that has been
identified and usually contain details like the risk description, effects on project goals,
probability of occurrence, controls or mitigations already in place, and designated roles for
risk monitoring. Maintaining team clarity and making sure that everyone is aware of the
dangers the project faces depend on this documentation.

Qualitative measures are used to evaluate each identified risk's impact and likelihood. Impact
evaluates the possible outcomes if a risk materializes, whereas likelihood refers to the
likelihood that a risk will occur. According to Mehdizadeh (2024), both criteria are typically
ranked on a scale of 1 to 5 or divided into levels like low, medium, and high. Teams can rank
hazards according to their seriousness and probability of happening with this rating method.
High-scoring risks need to be addressed right away and require stronger mitigation
techniques.

Risk tables are made to systematically illustrate these scores after the initial assessment
phase, which is conducted using the RBS and risk sheets. Usually, these tables use a matrix
style that compares impact levels to likelihood. Project managers may swiftly determine
which hazards need immediate attention and which can be tracked over time with the help
of such visual representations. To manage significant threats, resources can be allocated
efficiently by classifying risks into low, medium, high, or extremely high levels.

Mitigation techniques are implemented to lessen the impact or likelihood of hazards that
have been identified in the next stage. Creating backup plans for high-risk situations or
improving current procedures to reduce vulnerabilities are two examples of mitigation
techniques. Through post-mitigation assessments, which recalculate likelihood and impact
scores based on implemented interventions, the efficacy of these techniques is assessed.

22 EANMMS “Alaxeipion Epywv YroSopwv Kat Kataoksuwv”
MSc “Infrastructure and Construction Project Management”



Risk Analysis in Photovoltaic Parks using the Monte Carlo method
Metamtuytokn Atmdwpatikr Epyaocio — ANéEavdpog Zndakng
Master's Thesis — Alexandros Sifakis

While continuously enhancing their overall risk management procedures, this method
guarantees that firms maintain their flexibility in responding to new threats.

In conclusion, using an RBS in conjunction with comprehensive risk sheets and organized risk
tables offers a strong foundation for conducting in-depth risk analysis. In addition to making,
it easier to identify risks, this method gives businesses useful information for efficient
mitigation plans. Organizations can increase their resilience to uncertainties and optimize
resource allocation toward efficiently managing essential risks by methodically evaluating
risks both before and after putting control mechanisms in place.

2.3.1 Risk Breakdown Structure (RBS)

An organized method of risk identification, analysis, and management is made possible by a
Risk Breakdown Structure (RBS), a hierarchical framework that methodically classifies
potential risks related to a project. RBS breaks down risks to increasingly precise levels,
improving the clarity and thoroughness of risk assessment. This is like how a Work Breakdown
Structure (WBS) breaks down project deliverables into manageable components (Hillson,
2002).

Usually, the RBS is divided into several tiers, each of which denotes a distinct degree of risk
classification. Broad risk categories, including technical, managerial, commercial, and external
threats, are included in the highest level. Within these categories, more detailed risk factors
are covered in later times. For example, technical risks can include hazards associated with
performance, software, or hardware, whereas external risks could include environmental
concerns, market fluctuations, or changes in regulations (PMI, 2002).

When it comes to project risk management, this hierarchical decomposition has various
benefits. First, it reduces the possibility of missing important risk factors by methodically
investigating every conceivable source, guaranteeing a thorough identification of potential
hazards. Second, it facilitates a better knowledge of how risks are distributed and relate to
one another across the project, which allows for more efficient resource allocation and
prioritization for risk mitigation techniques (PMI, 2002). Furthermore, the RBS facilitates
cooperative risk management initiatives by providing a common framework for stakeholder
communication and encouraging a common understanding of risk exposures (Hillson, 2002).

The use of an RBS might be very advantageous in photovoltaic (PV) parks. A comprehensive
risk assessment is required due to the intricate nature of PV projects, which include technical
elements, regulatory compliance, environmental considerations, and financial investments.
The efficacy of the risk management procedure can be increased by using an RBS designed
specifically for PV parks to systematically classify risks unique to this area, such as equipment
failure, weather variability, regulatory changes, and changes in market demand.

The RBS's usefulness is further increased by combining it with quantitative analytic methods
like the Monte Carlo approach. A more thorough and reliable risk assessment is made possible
by the Monte Carlo approach, which enables probabilistic analysis of risk implications in
contrast to the RBS's structured qualitative assessment. By facilitating well-informed
decision-making, this combined approach enables project managers to create robust plans
that improve PV park projects' sustainability and success.
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2.3.2 Risk Sheets and Risk Tables

Risk sheets and risk tables are essential tools for project risk management because they
facilitate the systematic discovery, evaluation, and mitigation of hazards. This helps
stakeholders communicate clearly and makes decisions more efficient (Hillson, 2017). To
guarantee that risks are managed proactively and that projects stay on schedule, these
technologies offer methodical frameworks for recording and evaluating hazards.

A risk sheet is a thorough document created to record precise information about a risk,
serving as a central repository for information essential to that risk's management and
monitoring. Several essential elements make up a risk sheet's conventional structure. The first
step in risk identification is to write down the risk's name, unique identification, and a brief
description. Since it guarantees that each risk can be readily distinguished and cited without
ambiguity, clear identification is essential (Schwalbe, 2015). Likelihood and Impact are two
essential components of the following section, Risk Assessment. To standardize assessments
across various risks, the likelihood is an estimate of the probability that a risk event will occur.
This estimate is usually quantified using a specified scale, such as low, medium, or high.
Impact, on the other hand, evaluates the possible outcomes if the risk materializes; it is
frequently scored on a defined scale and assessed in terms of cost, time, scope, or quality
(PMI, 2017). These two elements worked together to create a Risk Rating; a metric that helps
prioritize risks. It is created from likelihood and impact assessments and is frequently
represented by a risk score (e.g., low, moderate, or high).

Creating mitigation strategies and contingency plans is part of the risk sheet's Risk Response
Planning component. Proactive measures to lessen a risk's impact or likelihood to prevent or
lessen its repercussions are known as mitigation methods. Conversely, contingency plans are
predetermined actions to be taken if the risk materializes, with the aim of preventing and
controlling negative consequences (Hillson, 2017). To ensure accountability and timely action,
when necessary, the risk sheet also allocates Risk Ownership, designating a person or group
in charge of keeping an eye on the risk and putting the appropriate reaction plans into place.
Finally, Review and Monitoring plans frequent evaluations of the risk situation and the
efficiency of the reaction tactics, preserving a flexible risk management procedure that
adjusts to changing conditions (Schwalbe, 2015).

A visual tool that makes it easier to compare and rank various hazards within a project is a
risk table, also known as a risk assessment matrix. An easily readable summary of the risks is
provided by this tabular layout, facilitating rapid reference and analysis. A standard risk table
has multiple columns: The following factors are rated on a numerical or categorical scale:
Impact, which indicates the seriousness of the risk's consequences; Likelihood, which is the
assessed probability of the risk occurring; Risk ID, which acts as a unique identifier for
convenient reference; and Risk Description, which gives a concise synopsis of the risk event
or condition. The likelihood and impact evaluations are combined to create the Risk Score,
which helps rate the risks according to importance (PMI, 2017). The Risk Response, which
summarizes the intended steps to minimize or address the risk, including both mitigation and
contingency solutions, is also included in the risk table. While the Status column shows the
risk's current condition (e.g., active, resolved, monitoring), the Risk Owner column identifies
the person or group in charge of risk management and offers information on how well risk
management initiatives are going.
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By comparing their scores, risk tables help project teams prioritize risks and determine which
ones need immediate attention and resource allocation, making them essential tools in the
risk assessment process (Hillson, 2017). To guarantee that the most important risks are dealt
with first, this comparative analysis also helps in the creation of suitable Response Strategies.
Furthermore, ongoing risk status monitoring is made possible by routinely updating the risk
table, which enables teams to assess the efficacy of response plans and make required
modifications (Schwalbe, 2015).

The application of risk tables and risk sheets is particularly beneficial in the context of
photovoltaic (PV) parks. PV projects are distinguished by intricate technical, financial, and
environmental factors, each of which poses distinct risks that call for careful planning,
analysis, and documentation. Project managers can improve project resilience and raise the
possibility of successful project outcomes by systematically identifying, evaluating, and
managing these risks using structured risk management tools like risk sheets and risk tables
(PMI, 2017).

2.3.3 Risk score values and thresholds

2.3.3.1 Risk Score Scale

The table below outlines how the risk score is calculated and interpreted based on the impact
and likelihood scales. Each risk is evaluated on a scale from 0.05 to 0.8 for impact and from
0.1to 0.9 for likelihood (Kirytopoulos 2006, based on / PMI 2013). The risk score is the product
of these two values, which helps determine the priority and necessary response actions.

Table 1: Risk Score Scale

Likelihood \ || 0,05 (Low | 0,1 (Minor ||0,2 (Moderate| 0,4 (Major || 0,8 (Catastrophic
Impact Impact) Impact) Impact) Impact) Impact)
0,1 (Rare) 0,01 0,01 0,02 0,04 0,08

0,3 (Unlikely)| " 0,02 0,03 0,06 0,12 _
0,9 (Almost 0,05 0,09
Certain)

(Kirytopoulos 2006, based on / PMI 2013)

2.3.3.2 Risk Score Chart

The chart below shows graphically the above risk score values. The x-axis has the impact
values, while the y-axis has the likelihood values. Each pair of values produces a risk score
which is represented graphically. Each point has the corresponding color of the risk category
it represents. Thus, in green there are the low risk values, in orange there are the medium
risk values and in red there are the high risk values. Finally, two curves have been drawn which
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define the limits of each risk category. These curves were created by joining several points
corresponding to pairs of impact and likelihood values which result in an intermediate risk
score between the two risk categories. Between the low and medium risk category this value
is 0.045 and between the medium and high risk category this value is 0.145.
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Figure 3: Risk Score Chart

2.3.3.3 Interpretation of Risk Scores

Risk assessment is a critical component of decision-making in various fields, including finance,
engineering, and environmental management. It allows organizations to evaluate potential
hazards and implement appropriate mitigation strategies. The table below categorizes risk
scores into three levels—low, medium, and high—based on numerical thresholds. Each
category is associated with a specific response action to ensure that risks are managed

effectively.
Table 2: Interpretation of Risk Scores
Risk Score || Interpretation Response Action
0,01-0,04 Low Risk Monitor and maintain current controls
0,05-0,14 Medium Risk Implement additional controls
0,15-0,72 High Risk Develop and implement risk response plans
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(Kirytopoulos 2006, based on / PMI 2013)

2.3.3.4 Likelihood Scale

The likelihood of an event occurring is a fundamental factor in risk assessment, influencing
decision-making processes across various disciplines, including finance, engineering, and
project management. Likelihood is typically expressed as a probability percentage, providing
a quantitative basis for evaluating potential risks. The table below categorizes likelihood into
five levels, ranging from "Very Low" to "Very High," with an additional category for near-
certain events that are no longer considered risks but certainties.

Table 3: Likelihood Scale

Likelihood Interpretation
Up to 10% Very low
10-30% Low
30-50% Medium
50-70% High
70-90% Very high
>90% it is a certainty and not a risk

(Kirytopoulos 2006, based on / PMI 2013)

2.3.3.5 Impact Scale

Impact assessment is a crucial element in risk management, as it evaluates the potential
consequences of identified risks on a project's key performance criteria. The severity of an
impact is typically categorized into different levels, ranging from "Very Low" to "Very High,"
based on quantifiable thresholds. The following table presents an impact classification
system, incorporating multiple dimensions such as cost, time, scope, and
quality/performance, to provide a comprehensive framework for assessing risk
consequences.

Table 4: Impact Scale

Very low Low Medium High Very high
Impact
0,05 0,1 0,2 0,4 0,8
Cost (Increase nsignificant <5% 5-10% 10-20% >20%
project costs) increase increase increase increase
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Very low Low Medium High Very high
Impact
0,05 0,1 0,2 0,4 0,8
Time (I|:\crease o <5% 5-10% 10-20% > 20%
project Insignificant . .
duration) increase Increase Increase increase
Significant
Small part part Therange || Therange
Almost no of the f : f
of the total affected in | affected to
Scope identifiable || of the total to the point| degree of
range of the total of no cancellation
change range
affected sffected acceptable |of the project
Demanding Point to Point leading
Almost no |
Quality / only needed Point of no to
identifiable licati cancellation
Performance applications| 455roval of || accepted of the
change
affected customer project

(Kirytopoulos 2006, based on / PMI 2013)

Itis emphasized that the risk matrix and the associated scales may vary from project to project
or from project to project, for example depending on the risk appetite of the organization
(risk appetite for risk. However, it is certain that the scales should not change during a project
but should be decided in the planning process and adhered to throughout the project.

2.4 Monte Carlo Method for Risk Analysis

A reliable statistical method used for quantitative risk analysis in a variety of fields, including
project management, engineering, and finance, is the Monte Carlo method. By simulating
multiple possibilities, this approach is crucial for modeling uncertainty and variability in
complex systems. Named after the Monte Carlo Casino in Monaco to emphasize the
unpredictability in its simulations, the method was initially created in the 1940s by
mathematicians Stanislaw Ulam and John von Neumann in response to difficulties in nuclear
physics (Ulam & von Neumann, 1940s). By creating random samples from predetermined
probability distributions, the Monte Carlo method has its roots in probability and statistics—
allows researchers to assess the likelihood of different events (Metropolis & Ulam, 1949).

Random sampling, probability distributions, and repetitive simulation are the cornerstones of
the Monte Carlo method. By creating values for ambiguous parameters, random sampling
enables the investigation of a wide variety of potential outcomes. Probability distributions,
such as normal, uniform, or triangular distributions, which specify the likelihood of different
values happening, are used to characterize the simulation's input variables. Many iterations—
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often hundreds of millions—are conducted in the iterative simulation process to generate a
range of outcomes. These can subsequently be examined to extract information regarding
risk and uncertainty (Hammersley & Handscomb, 1964).

Implementing a Monte Carlo simulation for risk analysis is a methodical and structured
procedure that consists of multiple steps. Clearly defining the issue and goals, identifying the
major factors affecting the result, and identifying the risks that need to be evaluated are the
initial steps. It is therefore necessary to identify the uncertain input variables—like costs,
durations, or demand rates—and give each one a suitable probability distribution. The
triangular distribution, which is appropriate for situations with limited data and is
characterized by a minimum, maximum, and most likely value, the uniform distribution, which
is appropriate for circumstances where all outcomes within a specified range are equally
likely, and the normal distribution, which is appropriate for variables that are symmetrically
distributed around a mean value, are examples of frequently used distributions (Smith, 2003).

A mathematical model that depicts the connections between the input variables and the
intended result is created following the identification and characterization of the variables.
This model provides the basis for simulation and enables the computation of outcomes using
input values that are produced at random. The simulation is then run using specialized
software that generates random values for the input variables based on their prescribed
distributions. Because of the inherent diversity in the input parameters, the simulation yields
a different result with each iteration (Rockwell & Ames, 2012).

A probability distribution of events is produced by combining the results of a sufficient
number of simulations. This distribution, which includes metrics like the mean, median,
standard deviation, and percentiles, offers important insights into the range of outcomes. The
most expected outcomes, the dangers of extreme occurrences like cost overruns or schedule
delays, and the effects of changing input factors are among the important insights that are
uncovered by analyzing the combined data. To support well-informed decision-making and
resource allocation based on the identified risks and uncertainties, the last stage is to
interpret the results considering the initial issue and make sure that the findings are properly
conveyed to stakeholders (Pires & de Oliveira, 2006).

Numerous fields use the Monte Carlo approach extensively for risk assessments. By
simulating returns and losses under various market situations, it is used in finance to evaluate
the risks associated with investment portfolios and provide investors with an idea of the
probability of reaching financial objectives or suffering substantial losses (Smith, 2003).
Monte Carlo simulations are used in project management to assign probability distributions
to task durations and expenditures to assess the uncertainty and unpredictability of project
schedules and budgets. This method enables project managers to produce a variety of budget
and completion date scenarios, offering insightful information for spotting cost overruns and
schedule delays and supporting initiative-taking risk management.

Monte Carlo simulations are used in supply chain management to model demand variations,
transit durations, and manufacturing rates to improve operations. Decision-makers can
determine bottlenecks, evaluate the effects of uncertainty, and create plans to reduce
expenses and boost productivity by modeling various supply chain topologies (Pires & de
Oliveira, 2006). The technique is used in reliability engineering to evaluate the performance
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and dependability of complex systems by considering variables including environmental
unpredictability, operational conditions, and material attributes. This helps to optimize
maintenance methods by offering insights into life cycle costs and failure probabilities
(Hammersley & Handscomb, 1964).

To sum up, the Monte Carlo approach is a vital instrument for risk analysis that provides
important insights into the unpredictability and uncertainty inherent in complex systems. In
the face of uncertainty, analysts can make well-informed decisions by simulating a variety of
situations using random sampling and probability distributions. Its use in a wide range of
industries, such as engineering, finance, project management, and supply chain management,
highlights how important it is as a method for contemporary risk analysis. The Monte Carlo
approach will remain essential for comprehending and successfully managing risks as
businesses embrace data-driven decision-making procedures (Metropolis & Ulam, 1949;
Rockwell & Ames, 2012).

2.4.1 Advantages of utilizing Monte Carlo simulation in Risk Analysis

A sophisticated statistical method that is frequently used in risk analysis to model uncertainty
and assess outcomes in complicated systems is the Monte Carlo simulation (MCS). MCS is a
potent instrument for thorough risk assessment, decision support, and stakeholder
communication since it generates a large number of random samples based on
predetermined probability distributions, offering crucial insights into the possibility of various
events (Metropolis & Ulam, 1949). Monte Carlo simulation's capacity to enable a
comprehensive assessment of risks by considering a large number of input variables and their
interactions is one of its main benefits. MCS creates a probability of distribution of outcomes
as opposed to deterministic models, which, given set inputs, yield a single conclusion.
Decision-makers can comprehend the entire range of risks and their ramifications thanks to
this thorough approach, which successfully represents the inherent complexity and
unpredictability of real-world events. Organizations are therefore better able to foresee and
prepare for a variety of situations, which results in more effective risk management plans
(Hammersley & Handscomb, 1964).

The ability of MCS to measure uncertainty is another important advantage. MCS provides a
more sophisticated view of risk by estimating the likelihood of various outcomes by modeling
input factors as probability distributions. By helping businesses determine the likelihood of
occurrences, such cost overruns or project delays, this quantification promotes better
decision-making. Project managers, for example, can determine the probability of finishing a
project on time or within budget, enabling better planning for any obstacles that may arise.
In complicated projects where several risks need to be addressed at once, this capacity to
measure uncertainty is especially helpful (Smith, 2003).

By offering a strong basis for making decisions in the face of uncertainty, Monte Carlo
simulation also improves decision support. Decision-makers can assess the possible effects of
alternative tactics by modeling different scenarios and examining the distributions that
follow. In project management, where stakeholders can evaluate the trade-offs between
several options, this expertise is extremely beneficial. Project managers can evaluate risks,
distribute resources effectively, and create backup plans based on facts rather than gut

30 EANMMS “Alaxeipion Epywv YroSopwv Kat Kataoksuwv”
MSc “Infrastructure and Construction Project Management”



Risk Analysis in Photovoltaic Parks using the Monte Carlo method
Metamtuytokn Atmdwpatikr Epyaocio — ANéEavdpog Zndakng
Master's Thesis — Alexandros Sifakis

feeling thanks to MCS. The likelihood of project success is increased and decision-making
quality is improved overall using this data-driven approach (Rockwell & Ames, 2012).

MCS helps with sensitivity analysis, which is essential for determining which input variables
have the most effects on results, in addition to its function in risk assessment and decision
assistance. Analysts can identify the elements that most influence a project's success or
failure by methodically changing inputs and tracking changes in outcomes. This knowledge
enhances the effectiveness of resource allocation and mitigation tactics by enabling firms to
concentrate their risk management efforts on the most crucial factors. So, sensitivity analysis
can make risk management strategies more focused and efficient (Pires & de Oliveira, 2006).

Monte Carlo simulation's usefulness as a risk analysis tool is further increased by its
adaptability and versatility. Because MCS is flexible in simulating a wide range of variables,
including market swings, resource availability, and technology advancements, it can be used
in a variety of domains, including finance, engineering, project management, and
environmental science. Because of its adaptability, MCS is a useful tool for a variety of
industries, enabling firms to customize the simulation to their unique requirements and
circumstances (Smith, 2003). Furthermore, it is possible to efficiently show the large amount
of data produced by MCS to improve comprehension and communication. Monte Carlo
simulation results can be displayed in a number of ways, such as tornado diagrams,
cumulative distribution functions, and histograms. By helping stakeholders understand the
range of outcomes and the corresponding probability, these visualizations promote more
transparent communication about risks and uncertainties. Because it allows all stakeholders
to have a common knowledge of the risks involved, this transparency is essential for
stakeholder participation and well-informed decision-making (Hammersley & Handscomb,
1964).

Another significant benefit of Monte Carlo simulation is enhanced stakeholder
communication. MCS helps clients, investors, and project teams develop trust by offering
transparent, data-driven insights into risks and their effects. Discussions become more
cooperative and knowledgeable when stakeholders have a greater understanding of the
reasoning behind choices and the possible effects of risks. Achieving consensus and
guaranteeing that all parties involved have the same understanding and expectations depend
on this enhanced communication (Metropolis & Ulam, 1949). Monte Carlo simulation also
facilitates ongoing enhancements to risk management procedures. Organizations can
improve the quality of their simulations and more accurately predict future hazards by
routinely revising the input distributions considering fresh information or insights. By
encouraging a culture of learning and adaptation, this iterative strategy helps businesses
adjust to changing conditions more skillfully. Consequently, MCS helps to strengthen risk
management techniques over the long term in addition to helping to control present hazards
(Rockwell & Ames, 2012).

To sum up, the Monte Carlo simulation has many benefits for risk analysis, such as thorough
risk assessment, uncertainty quantification, better decision support, sensitivity analysis, and
greater stakeholder communication. It is an essential tool for firms trying to manage the
complexity of risk because of its adaptability and cross-field applicability. Organizations can
enhance their risk management tactics, make better decisions, and accomplish more effective
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projects and initiative results by utilizing the insights obtained from Monte Carlo simulations
(Pires & de Oliveira, 2006).
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3. Chapter 3 — Computational Risk Assessment for Photovoltaic Parks

3.1 About the Risk Analysis

The development of a 1-megawatt (MW) photovoltaic park (Figures 1 and 2) in the Prochoma
neighborhood of Thessaloniki, Greece, is the focus of this risk analysis. Prochoma, a region in
northern Greece, is well known for having year-round sunshine and ideal weather for solar
energy generation. It’s ideal levels of solar irradiance and the availability of adequate land,
which are essential for optimizing the efficiency and production of solar energy installations,
support the strategic selection of this region for renewable energy projects.

By connecting a transformer to a company owned Ultra High Voltage Center, the photovoltaic
park will be incorporated into the grid, guaranteeing effective transmission and distribution
of the electricity produced. The stability and dependability of the local power system depend
on this integration, especially as the area becomes more dependent on renewable energy
sources. This project is a component of the company's larger plan, which includes building
over 232 solar parks throughout the surrounding area. At the UHVC in Prochoma, all these
parks will be connected. To lessen Greece's reliance on fossil fuels and support international
efforts to tackle climate change, this ambitious project intends to increase the region's
potential for renewable energy and strengthen Greece's commitment to sustainable energy
sources.

Figure 4: UHVC in Prochoma (12/2025)

Because of the concentration of construction enterprises in the area, Prochoma's strategic
location close to Thessaloniki is favorable. Large-scale projects can be conducted because of
the easy access to a sizeable workforce made possible by the area's proximity to Thessaloniki.
Thessaloniki's competent labor pool guarantees that large-scale projects can be effectively
planned and carried out in this area.

EANMME “Awayeiplon Epywv Yrnodouwv kat Kataokeu wv” 33
MSc “Infrastructure and Construction Project Management”



Risk Analysis in Photovoltaic Parks using the Monte Carlo method
Metartuxtokn AutAwpoatikn Epyacio — AAéEavSpog Zndakng
Master's Thesis — Alexandros Sifakis

The company has carefully placed its solar parks in a number of areas, including Kilkis and
Prochoma. The comparatively level ground in these areas makes them ideal for solar panel
installation. Because of the flat terrain, less substantial site preparation is required, and
photovoltaic panels can be positioned to best catch solar energy.

The viability of large-scale solar projects is also greatly influenced by the affordable land that
is available in these locations. The financial feasibility of large-scale photovoltaic park
developments is supported by the affordability of land purchase in Prochoma and the
neighboring areas. Prochoma and the surrounding territories are perfect for the company's
renewable energy activities because of this economic advantage, as well as its strategic
position and large workforce.
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Figure 5: The location of 232 PV Parks

Site selection, design, building, commissioning, and operational management are the several
stages involved in any photovoltaic park, including the 1 MW installation under discussion.
The success of the project depends on the careful identification and management of the
unique risks that each phase brings. Potential land use disputes and the requirement for
environmental impact evaluations to make sure the installation will not negatively influence
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nearby ecosystems are hazards during the site selection stage. To maximize energy capture,
solar panel placement and orientation must be carefully considered throughout the design
phase. The installation's structural integrity and longevity under varied weather conditions
must also be taken into consideration. Risks associated with construction include delays
brought on by severe weather, interruptions in the supply chain, and shortages of
experienced workers. Making sure all systems are fully functional and adhere to legal
requirements is known as commissioning. Continuous maintenance, performance tracking,
and resolving any emerging technical difficulties are all part of operational management.

The Prochoma region offers plenty of room for solar panel installation without significantly
altering the current land use due to its combination of semi-arid and agricultural settings. A
major benefit of this land availability is that it permits the extensive installation of solar
panels, which are essential for producing a sizable amount of energy. Access to transportation
networks, skilled labor, and necessary services are among the logistical benefits of being close
to Thessaloniki, a significant urban center. To address issues with land use, community
involvement, and ecological preservation, a comprehensive risk assessment is necessary due
to the region's distinct natural and social dynamics. To allay any worries local communities
may have about the project and guarantee that the advantages of developing renewable
energy are widely distributed, it is imperative that local communities be involved.

This risk analysis aims to provide a thorough understanding of the potential difficulties and
uncertainties related to the construction and operation of the 1 MW photovoltaic park by
focusing on the unique circumstances of Prochoma and the overall goals of the company's
renewable energy initiative. The success and sustainability of the project will be improved by
using the knowledge gathered from this analysis to guide the creation of efficient risk
mitigation plans. Strong plans for engaging stakeholders, thorough environmental impact
analyses, and the use of innovative monitoring and maintenance technologies to guarantee
peak performance and little downtime are a few examples of such tactics.

In conclusion, the development of a 1 MW photovoltaic park in Prochoma, Thessaloniki, is a
crucial step toward the advancement of Greece's infrastructure for renewable energy. The
initiative seeks to overcome the numerous obstacles presented by technical, social,
environmental, and regulatory variables through careful risk management and analysis. In
addition to increasing the area's capacity for renewable energy, the project's successful
completion will set the standard for future renewable energy initiatives in Greece and
elsewhere. This project supports Greece's transition to sustainable energy sources and
strengthens its position in international efforts to create a low-carbon future by helping to
meet regional and national goals for the spread of renewable energy.

3.2 Risk Breakdown Structure for the Construction of a Photovoltaic Park

A methodical framework for classifying project hazards, a risk breakdown structure (RBS)
makes it easier to identify, evaluate, and manage these risks. Photovoltaic (PV) park
development and operation entail a number of risk factors that might impact project viability,
financial performance, and operational efficiency. Project management, technical,
environmental, financial, regulatory, operational, social, and cybersecurity hazards are some
broad categories into which these risks might be divided.
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Risks associated with project management are mostly caused by scheduling and planning
issues, such as ineffective resource allocation and delays in regulatory approval. Obtaining
permits from many government agencies can lengthen project schedules, raise expenses, and
impact the viability of the project. Furthermore, poor resource management could result in
less-than-ideal labor and material distribution, which would hinder advancement. Since bad
information management or miscommunication can result in misunderstandings, data loss,
and poor decision-making, stakeholder communication is also essential to project execution.

Because of the dependence on recent technologies and the possibility of equipment
malfunctions, technical hazards present serious difficulties. System reliability may be unclear
because of advanced solar panel designs and energy storage systems that do not always work
as planned. Additionally, operational disruptions may result from equipment problems
including inverter failures or module degradation. Uncertainties are further increased by
performance hazards, such as energy vyield variability and potential-induced degradation
(PID), since poor design, shading, and ambient conditions can affect energy output and long-
term efficiency.

The unpredictability of weather patterns and site-specific factors make environmental
concerns a critical concern. Hurricanes and hailstorms are examples of extreme weather
events that can harm infrastructure and solar panels, requiring expensive repairs and causing
extended outages. Furthermore, unanticipated ecological issues can require design changes,
and unstable soil conditions might jeopardize structural integrity, making project planning
even more difficult.

Market volatility, cost overruns, funding and investment concerns are all considered financial
risks. Project construction may be halted by a lack of funding, and costs may exceed initial
projections due to shifting interest rates and material price volatility. Accurate cost planning
and sufficient financial support are crucial since understated operating expenditure (OPEX)
can put a strain on financial sustainability.

Permitting issues, legislative modifications, and compliance with environmental standards are
all sources of regulatory and compliance concerns. Project approvals may be delayed by
complicated regulatory frameworks, and compliance requirements may change in the middle
of a project due to unforeseen legal changes. Environmental standards violations can lead to
fines or closures, and local populations' legal challenges based on ecological or land use issues
can further affect project budgets and schedules.

Operational hazards include workforce-related problems, supply chain interruptions, and
maintenance difficulties. Long-term efficiency requires the establishment of efficient
maintenance procedures, whereas operational inefficiencies and safety risks can result from
insufficient training. Disruptions to the supply chain, like delayed component deliveries and
inadequate quality control, can also affect system dependability and building timelines.

Because labor relations and public opposition can impact project execution, social and
community risks are key factors to consider. Protests or legal issues may result from
community opposition brought on by perceived land use implications or aesthetic concerns.
Furthermore, ethical land-use practices and thorough engagement are necessary when it
comes to indigenous rights problems. Project stakeholders may face additional difficulties
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because of labor disputes, strikes, and workplace safety accidents that can further delay
construction and raise expenses.

Lastly, as PV parks incorporate innovative operational technology, cyber security threats have
grown in importance in the digital age. While breaches involving sensitive project information
can damage stakeholder confidence and have an impact on investor relations, cyber-attacks
that target control systems have the potential to interrupt operations and jeopardize data
security.

To address these risks, stakeholders can quantify uncertainty and create mitigation plans by
using systematic analysis techniques like the Monte Carlo method. Decision-makers can
evaluate the impact of risk, improve project planning, and strengthen PV parks' resistance to
unforeseen difficulties by utilizing probabilistic models. In a changing economic and
environmental context, the long-term viability and sustainability of photovoltaic energy
projects depend on the incorporation of strong risk management procedures.

There are numerous risks associated with building a solar park that need to be methodically
recognized and controlled over the course of the project. A thorough Risk Breakdown
Structure, as described above, can help stakeholders better comprehend potential problems
and put mitigation plans into action. The successful implementation and long-term viability
of photovoltaic installations will be aided by this proactive approach.

3.3 Risk Analysis Sheets

3.3.1 Project Management Risks

3.3.1.1 Regqulatory Approval Delays and Resource Misallocation
Table 5: Risk Identification of R1 and R2

Rllék Risk Description Category Source of Risk
R1 Regulatory Approval Planning and Scheduling Government/Regulatory
Delays Risks Bodies

Planning and Scheduling

. Internal Project Management
Risks J &

R2 | Resource Misallocation

Table 6: Risk Assessment of R1 and R2

Risk ID Impact Likelihood Risk Score Priority
R1 0,4 0,7
R2 0,4 0,7
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Firstly, the initial risk assessment for regulatory approval delays and resource misallocation in
constructing the 1 MW photovoltaic park in Prochoma, Thessaloniki, highlighted significant
challenges. The complexity of obtaining necessary permits and potential bureaucratic hurdles
(Table 5) led to high ratings for the impact and likelihood of delays (Table 6). Additionally,
managing resources across multiple projects in the region presented substantial potential
issues, with high impact and likelihood scores due to the risk of cost overruns and delays.

Table 7: Risk Response Plan of R1 and R2

Responsible

Risk ID Mitigation Strategies
& & Person

Early engagement with regulators

Regulatory Affairs

R1 Hire a regulatory consultant
g ¥ Manager

Regular follow-ups with approval authorities

Detailed project planning and resource allocation

R2 || Regular project review meetings to track resource usage || Project Manager

Implement project management software for monitoring

Table 8: Recalculated Risk Assessment after every Mitigation of R1 and R2

Risk ID Impact Likelihood Risk Score Priority
R1 0,2 0,3 0,06 Medium
0,2 0,1 0,02 Low
R2 0,4 0,3 0,12 Medium
0,4 0,1 0,04 Low

Mitigation strategies for regulatory approval delays (Table 7) included proactive engagement
with regulatory authorities, thorough documentation preparation, and hiring experienced
consultants. A resolute team was also established to monitor and promptly address permit
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application issues, significantly reducing the likelihood of delays and slightly mitigating their
impact. To address the risk of resource misallocation, a detailed resource management plan
was developed (Table 7), project management software was used to track resources, and
regular reviews and adjustments of resource allocation were conducted (Raz & Michael,
2001). Additionally, training sessions for project managers were held to enhance their
resource management skills. These strategies significantly reduced the likelihood of
misallocation and its potential impact on the project (Table 8).

3.3.1.2 Miscommunication Among Stakeholders and Information Management Failures
Table 9: Risk Identification of R3 and R4

Risk
III; Risk Description Category Source of Risk
R3 Miscommunication Among Stakeholder Internal and External
Stakeholders Communication Risks Stakeholders
R Information Management Stakeholder IT Systems/Data
Failures Communication Risks Management
Table 10: Risk Assessment of R3 and R4
Risk ID Impact Likelihood Risk Score Priority
R3 0,2 0,5 0,1 Medium
R4 0,2 0,5 0,1 Medium

The primal risk assessments for miscommunication among stakeholders and information
management failures (Table 9) in constructing the photovoltaic park in Prochoma, identified
mediocre potential issues. The moderate impact and medium likelihood scores for
miscommunication (Table 10) were due to the complexity of coordinating multiple parties,
including regulatory bodies, contractors, local authorities, and community groups. Similarly,
the scores for information management failures (Table 10) were attributed to the challenges
of handling vast amounts of project data, coordinating between multiple systems, and
ensuring data accuracy and accessibility.
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Table 11: Risk Response Plan of R3 and R4

Risk Mitigation Strategies Responsible
ID Person
Implement regular communication channels (meetings,
updates)
R3 Communications
Use collaboration tools (e.g., Slack, Microsoft Teams) Director
Clearly define roles and responsibilities
Implement robust information management systems
R4 Regularly back up data and test data recovery plans IT Manager
Conduct training in information management best practices
Table 12: Recalculated Risk Assessment after every Mitigation of R3 and R4
Risk ID Impact Likelihood Risk Score Priority
0,2 0,3 0,06 Medium
R3 0,2 0,11 0,02 Low
0,2 0,1 0,02 Low
0,2 0,3 0,06 Medium
R4 0,2 0,1 0,02 Low
0,2 0,1 0,02 Low

To mitigate the risks of miscommunication among stakeholders and information
management failures, multiple strategies were implemented (Table 11). A robust
communication plan, centralized project management and communication tools, and regular
stakeholder meetings ensured alignment and promptly addressed concerns. A dedicated
communications manager oversaw stakeholder interactions for clear and consistent
messaging (Lee, et al., 2012). For information management, a robust system was deployed
with data integration across platforms, regular audits and backups, and training sessions for
all team members. Additionally, a resolute IT manager ensured data integrity and system
performance. These measures significantly reduced the likelihood and impact of both
miscommunication and information management failures on the project (Table 11).
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3.3.2.1 Dependence on Emerging Technologies and Equipment Failure Risks

Table 13: Risk Identification of R5 and R6

Risk
III; Risk Description Category Source of Risk
Dependence on Emerging Technology Reliability Rapid Technological

R5 . .
Technologies Risks Changes

R6 Equipment Failure Risks TEChnOIOISZkZeIIabIIIty Equipment/Hardware

Table 14: Risk Assessment of R5 and R6
Risk ID Impact Likelihood Risk Score Priority
R5 0,2 0,5 0,1 Medium

The initial risk evaluations for reliance on emerging technologies and equipment failure (Table
13) in the construction of the photovoltaic park that we discuss identified some potential
challenges. The moderate impact and likelihood ratings for emerging technologies (Table 14)
were due to the dependence on new, untested technologies, which could lead to
performance issues, increased costs, and added complexity. On the other hand, the risk of
equipment failure, with a high impact and likelihood (Table 14), was attributed to the

potential for operational disruptions, costly repairs, and project delays due to equipment
defects or malfunctions.

Table 15: Risk Response Plan of R5 and R6

Risk Mitigation Strategies Responsible
ID & & Person
Conduct thorough vetting of emerging technologies
RS - - - - Technical
Establish partnerships with technology providers Director
Allocate budget for technology updates and training
R6 Regular maintenance and inspection of equipment
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Rli;k Mitigation Strategies Re:zc::jlble
Establish contingency plans for equipment failure
Maintenance
Train staff on equipment managing and emergency Manager
procedures
Table 16: Recalculated Risk Assessment after every Mitigation of R5 and R6
Risk ID Impact Likelihood Risk Score Priority
0,2 0,3 0,06 Medium
R5 0,2 0,1 0,02 Low
0,1 0,1 0,01 Low
R6 0,2 0,5 0,1 Medium
0,11 0,3 0,03 Low

To minimize the risks of reliance on emerging technologies and equipment failure, various
strategies were implemented (Table 15). For emerging technologies, this included rigorous
vetting and testing prior to deployment, maintaining a balance of proven and innovative
technologies, and building strong relationships with technology providers for better support.
Contingency plans were created for potential failures, and staff received ongoing training on
the latest advancements. For equipment failure, strategies included careful selection and
testing of equipment, a comprehensive maintenance schedule, and ensuring availability of
essential spare parts (Tang et al., 2020). On-site personnel received enhanced training for
proper handling and early detection, while a resolute maintenance team conducted regular
inspections and preventive maintenance (Table 16).

Failures in construction equipment are common and can significantly impact project
timelines. These failures can be attributed to several factors, including the hardness of the
soil, improper handling, and the age or wear of the machinery. The hardness of the soil can
place excessive stress on equipment, leading to mechanical breakdowns. Incorrect handling
or the operation of machinery by personnel can also result in damage or malfunction.
Additionally, as machinery ages, the likelihood of component failure increases due to wear
and tear.

The delays caused by such equipment failures can vary widely in duration, ranging from a few
hours to several weeks, depending on the nature and severity of the issue. Minor mechanical
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issues might be resolved quickly with basic repairs or part replacements, resulting in only brief
interruptions to construction activities. However, more severe failures, such as major
mechanical breakdowns or the need for specialized parts that are not readily available, can
lead to prolonged delays. In such cases, the repair process may involve extensive diagnostics,
ordering and shipping of parts, and potentially significant repair work, all of which contribute
to extended project timelines. Consequently, the impact of equipment failures on
construction projects underscores the importance of regular maintenance, proper training for
equipment operators, and contingency planning to mitigate potential delays.

3.3.2.2 Energy Yield Variability and Potential Induced Degradation (PID)
Table 17: Risk Identification of R7 and R8

Risk

D Risk Description Category Source of Risk
Energy Yield Performance Risks Weather Conditions/Climate
R7 N
Variability Change

Potential Induced Performance Risks

R8 . .
Degradation (PID) PV Modules/Material Quality

Table 18: Risk Assessment of R7 and R8

Risk ID Impact Likelihood Risk Score Priority
R8 0,4 0,3 0,12 Medium

In this case, the initial risk assessments for energy yield variability and induced degradation
(PID) (Table 17) identified significant potential challenges. Energy yield variability, with high
impact and likelihood ratings (Table 18), stemmed from the unpredictability of solar energy
production, potentially affecting the project's financial performance and stability. Similarly,
induced degradation (PID) posed some issues, as it could significantly reduce the efficiency
and lifespan of solar panels, leading to decreased energy output and increased maintenance
costs. The impact of PID was rated high, with a medium likelihood (Table 18) due to potential
environmental and operational factors.
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Table 19: Risk Response Plan of R7 and R8

Risk e e . Responsible
D Mitigation Strategies Person
Use advanced weather forecasting tools to predict energy
yield
Performance
R7 . T
Implement energy storage systems to balance yield variability Analyst
Diversify geographic location of PV installations
Use PID-resistant materials in PV modules
Quality
R8 Regular testing for PID in PV modules Assurance
Manager
Implementing preventive maintenance to reduce PID
Table 20: Recalculated Risk Assessment after every Mitigation of R7 and R8
Risk ID Impact Likelihood Risk Score Priority
0,4 0,3 0,12 Medium
R7 0,2 0,3 0,06 Medium
0,2 0,1 0,02 Low
0l4 0'1 0,04 LOW
R8 0,4 0,1 0,04 Low
0,2 0,1 0,02 Low

To reduce the risks of energy yield variability and induced degradation (PID), several strategies
were implemented (Table 19). For energy yield variability, detailed site analysis and selection
were used to optimize solar exposure, advanced forecasting tools were employed for
accurate energy yield predictions, and energy storage systems were installed to balance
fluctuations. Regular performance monitoring and adjustment protocols were also
established to ensure consistent energy production. For PID, mitigation strategies included
selecting PID-resistant solar panels, implementing proper grounding and insulation
techniques, and using advanced monitoring systems to detect early signs of degradation.
Additionally, regular maintenance and inspection schedules were set up to promptly address
PID issues, ensuring the solar park's long-term performance and reliability (Table 20).
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3.3.3 Environmental Risks

3.3.3.1 Severe Weather Events and Unpredictable Climate Patterns
Table 21: Risk Identification of R9 and R10

Risk . — i
D Risk Description Category Source of Risk
Severe Weather . Natural Disasters/Extreme
R9 Weather-Related Risks /
Events Weather

Unpredictable Climate

R10 Weather-Related Risks Long-term Climate Change
Patterns
Table 22: Risk Assessment of R9 and R10
Risk ID Impact Likelihood Risk Score Priority

The preliminary risk evaluations for severe weather events and unpredictable climate
patterns (Table 21) in the construction identified substantial challenges. Severe weather, such
as storms, heavy rainfall, and high winds, can cause considerable damage to solar
infrastructure, leading to costly repairs, downtime, and safety hazards, resulting in high
impact and medium likelihood ratings (Table 22) due to regional climate patterns. Similarly,
unpredictable climate changes, such as unexpected temperature fluctuations and irregular
precipitation, can affect the efficiency and reliability of solar energy production, with high
impact and medium likelihood ratings (Table 22) due to increasing global climate volatility.

Table 23: Risk Response Plan of R9 and R10

Risk Mitigation Strategies Responsible
ID g g Person

Design infrastructure to withstand severe weather conditions

Environmental

RS Develop emergency response plans and protocols
P gency resp P P Manager
Regular maintenance and inspections
R10 | Implement flexible and adaptive energy management systems
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Rli;k Mitigation Strategies Re:zc:::,;ble
Use climate-resilient materials and technologies

Environmental

Conduct regular climate risk assessments and update Analyst
strategies
Table 24: Recalculated Risk Assessment after every Mitigation of R9 and R10
Risk ID Impact Likelihood Risk Score Priority
R9 0,2 0,5 0,1 Medium
0,1 0,5 0,05 Medium
0,2 0,5 0,1 Medium
R10 0,1 0,5 0,05 Medium
0,05 0,5 0,03 Low

To lessen the risks of severe weather events and unpredictable climate patterns, some
strategies were implemented (Table 23). For severe weather, robust infrastructure design,
advanced weather monitoring systems for early warnings, and comprehensive emergency
response plans were developed, along with regular maintenance and inspections to ensure
resilience. To address unpredictable climate patterns, flexible and adaptive design elements
were incorporated into the solar park, high-efficiency and climate-resilient solar panels were
used, and sophisticated climate modeling tools were employed. Ongoing climate monitoring
and adaptive management practices were also established to ensure the solar park's
operational stability and efficiency (Table 24).

Prochoma, situated in the Thessaloniki region of Greece, is characterized by a Mediterranean
climate, marked by warm, dry summers and cool, wet winters. The average annual
precipitation in Prochoma is approximately 458.4 mm, with rainfall distributed unevenly
across the months. January experiences 36.9 mm of rainfall over 11 days, while February
receives 40.3 mm over 8 days. March follows with 45.7 mm over 9 days, and April sees 36.1
mm over 9 days. May experiences 44 mm of rainfall over 10 days, and June receives 31.6 mm
over 7 days. The summer months are drier, with July recording 25.6 mm of rain over 4 days,
and August receiving only 20.8 mm over 3 days. Rainfall increases again in the autumn
months, with September recording 26.2 mm over 5 days, October 40.6 mm over 8 days,
November 57.7 mm over 11 days, and December 52.9 mm over 11 days. On average,
Prochoma experiences about 96 rainy days per year.
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In contrast, the area enjoys a substantial amount of sunshine throughout the year, with the
percentage of sunny daylight hours varying by month. January has approximately 40% of
daylight hours sunny, while February sees a slight increase to 46%. The percentage of
sunshine continues to rise through the spring, with March at 47%, April at 56%, and May at
63%. The summer months, particularly July and August, are the sunniest, with about 81% and
82% of daylight hours sunny, respectively. September remains sunny, with 67% of daylight
hours clear, while October experiences 54% sunshine. In the winter months, the percentage
of sunshine decreases again, with November and December both having around 39% of
daylight hours sunny. On average, July is the sunniest month, with approximately 11.3 hours
of sunlight per day (HNMS, 2024).

3.3.3.2 Ecological Concerns and Soil Stability Issues
Table 25: Risk Identification of R11 and R12

Risk ID|| Risk Description Category Source of Risk
R11 || Ecological Concerns Site Conditions Risks Impact on local flora and fauna
R12 Soil Stability Issues Site Conditions Risks [|Soil erosion and land subsidence

Table 26: Risk Assessment of R11 and R12

Risk ID Impact Likelihood Risk Score Priority

R11 0,2 0,5 0,1 Medium

Additionally, the initial risk evaluations for ecological concerns and soil stability issues (Table
25) in the construction revealed significant challenges. Ecological concerns, with moderate
impact and likelihood scores (Table 26), stemmed from the potential disruption of local
ecosystems, wildlife habitats, and biodiversity due to construction activities and solar
infrastructure presence. On the other hand, soil stability issues, with very high impact and
medium likelihood ratings (Table 26), were attributed to potential structural problems,
increased maintenance costs, and safety hazards due to variable soil conditions in the region.

Table 27: Risk Response Plan of R11 and R12

Responsible

Risk ID Mitigation Strategi
is itigation Strategies Person

Conduct environmental impact assessments .
Environmental

R11
Specialist

Develop and implement conservation plans

EANMS “Alayxeipton Epywv YioSouwv kat Kataokeuwv” 47
MSc “Infrastructure and Construction Project Management”



Risk Analysis in Photovoltaic Parks using the Monte Carlo method
Metamtuytokn Atmdwpatikr Epyaocio — ANéEavdpog Zndakng
Master's Thesis — Alexandros Sifakis

. e e . Responsible
Risk ID Mitigation Strategies P
Person

Monitor and manage ecological impacts regularly

Conduct geotechnical surveys before construction
R12 Implement soil stabilization techniques Geotechnical

Engineer
Regular monitoring of soil stability and erosion control
measures

Table 28: Recalculated Risk Assessment after every Mitigation of R11 and R12

Risk ID Impact Likelihood Risk Score Priority

0,1 0,5 0,05 Medium
R11 0,1 0,3 0,03 Low
0,05 0,11 0,01 Low

R12 0,4 0,3 0,12 Medium
0,4 0,1 0,04 Low

To mitigate the risks of ecological concerns and soil stability issues, many strategies were
implemented (Table 27). For ecological concerns, thorough environmental impact
assessments were conducted, the project was designed to minimize habitat disruption, and
biodiversity preservation measures were incorporated (Hernandez et al.,, 2014). Ongoing
environmental monitoring was also established to track impacts and adjust practices as
needed. For soil stability issues, comprehensive geotechnical surveys were conducted, soil
stabilization techniques were employed during construction, and robust foundations were
designed to withstand potential soil movement. Regular soil monitoring and maintenance
practices were also established to ensure ongoing soil stability and structural integrity (Table
28).

During the construction of 232 photovoltaic parks in the Prochoma area, soil stability issues
necessitated the use of concrete for pile stabilization in fifteen instances. The requirement
for concrete significantly extended the construction timeline for these parks. Specifically, the
embedding of piles for a 1 MW park typically ranges from one to two days. However, when
concrete stabilization is required, this duration extends to six to eight days. This variation
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depends on the efficiency of local concrete suppliers in delivering the required quantities to
the site and the prevailing weather conditions during the concrete placement period (Internal
Source).

3.3.4 Financial Risks

3.3.4.1 Inadequate Funding and Interest Rate Fluctuations
Table 29: Risk Identification of R13 and R14

Risk ID|| Risk Description Category Source of Risk

Funding and Investment

R13 || Inadequate Funding Insufficient financial resources

Risks
R14 Interest Bate Funding anfj Investment Changes in market interest rates
Fluctuations Risks
Table 30: Risk Assessment of R13 and R14
Risk ID Impact Likelihood Risk Score Priority

In the case that we are discussing, the initial risk assessments for inadequate funding and
interest rate fluctuations (Table 29) in the construction highlighted significant challenges.
Inadequate funding could lead to delays, compromised quality, or even project cancellation,
with a high impact and medium likelihood (Table 30) due to the difficulties of securing
sufficient and timely funding. Similarly, interest rate fluctuations posed considerable
concerns, as they could significantly increase financing costs and cause financial instability,
with high impact and medium likelihood (Table 30) due to global financial market volatility.

Table 31: Risk Response Plan of R13 and R14

Risk Responsible
Mitigation Strategies
ID & & Person
Secure multiple sources of funding (e.g., grants, loans,
investors)

R13 Finance

Develop a detailed financial plan and budget Manager

Establish a contingency fund
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Risk Mitigation Strategies Responsible
ID & & Person
Lock in fixed interest rates where possible
21 Hedge against interes_t rate fluctuations using financial Financial
instruments Analyst
Regularly review and adjust financial strategies based on
market trends
Table 32: Recalculated Risk Assessment after every Mitigation of R13 and R14
Risk ID Impact Likelihood Risk Score Priority
R13 0,8 0,1 0,08 Medium
0,4 0,1 0,04 Low
0,4 0,3 0,12 Medium
R14 0,2 0,3 0,06 Medium
0,2 0,1 0,02 Low

To reduce the risks of inadequate funding and interest rate fluctuations (Table 31), multiple
strategies were implemented. For inadequate funding, multiple funding sources were secured
to diversify financial support, a detailed financial plan with contingencies was established,
and strong relationships with investors and financial institutions were maintained. Regular
financial monitoring and reporting were also set up for transparency and early identification
of issues. For interest rate fluctuations, fixed interest rates were locked where possible,
financial hedging instruments were used to manage rate volatility, and a robust financial
model was developed to account for potential rate changes (Kunreuther, 1996). Additionally,
maintaining close relationships with financial advisors and institutions was crucial for staying
informed about market trends and adapting strategies accordingly (Table 32).
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3.3.4.2 Material Price Volatility and Underestimated Operational Expenditures (OPEX)

Table 33: Risk Identification of R15 and R16

Volatility

Risk . i .
IID Risk Description Category Source of Risk
Material Price Fluctuations in market prices for
R15 Cost Overrun Risks P

materials

Underestimated
R16 Operational
Expenditures (OPEX)

Cost Overrun Risks

Inaccurate forecasting of

operational costs

Table 34: Risk Assessment of R15 and R16

Risk ID Impact Likelihood Risk Score Priority
R15 04 0,5
R16 0,4 0,5

The initial risk assessments for material price volatility and underestimated operational
expenditures (OPEX) (Table 33) in the construction of the 1 MW photovoltaic park in
Thessaloniki, identified significant potential challenges. Material price volatility, due to
fluctuations in the prices of essential materials like solar panels and metals, could lead to
increased project costs and budget overruns, with a high impact and medium likelihood (Table
34) due to the unpredictable nature of global supply chains. Similarly, underestimated OPEX
could cause financial strain, reduced profitability, and operational inefficiencies, with a high
impact and medium likelihood (Table 34) due to the difficulty of accurately forecasting all
operational expenses in advance.

Table 35: Risk Response Plan of R15 and R16

Risk ID Mitigation Strategies

Responsible Person

Enter long-term contracts with suppliers

R15 Diversify material sources

Use financial hedging strategies

Procurement Manager

R16

Conduct thorough market and operational research

Include a contingency budget for OPEX

Operations Manager
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Risk ID Mitigation Strategies Responsible Person

Regularly review and adjust OPEX estimates

Table 36: Recalculated Risk Assessment after every Mitigation of R15 and R16

Risk ID Impact Likelihood Risk Score Priority

0,2 0,3 0,06 Medium
R15 0,2 0,11 0,02 Low
0,1 0,1 0,01 Low

0,4 0,3 0,12 Medium

R16 0,2 0,3 0,06 Medium
0,2 0,11 0,02 Low

To lessen the risks associated with material price volatility and underestimated OPEX, some
strategies were implemented (Table 35). For material price volatility, strategies included
securing long-term contracts with suppliers to lock in prices, diversifying material sources,
and incorporating price contingencies into the budget. Close monitoring of market trends and
maintaining strong supplier relationships were also essential. To address underestimated
OPEX, thorough and realistic cost assessments were conducted during planning, a margin for
unexpected expenses was included, and robust financial monitoring systems were
implemented. Additionally, periodic budget reviews and adjustments ensured operational
expenditure remained aligned with financial projections (Table 36).

The volatility in the prices of essential equipment for photovoltaic parks significantly impacts
the overall construction costs. Factors such as pandemics, wars, and other events contribute
to this volatility. A recent and notable example is the COVID-19 pandemic, which caused
substantial disruptions in global markets. For instance, the prices of overhead DC cables
necessary for completing a photovoltaic park experienced considerable fluctuations. At the
beginning of 2020, the purchase price for these cables was approximately €0.35 per meter.
By the following year, this price had increased to €0.50 per meter, representing a 43% rise in
just one year. In 2022 and 2023, the price stabilized at €0.49 per meter, with a further
decrease to €0.46 per meter in 2024. Comparable price fluctuations were observed for most
critical components of a photovoltaic park, with such variability posing significant risks to
project costs (Internal Source).
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3.3.5 Regulatory and Compliance Risks

3.3.5.1 Regulatory Hurdles and Impact of Requlatory Changes

Table 37: Risk Identification of R17 and R18

Risk ID Risk Description Category Source of Risk
I ime-
Permitting and Approval comp e.x and time
R17 Regulatory Hurdles consuming approval
Delays
processes
h inl
Impact of Regulatory Permitting and Approval ¢ anggs N 1aws a.nd
R18 regulations affecting
Changes Delays . N
project viability
Table 38: Risk Assessment of R17 and R18
Risk ID Impact Likelihood Risk Score Priority

The preliminary risk assessment for regulatory hurdles (Table 37) in the construction of the
photovoltaic park in the region we discuss highlighted significant challenges. Navigating
complex regulatory frameworks and obtaining necessary permits can lead to delays and
increased costs, while sudden regulatory changes may impact project viability, financial
projections, and operational strategies. The impact of these risks was rated as high and the
likelihood as high and medium (Table 38), respectively, reflecting the intricate and
unpredictable nature of regulatory approval processes and the dynamic environment of

policy shifts.
Table 39: Risk Response Plan of R17 and R18
Risk e . . Responsible
D Mitigation Strategies Person
Engage with regulatory authorities early in the project
Regulatory
R17 Hire consultants with expertise in regulatory processes Affairs
Manager
Maintain thorough documentation and compliance records
R18 Monitor legislative changes and adapt strategies accordingly
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Risk Mitigation Strategies Responsible
ID & & Person
Develop flexible project plans to accommodate regulatory
updates Regulatory
Affairs
Engage in industry advocacy to influence favorable regulatory Manager
outcomes
Table 40: Recalculated Risk Assessment after every Mitigation of R17 and R18
Risk ID Impact Likelihood Risk Score Priority
R17 0,2 0,3 0,06 Medium
0,2 0,1 0,02 Low
0,4 0,3 0,12 Medium
R18 0,4 0,3 0,06 Medium
0,2 0,1 0,02 Low

To mitigate the risks associated with regulatory hurdles and changes, several strategies were
implemented (Table 39). These included early engagement with regulatory bodies during
project planning, hiring experienced legal and compliance experts, and maintaining open
communication with relevant authorities. Additionally, comprehensive documentation and
adherence to regulatory requirements were prioritized to streamline approval processes. To
address potential regulatory updates, the team stayed informed, maintained flexibility in
project planning, engaged in active dialogue with policymakers and industry groups, and
incorporated scenarios of regulatory changes into risk management plans to prepare for
unforeseen adjustments (Table 40).

3.3.5.2 Regqulatory Hurdles and Impact of Requlatory Changes
Table 41: Risk Identification of R19 and R20

Risk . .. .
D Risk Description Category Source of Risk
Environmental . . .
. Compliance Failure to adhere to environmental
R19 | Regulation Non- .
. Issues regulations
compliance
54 EANMMS “Alaxeipion Epywv YroSopwv Kat Kataoksuwv”

MSc “Infrastructure and Construction Project Management”



Risk Analysis in Photovoltaic Parks using the Monte Carlo method
Metamtuytokn Atmdwpatikr Epyaocio — ANéEavdpog Zndakng
Master's Thesis — Alexandros Sifakis

Risk Risk Description Category Source of Risk

roo || Leg@l Challenges || Compliance || Opposition from local communities and
from Communities Issues ensuing legal battles

Table 42: Risk Assessment of R19 and R20

Risk ID Impact Likelihood Risk Score Priority
R20 0,8 0,3

The preliminary risk assessment for the construction of the 1 MW photovoltaic park identified
significant challenges related to both environmental regulation and non-compliance and legal
issues from local communities (Table 41). Non-compliance with environmental regulations
could lead to substantial penalties, project delays, and reputational damage, with a very high
impact and medium likelihood (Table 42) due to the complex nature of these laws (Kolk &
Pinkse, 2005). Similarly, potential community opposition and legal actions pose risks of
project delays, increased costs, and strained local relationships, also rated as catastrophic

impact and medium likelihood (Table 42), reflecting the possibility of resistance and legal
conflicts.

Table 43: Risk Response Plan of R19 and R20

Risk Mitigation Strategies Responsible
ID & & Person
Conduct comprehensive environmental assessments
- - Environmental
R19 || Implement and monitor adherence to all relevant regulations M
anager
Train staff on compliance requirements
Engage with community leaders and stakeholders early in the
project
R20 Develop a communication plan to address community Legal Counsel
concerns
Prepare a legal defense fund
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Risk e . Responsible
Mitigation Strategies P
Person

Offer benefits to the local community (e.g., jobs,
infrastructure)

Table 44: Recalculated Risk Assessment after every Mitigation of R19 and R20

Risk ID Impact Likelihood Risk Score Priority
0,4 0,3 0,12 Medium
R19 0,4 0,1 0,04 Low
0,2 0,11 0,02 Low
0,8 0,1 0,08 Medium
0,8 0,1 0,08 Medium
R20
0,4 0,11 0,04 Low
0,4 0,11 0,04 Low

To ease the risks associated with environmental regulation non-compliance and legal
challenges from local communities, several proactive strategies were implemented (Table
43). These included conducting comprehensive environmental impact assessments, adhering
strictly to environmental guidelines, and hiring experienced consultants for ongoing
compliance monitoring. Simultaneously, the project team engaged with the community to
address concerns, maintained transparent communication about project benefits, and
collaborated with local leaders. Additionally, a legal team was prepared to manage disputes
and negotiations, ensuring efficient resolutions to any issues that arose (Table 44).

3.3.6 Operational Risks

3.3.6.1 Regqulatory Hurdles and Impact of Requlatory Changes
Table 45: Risk Identification of R21 and R22

Risk . —_ ;
D Risk Description Category Source of Risk
Establishment of . .
. . Lack of standardized maintenance
R21 Maintenance Maintenance Challenges
procedures
Protocols
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Risk Risk Description

Category

Source of Risk

R22 || Training Deficiencies

Maintenance Challenges

Inadequate training programs for

staff
Table 46: Risk Assessment of R21 and R22
Risk ID Impact Likelihood Risk Score Priority
R21 0,2 0,5 0,1 Medium

The preliminary risk evaluation for the 1 MW photovoltaic park in Prochoma, Thessaloniki,
identified some challenges related to non-compliance with maintenance protocols and
training deficiencies (Table 45). Failure to adhere to maintenance protocols can lead to
equipment malfunctions, reduced efficiency, and increased operational costs, with a
moderate impact and medium likelihood (Table 46) due to the essential nature of consistent
maintenance for solar installations. On the other hand, insufficient training can result in
operational errors, safety incidents, and decrease overall efficiency, also rated as high impact
and high likelihood (Table 46), highlighting the critical importance of well-trained staff for the
successful operation of the park.

Table 47: Risk Response Plan of R21 and R22

. e e . Responsible
Risk ID Mitigation Strategies P
Person
Develop comprehensive maintenance protocols
- - Maintenance
R21 Regularly review and update maintenance procedures
Manager
Implement a tracking system for maintenance activities
Design and implement a robust training program
— - Training
R22 Conduct regular training sessions and refreshers .
Coordinator
Monitor and evaluate the effectiveness of training programs
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Table 48: Recalculated Risk Assessment after every Mitigation of R21 and R22

Risk ID Impact Likelihood Risk Score Priority

0,2 0,3 0,06 Medium
R21 0,2 0,11 0,02 Low
0,1 0,11 0,01 Low

R22 0,4 0,3 0,12 Medium
0,2 0,11 0,02 Low

To reduce the risks associated with non-compliance with maintenance protocols and training
deficiencies, some strategies were implemented (Table 47). These included developing clear
maintenance schedules and comprehensive training programs for all staff, alongside
thorough training for maintenance personnel. Strict oversight and auditing mechanisms were
established, along with regular reviews and updates of maintenance protocols to align with
industry standards. Additionally, regular training sessions and a robust certification process
ensured that training materials remained current with the latest technological advancements
and safety protocols, confirming that all personnel met the required competency standards
(Table 48).

3.3.6.2 Regulatory Hurdles and Impact of Requlatory Changes
Table 49: Risk Identification of R23 and R24

Risk
III; Risk Description Category Source of Risk
2y3 || Component Delivery Supply Chain Disruptions Delays in delivery of key
De|ays components
R24 Quality Control Supply Chain Disruptions Failure tq meet quality standards
Failures in components
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Table 50: Risk Assessment of R23 and R24

Risk ID Impact Likelihood Risk Score

Priority

R23 0,4 0,7

R24 0,4 0,7

The preliminary risk assessment for the photovoltaic park in the area identified significant
challenges related to component delivery delays and quality control failures (Table 49). Delays
in delivering essential components can disrupt the construction schedule, increase costs, and
extend the project timeline, with a high impact and likelihood (Table 50) due to the
complexities of logistics and supply chain management. Similarly, quality control failures can
result in substandard construction, increased maintenance costs, and diminished system
performance, also rated as high impact and likelihood (Table 50), reflecting the stringent

guality requirements for photovoltaic systems.

Table 51: Risk Response Plan of R23 and R24

Risk Mitigation Strategies Responsible
ID & & Person
Establish strong relationships with suppliers
Implement a rigorous tracking and follow-up system for
iveri Procurement
R23 deliveries
Manager
Maintain buffer stock of critical components
Identify and qualify alternative suppliers
Develop and enforce strict quality control standards
Conduct regular inspections and audits of supplier
processes Quality
R24 Assurance
Train staff on quality assurance practices Manager
Utilize third-party testing and certification for critical
components
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Table 52: Recalculated Risk Assessment after every Mitigation of R23 and R24

Risk ID Impact Likelihood Risk Score Priority
0,4 0,3 0,12 Medium
R23
0,2 0,3 0,06 Medium
0,1 0,3 0,03 Low
0,4 0,3 0,12 Medium
R24
0,4 0,1 0,04 Low
0,2 0,1 0,02 Low

To mitigate the risks of component delivery delays and quality control failures in the
construction of the 1 MW photovoltaic park in Prochoma, Thessaloniki, numerous strategies
were implemented (Table 51). Reliable partnerships with multiple suppliers were established,
along with buffer stock for critical components and a detailed logistics plan. Regular
communication with suppliers and real-time tracking of shipments helped anticipate and
address potential delays. For quality control, rigorous assurance processes were adopted,
including regular inspections, personnel training in quality management practices, and the
establishment of clear quality standards with thorough documentation to ensure compliance
with required specifications (Table 52).

Inconsistencies in the quality of materials supplied by third-party vendors are an inevitable
challenge in the supply chain management of any manufacturing company. This company,
which typically processes approximately thirty-five orders from various suppliers in its
warehouses daily, experiences quality issues in 1 to 4 of these orders. The problems
encountered are minor, often involving slight deviations in the quality of specific materials
within an order. These minor quality issues, while still requiring attention, usually result in
manageable disruptions to the manufacturing process.

However, on rare occasions, the company faces more significant issues that affect the entire
order. These comprehensive quality failures can have a substantial impact on production,
leading to prolonged delays. Such instances may necessitate thorough inspections, extensive
communication with the supplier, and potentially the return or replacement of the defective
materials. This process can disrupt the manufacturing schedule and extend project timelines.
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The presence of these material quality inconsistencies underscores the importance of robust
quality control measures and effective supplier relationship management. Implementing
rigorous inspection protocols upon receipt of materials, maintaining clear communication
channels with suppliers, and establishing contingency plans for addressing substantial quality
issues are crucial strategies for mitigating the adverse effects of these inconsistencies on the
company's manufacturing operations (Internal Source).

3.3.7 Social and Community Risks

3.3.7.1 Community Resistance and Indigenous Rights Issues
Table 53: Risk Identification of R25 and R26

Risk
III; Risk Description Category Source of Risk
C it
R25 ommunl Y Public Opposition Opposition from local communities
Resistance
R26 Indigenous Rights Public Opposition Po.tentlal mfrmgemenjc on
Issues Indigenous lands and rights
Table 54: Risk Assessment of R25 and R26
Risk ID Impact Likelihood Risk Score Priority
R25 0,4 0,3 0,12 Medium

The initial risk assessment for the photovoltaic park in Prochoma, identified significant
challenges related to community resistance and indigenous rights issues (Table 53).
Opposition from local communities can cause delays, increased costs, and modifications to
project plans, with a high impact and medium likelihood (Table 54) due to the necessity of
community support for large-scale infrastructure projects. Similarly, failing to respect
indigenous rights can lead to legal disputes, project delays, and reputational damage, rated
as very high impact and medium likelihood (Table 54), highlighting the sensitivity and
complexity of these issues in project development.

Table 55: Risk Response Plan of R25 and R26

. e . . Responsible
Risk ID Mitigation Strategies P
Person
R25 Engage with local communities early in the project
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Responsible

Risk ID Mitigati '
is itigation Strategies Person

Hold public meetings to address concerns and gather input

Develop community benefit programs (e.g., local jobs,

. Communications
infrastructure)

Director

Provide transparent and continuous communication
throughout the project

Conduct thorough consultations with Indigenous groups

Ensure compliance with all relevant laws and treaties

regarding Indigenous rights Environmental

2
R26 Specialist

Negotiate agreements to ensure mutual benefits

Implement measures to protect Indigenous heritage sites and
practices

Table 56: Recalculated Risk Assessment after every Mitigation of R25 and R26

Risk ID Impact Likelihood Risk Score Priority
0,4 0,1 0,04 Low
0l4 0} 1 0,04 LOW
R25
0l4 0} 1 0,04 LOW
0,2 0,1 0,02 Low
0,8 0,1 0,08 Medium
R26
0,4 0,1 0,04 Low
0,2 0,1 0,02 Low

To lessen the risks of community resistance and indigenous rights issues for the 1 MW
photovoltaic park, some strategies were implemented (Table 55). Engaging with community
leaders early in the planning phase and conducting public consultations helped address
concerns while providing transparent information about the project's benefits. Fostering
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community partnerships and offering local benefits-built support and reduced opposition
(Jobert et al., 2007). Additionally, thorough assessments of indigenous rights were conducted,
along with meaningful consultations with indigenous groups to ensure that project plans
respected their land and rights. Developing agreements that included benefits for indigenous
communities further mitigated potential conflicts and fostered positive relationships (Table
56).

3.3.7.2 Strikes and Labor Disputes and Safety Incidents on Site
Table 57: Risk Identification of R27 and R28

Risk

III; Risk Description Category Source of Risk

R27 Strlke:s and Labor Labor Relations Conflicts between labor and

Disputes management
R28 Safety In.C|dents on Labor Relations ACC|dent§ and safety l:?reaches
Site during construction
Table 58: Risk Assessment of R27 and R28
Risk ID Impact Likelihood Risk Score Priority

The initial risk assessment for the photovoltaic park in Thessaloniki identified significant
challenges related to strikes and labor disputes, as well as safety incidents on-site (Table 57).
Labor unrest can disrupt project timelines and increase costs, with a catastrophic impact and
medium likelihood (Table 58) due to potential disagreements in large construction projects.
Similarly, safety incidents can lead to injuries, project delays, and increased costs from work
stoppages and legal liabilities, also rated the same as strikes and labor disputes, given the
inherent risks associated with construction activities.

Table 59: Risk Response Plan of R27 and R28

Risk ID Mitigation Strategies Responsible Person

Foster open communication between labor and management

R27 Negotiate and review fair labor contracts HR Manager

Implement conflict resolution mechanisms
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Risk ID Mitigation Strategies Responsible Person

Monitor labor conditions and worker satisfaction

Develop and enforce comprehensive safety protocols

Conduct regular safety training and drills for all workers
R28 Safety Officer
Ensure proper use of personal protective equipment (PPE)

Regularly inspect and maintain equipment and site conditions

Table 60: Recalculated Risk Assessment after every Mitigation of R27 and R28

Risk ID Impact Likelihood Risk Score Priority
0,8 0,3 0,08 Medium
0,8 0,1 0,08 Medium
R27
0,4 0,1 0,04 Low
0,4 0,1 0,04 Low
R28
0,4 0,3 0,12 Medium
0,4 0}1 0,04 LOW

To mitigate the risks of strikes and labor disputes, numerous strategies were implemented,
including fostering strong relationships with labor unions, ensuring fair wages and working
conditions, and maintaining open communication with workers (Table 59). Establishing
contingency plans for potential labor disruptions and negotiating agreements in advance
further reduced the impact of disputes. To address safety risks on-site, rigorous safety
protocols were implemented alongside regular training sessions to ensure all personnel had
appropriate personal protective equipment (PPE). Additionally, a safety oversight team
conducted frequent site inspections to promptly identify and rectify potential hazards (Table
60).
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3.3.8 Cyber security Risks

3.3.8.1 Cyber attacks on Operational Technology and Data Breaches Impacting Stakeholder

Trust

Table 61: Risk Identification of R29 and R30

Risk
III; Risk Description Category Source of Risk
Cyberattacks on -
Th f I
R29 Operational Data Security Threats rtze;tset:r?mom:r;c;i(();salczb;rear;:zors
Technology geting op y
Data Breaches Unauthorized access to sensitive
R30 Impacting Data Security Threats data affecting stakeholder
Stakeholder Trust confidence
Table 62: Risk Assessment of R29 and R30
Risk ID Impact Likelihood Risk Score Priority
R30 0,4 0,3 0,12 Medium

Lastly, the preliminary risk evaluation identified significant challenges related to cyber attacks
on operational technology and data breaches (Table 61). Cyberattacks can compromise
critical systems, leading to operational disruptions, data loss, and increased security costs,
with a very high impact and medium likelihood (Table 62) due to the growing sophistication
of cyber threats. Similarly, data breaches can erode stakeholder confidence, damage the
company's reputation, and result in legal and financial repercussions, also rated as high
impact and medium likelihood (Table 62). These assessments underscore the critical
importance of data security in maintaining stakeholder trust.

Table 63: Risk Response Plan of R29 and R30

Risk Mitigation Strategies Responsible
ID & & Person
Conduct regular security audits and penetration testing
R29 IT Manager
Train staff in cybersecurity best practices
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Risk e .. . Responsible
D Mitigation Strategies Person
Unauthorized access to sensitive data affecting stakeholder
confidence
Implement strict data access controls and encryption
Regularly update and patch systems to fix vulnerabilities
R30 Data Privacy
Conduct regular data privacy training for employees Officer
Establish a data breach response plan, including communication
strategies
Table 64: Recalculated Risk Assessment after every Mitigation of R29 and R30
Risk ID Impact Likelihood Risk Score Priority
0,8 0,1 0,08 Medium

R29 0,4 0,1 0,04 Low

0,4 0,1 0,04 Low

0l4 0'1 0,04 LOW

0,2 0,1 0,02 Low

R30
0,2 0,1 0,02 Low
0,1 0,1 0,01 Low

To address the risks associated with cyber attacks on operational technology and data
breaches, multitudinous strategies were implemented (Table 63). These included deploying
advanced cyber security measures, conducting regular security audits, and establishing robust
access control protocols. Staff training on cyber security best practices and incident response
plans ensured effective reactions to potential incidents. Additionally, stringent data
protection policies were put in place, along with encryption for sensitive information and
regular vulnerability assessments. Transparent communication with stakeholders regarding
data protection measures further helped maintain trust and confidence (Table 64).
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4. Chapter 4 - Monte Carlo Method

To gain a more precise understanding of the potential Risk Scores associated with five specific
risks, the Monte Carlo method was employed prior to implementing any mitigation strategies.
The selection of these five risks was based on the availability of additional supporting
evidence, which allowed for a more robust assessment of our initial assumptions regarding
their impact and likelihood.

The risks chosen for this detailed analysis are Equipment Failure Risks, Material Price
Volatility, Quality Control Failures, Severe Weather Events and Soil Stability Issues. For each
of these risks, the supporting evidence used to justify our initial assumptions is documented
within their respective risk sheets. Additionally, further verification and data were provided
by the company responsible for constructing the photovoltaic (PV) farms in our study area,
serving as an internal source of information.

The Monte Carlo simulation utilized two primary input assumptions: the likelihood of
occurrence and the potential impact of each risk. These inputs followed the expected trend
identified during the initial risk assessment. To ensure a comprehensive forecast, the final risk
score—calculated as the product of impact and likelihood—was explicitly tracked throughout
the simulations.

A triangular distribution was chosen for the input assumptions, with defined minimum and
maximum values to capture the realistic range of each parameter. This distribution was
selected due to its effectiveness in modeling situations where precise data is limited but
reasonable estimates can be made based on expert judgment and historical data.

To ensure the reliability and stability of the results, multiple test runs were conducted using
a progressively increasing number of trials. The sequence of trials performed included 1,000,
2,000, 4,000, 7,000, 10,000, and 20,000 iterations. By analyzing the results across these
different trial counts, it was determined that at 20,000 trials, the outcomes stabilized,
demonstrating consistent values with minimal fluctuations. This stability indicated that
further increases in the number of trials would not significantly alter the results, confirming
the robustness of the Monte Carlo analysis.

This approach provided a more accurate and data-driven basis for evaluating the selected
risks, allowing for a well-informed decision-making process regarding potential mitigation
strategies.

4.1 Equipment Failure Risks

For the assessment of equipment failure risks, the Monte Carlo method was used to simulate
potential risk scores. The impact parameter (Figure 6) was assigned an mean (p) value of 0.4,
with a deviation (o) of 0.1, resulting in a defined range between 0.3 (minimum) and 0.5
(maximum). Similarly, the likelihood parameter (Figure 7) was set with a mean (u) value of
0.7, incorporating a variance (o) of £0.2, leading to a range between 0.5 (minimum) and 0.9
(maximum).
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Figure 6: Input of Impact for Equipment Failure Risks
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Figure 7: Input of Likelihood for Equipment Failure Risks

Following the completion of 20,000 simulation trials, the results for contingent risk scores
were found to be conclusive. The generated risk score consistently fell within the high-risk
range based on the predefined evaluation scale, demonstrating a 100% certainty of being
classified as high risk. The statistical outcomes of the simulation showed a mean risk score of
0.28, with a minimum recorded value of 0.17 and a maximum of 0.43.
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20.000 Trials Split View 19.941 Displayed
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Figure 8: Risk Score Chart of Equipment Failure Risks

Examining the distribution curve of the generated risk scores (Figure 8), a significant
concentration of values is observed near the mean (0.28). The distribution appears
symmetrical, with an almost equal number of values above and below the mean. However, a
slight asymmetry is present, as the frequency of values below 0.28 is lower compared to those
above it. This suggests a slight right-skewed tendency, indicating that higher risk scores occur
slightly more frequently than lower ones within the simulated range.

The histogram of the Monte Carlo simulation visually confirms these observations, reinforcing
the reliability of the analysis in evaluating the risk associated with equipment failure.

4.2 Material Price Volatility

Potential risk scores were simulated using the Monte Carlo approach to evaluate the hazards
associated with material price volatility. The impact parameter (Figure 9) was given a mean
(u) value of 0.4, with a minimum of 0.1 and a maximum of 0.6. With a variance (o) of £0.2 and
a mean value of 0.5, the likelihood parameter (Figure 10), on the other hand, was chosen to
range from 0.3 (minimum) to 0.7 (maximum).
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Figure 9: Input of Impact for Material Price Volatility Risks
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Figure 10: Input of Likelihood for Material Price Volatility Risks

In this case the generated risk scores gave results that belong to all risk categories (low,
medium and high). The curves generated by the program (Figure 11) were examined in all
cases of the different trials (1000, 2000, 4000, 7000, 10000, and 20000). Instability was
observed in the percentage of probability for each risk category in the first three trials. From
7000 trials onwards the percentage of trials corresponding to each risk category seems to
stabilize. To illustrate this, three diagrams were created (one for each risk category) with the
number of trials listed on the x-axis and the percentage of trials belonging to each risk
category (low, medium and high) on the y-axis.

20.000 Trials Split View 19.953 Displayed

Risk Score Statistic Forecast values
Trials 20.000
Base Case 0,20
Mean 0,18
Median 0,18
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Standard Deviati 0,06
Variance 0,00
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Figure 11: Risk Score Scale of Material Price Volatility Risks

In the case of low risk, the proportion of trials whose risk score results were in the low risk
category was always very low (Figure 12). This seems normal as our original view of material
price volatility risks gave a high risk score for material price volatility risks. Therefore, because
the scores are at very low levels (from 0,05% to 0,14%) their normalization cannot be easily
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observed when the trials exceed the number of 7000. Also, such a low quota of low risk makes
us consider it as negligible

Low Risk
0,16 -

0,14
0,12
0,1
0,08
0,06 -

0,04 -

Probability of Risk Score 0 - 0.04

0,02 A

1000 2000 4000 7000 10000 20000
Trials

Figure 12: Low Risk Probability of Material Price Volatility Risks

In the case of medium risk (Figure 13), the percentage of trials whose risk score was in this
category ranged from 28.54% to 30.24%. This seems normal as our original consideration of
material price volatility risks gave a high risk score close to its low threshold (0.2). Their
normalization when trials exceed the number of 7000 now is easily discernible with values
stabilizing near 28.6%. This quota is considered significant and shows us that there is a
possibility that this risk belongs to the medium category.
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Figure 13: Medium Risk Probability of Material Price Volatility Risks

In the case of high risk (Figure 14), the percentage of trials whose risk score was in this
category ranged from 69.61% to 71.38%. As mentioned above, this is normal as our original
consideration of material price volatility risks gave a high risk score close to its low threshold
(0.2). Their normalization when trials exceed the number of 7000 now is easily discernible
with values stabilizing near 71.33%. This quota is considered significant and shows us that the
scenario based on the inputs we defined is that the risk is considered high risk and a full
mitigation strategy is needed to address it.
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Figure 14: High Risk Probability of Material Price Volatility Risks

These findings are visually supported by the Monte Carlo simulation's histogram, which
attests to the methodology's accuracy in predicting the risk of material price volatility.

4.3 Quality Control Failures

The Monte Carlo method was used to simulate potential risk scores to assess the risks related
to quality control failures. With a minimum of 0.2 and a maximum of 0.5, the impact
parameter (Figure 15) was assigned a mean value of 0.4. The likelihood parameter (Figure 16),
on the other hand, was selected to range from 0.5 (minimum) to 0.8 (maximum), with
variances (o) of -0.2, +0.1, and a mean () value of 0.7.
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Figure 15: Input of Impact for Quality Control Failure Risks
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Figure 16: Input of Likelihood for Quality Control Failure Risks

The findings of the risk scores that were generated in this instance (Figure 17) fall within the
medium and high risk categories. The program's curves were analyzed for each of the
following trials: 1000, 2000, 4000, 7000, 10,000, and 20,000. During the first three trials, there
was instability in the percentage of probability for each risk group. The proportion of trials
that belong to each risk group appears to settle after 7000 trials. Two diagrams, one for each
risk group, were made to show this. The x-axis showed the total number of trials, and the y-
axis showed the proportion of trials that fell into the low, medium, and high risk categories.

20.000 Trials Split View 19.995 Displayed

Risk Score Statistic Forecast values
Trials 20.000
Base Case 0,28
Mean 0,24
Median 0,25
Mode
Standard Deviati 0,05
Variance 0,00
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Figure 17: Risk Score Scale of Quality Control Failure Risks

The proportion of trials with a risk score in the medium risk group varied between 1.11% and
1.46% (Figure 18). Given that our initial assessment of the hazards associated with material
price fluctuation yielded a high risk score (0.28), this is typical. It is now easy to see how they
normalize when the number of trials exceeds 7000, with values settling around 1.4%. The fact
that this quota is not regarded as considerable indicates that the likelihood of this risk falling
into the medium category is quite low.
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Figure 18: Medium Risk Probability of Quality Control Failure Risks

The proportion of trials that fell into the high risk group ranged from 98.54% to 98.89% within
this heading (Figure 19). As previously stated, this is typical because our initial assessment of
the risks associated with material price fluctuation yielded a high risk score that fell into the
high group (0.28). It is now easy to see how they normalize when the number of trials exceeds
7000, with values settling around 98.6%. This quota is regarded as significant and indicates
that, given the inputs we defined, the situation is that the risk is deemed high risk and that a
comprehensive mitigation approach is required to address it.
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Figure 19: High Risk Probability of Quality Control Failure Risks

The histogram from the Monte Carlo simulation provides visual evidence for these
conclusions, confirming the reliability of the methodology in estimating the risk of quality
control failures.

4.4 Severe Weather Events

Potential risk scores were simulated using the Monte Carlo approach to evaluate the risks of
equipment failure. With a variance (o) of £0.1 and a mean (u) value of 0.4, the impact
parameter (Figure 20) was given a defined range of 0.3 (minimum) to 0.5 (maximum). A range
of 0.5 (minimum) to 0.9 (maximum) was also established for the likelihood parameter (Figure
21), which had a mean () value of 0.7 and a variance (o) of £0.2.
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Figure 20: Input of Impact for Severe Weather Events Risks
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Figure 21: Input of Likelihood for Severe Weather Events Risks

The findings for the risk score forecast were determined to be definitive after 20,000
simulation trials. Based on the predetermined evaluation scale, the resulting risk score
continuously fell into the high-risk region, indicating a 100% certainty of being categorized as
high risk. According to the simulation's statistical results, the mean risk score was 0.4, with a
minimum recorded value of 0.22 and a maximum of 0.61 (Figure 22).

20.000 Trials Split View 19.992 Displayed
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Figure 22: Risk Score Scale of Severe Weather Events Risks

A notable concentration of values is seen close to the mean (0.4) when looking at the
distribution curve of the risk ratings that were created. There are about equal numbers of
values above and below the mean, giving the distribution the appearance of being quite
symmetrical. The frequency of values below 0.4 is lower than that of values above it,
indicating a small asymmetry. Higher risk scores are more common than lower ones within
the simulated range, suggesting a minor right-skewed tendency.
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These findings are graphically supported by the Monte Carlo simulation's histogram, which
further supports the analysis's dependability in assessing the danger of severe weather
events.
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4.5 Soil Stability Issues

The Monte Carlo method was used to simulate potential risk scores to assess the risk score of
soil stability issues risks. The impact parameter (Figure 23) was assigned a predetermined
range of 0.7 (lowest) to 0.9 (maximum), with a variance of 0.1 and an average value of 0.8.
The probability parameter (Figure 24), which had a mean (u) value of 0.5 and a variance (o)

of £0.1, was likewise set to range from 0.4 (minimum) to 0.6 (maximum).

After 20,000 simulation sessions, the results for the risk score forecast were deemed
conclusive. The resulting risk score consistently fell into the high-risk category according to
the predefined evaluation scale, meaning that it was 100% certain to be classified as high risk.
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Figure 23: Input of Impact for Soil Stability Issues Risks
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Figure 24: Input of Likelihood for Soil Stability Issues Risks
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Based on the statistical results of the simulation, the mean risk score was 0.4, with a maximum
of 0.52 and a minimum of 0.29 (Figure 25).

20.000 Trials Split View 19.868 Displayed
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Figure 25: Risk Score Scale of Soil Stability Issues Risks

The distribution curve of the developed risk ratings shows a significant concentration of
values near the mean (0.4). The distribution is quite symmetrical because there are equal
numbers of values above and below the mean. The risk score curve in this simulation deviates
from the mean value the least. Around the mean value, the values have a smooth, linear form.
This is because the variance used for the impact and likelihood parameters equals (0.1).

The Monte Carlo simulation's histogram graphically supports these conclusions, further
proving the analysis's reliability in estimating the risk associated with soil stability issues.
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5. Chapter 5 - Conclusions

5.1 Summary

This thesis concerns the analysis and management of risks during the construction of a
photovoltaic park. To make the problem more specific, an indicative photovoltaic park of 1
mw power around Prochoma in Thessaloniki was used as a reference. The risks identified
during the risk Breakdown Structure were evaluated based on the photovoltaic park
mentioned; thus, risk sheets were created which included our initial assumptions regarding
the impact and likelihood of each risk. In this way, a risk score was derived for each risk. A
mitigation strategy was then presented which was in turn evaluated for its impact on each
risk. Based on the above, each risk has a final risk score after the mitigation strategy.

For five of the risks mentioned in the risk breakdown structure, further data was found that
helped in the in-depth analysis of their impact value and likelihood. For these five risks,
therefore, the values were entered into Oracle's Crystall ball program to extract all possible
risk scores for each risk. The results showed that three of the five risks (equipment failure,
severe weather events and soil stability issues) would belong to the high risk category. On the
other hand, one risk, quality control failures, has a low probability of belonging to the medium
risk category and a strong probability of belonging to the high risk category. Finally, one risk,
material price volatility, has a low probability of belonging to the low risk category, about 30
% of being in the medium risk category and most of being in the high risk category. All five
risks when they were originally assessed in the risk sheets were calculated as high risk.

5.2 Conclusions

With emphasis on the example of a 1 MW PV park in Prochoma, Thessaloniki, this study
investigated the use of the Monte Carlo method for risk analysis in PV parks. The study
highlighted the need for risk management in renewable energy projects, as long-term
sustainability and project viability can be impacted by uncertainties arising from technical,
financial, environmental, and regulatory variables. This thesis used a probabilistic risk analysis
methodology to show how the Monte Carlo method offers useful information about risks and
their effects.

The results show how difficult it is to control risk in PV projects, because a number of
interconnected elements affect the project's overall risk. The findings demonstrated that
some hazards, like equipment failures, material price volatility and soil stability issues are
highly likely to occur and have a significant effect on financial returns. A systematic
classification and prioritizing of these risks were made possible using risk sheets and risk
tables, which enabled an organized evaluation of these hazards. This method made it possible
to identify high-priority hazards that call for initiative-taking mitigation techniques, such as
better maintenance procedures, advanced forecasting software and a variety of investment
plans.

This thesis makes a significant contribution by showing how Monte Carlo simulations can be
included in the risk management procedure to produce numerical estimates of project
outcomes. By producing probability distributions of different risk components, Monte Carlo
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simulations enable a more thorough examination of uncertainties than conventional
deterministic risk assessment techniques. The use of this approach shows that although
certain risks can be reduced by calculated actions, others are part of the nature of PV energy
generation and necessitate ongoing observation and flexible management.

The Prochoma PV park also demonstrated the wider impact of risk management in major
renewable energy initiatives. In addition to improving PV parks' long-term operational
effectiveness and resilience to outside interruptions, effective risk reduction also increases
their financial stability. According to the study's findings, incorporating probabilistic risk
assessment techniques into PV project planning and execution can result in stronger
frameworks for decision-making, which will increase project dependability and investor trust.

This thesis emphasizes the wider importance of risk analysis in the shift to renewable energy,
going beyond the case study. Understanding and controlling the hazards associated with PV
parks is essential for guaranteeing sustainable energy production as the world's energy sector
shifts toward a greater reliance on solar power. The study's conclusions are applicable to
related projects and provide insightful advice for investors and project developers looking to
maximize risk management techniques in the renewable energy industry.

To sum up, this thesis has shown how the Monte Carlo method can improve risk analysis for
PV parks by offering a methodical and data-driven approach to risk management. In order to
further improve the risk assessment system, future studies could build on this work by adding
more risk elements, such as geopolitical effects and developments in energy storage
technology. Furthermore, using machine learning and artificial intelligence approaches may
improve risk models' prediction power and provide even more accurate information about
project vulnerabilities. The renewable energy sector may increase investment security, fortify
its resilience, and quicken the shift to a more sustainable energy future by advancing and
improving risk management techniques.

5.3 Suggestions for further research

The results of this diploma thesis demonstrate the importance of risk analysis in the Monte
Carlo approach of developing photovoltaic (PV) parks. But as renewable energy develops, a
number of areas need more study to strengthen risk management plans and raise the
effectiveness, dependability, and financial viability of PV projects.

The incorporation of machine learning (ML) and artificial intelligence (Al) into risk assessment
models is a crucial topic for further study. Although the Monte Carlo method offers a strong
probabilistic foundation, real-time data from weather patterns, energy markets, and
equipment performance might be included in Al-driven predictive analytics to improve the
accuracy of risk projections. More dynamic risk mitigation techniques adapted to shifting
circumstances may be provided via the creation of Al-enhanced Monte Carlo simulations.

Including hybrid energy storage options in risk analysis models is another crucial avenue.
Although energy storage is essential for reducing the effects of solar radiation variability, little
is known about the operational and financial hazards of the various storage technologies
(such as lithium-ion batteries, flow batteries, and hydrogen storage). Future research could
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use sophisticated risk quantification techniques to evaluate the dependability and cost-
benefit trade-offs of different storage solutions.

Additionally, the financial risks associated with regulatory changes and carbon pricing
methods also require more research. The financial environment of PV parks is anticipated to
shift as governments impose more stringent carbon emission regulations and provide
incentives for the use of renewable energy. The possible effects of shifting tax laws, carbon
credit markets, and subsidies on investment risk and return on capital for PV projects should
be investigated.

Another new research topic is cyber security threats in PV parks. PV parks are more
susceptible to cyber-attacks as they become more digitally integrated, incorporating smart
inverters and Internet of Things-enabled monitoring systems. To protect PV infrastructure
from potential assaults, further research might examine the efficacy of cyber security risk
assessment frameworks and investigate block chain-based and encryption-based solutions.

Lastly, a more comprehensive approach to risk management might be offered by applying the
Monte Carlo methodology to multi-criteria decision-making (MCDM) frameworks.
Researchers could create more thorough frameworks for assessing investment choices in
large-scale solar projects by combining Monte Carlo simulations with decision-support tools
like fuzzy logic systems or the Analytic Hierarchy Process (AHP).

Ultimately, maximizing the resilience and financial sustainability of upcoming PV park
improvements would require broadening the area of risk analysis through multidisciplinary
research combining statistical modeling, artificial intelligence, financial risk management,
and cyber security.
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Risk Analysis Table

Table 65: Risk Analysis Table

Risk Risk Risk

Risk Description Priorit Mitigation Strategies Priorit

ID P Score ¥ g g Score ¥
Early engagement with regulators
Regulatory ,

R1 Hire a regulatory consultant 0,02 Low

Approval Delays

Regular follow-ups with approval authorities
Detailed project planning and resource allocation
Resource - - -
R2 Misallocation Regular project review meetings to track resource usage 0,04 Low
Implement project management software for monitoring
Implement regular communication channels

Miscommunicatio

R3 n Among 0,1 ||Medium Use collaboration tools 0,02 Low
Stakeholders
Clearly define roles and responsibilities
Implement robust information management systems
R4 0,1 ||Medium 0,02 Low
Regularly back up data and test data recovery plans




Risk Analysis in Photovoltaic Parks using the Monte Carlo Method
Metarmtuytokr Atmdwpatikr Epyaocio — ANéEavdpog Zndakng
Master's Thesis — Alexandros Sifakis

Information
Management Conduct training in information management best practices
Failures
Conduct thorough vetting of emerging technologies
Dependence on
R5 Emerging 0,1 {|Medium Establish partnerships with technology providers 0,01 Low
Technologies
Allocate budget for technology updates and training
Regular maintenance and inspection of equipment
Equipment . - - -
E
R6 Failure Risks stablish contingency plans for equipment failure 0,03 Low
Train staff on equipment managing and emergency procedures
Use advanced weather forecasting tools to predict energy yield
R7 Energy Yl.eld Implement energy storage systems to balance yield variability 0,02 Low
Variability
Diversify geographic location of PV installations
Use PID-resistant materials in PV modules
Potential Induced
R8 otentia .n tee 0,12 | Medium Regular testing for PID in PV modules 0,02 Low
Degradation (PID)
Implementing preventive maintenance to reduce PID
R9 -- Design infrastructure to withstand severe weather conditions 0,05
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Develop emergency response plans and protocols

Severe Weather Mediu
Events Regular maintenance and inspections m
Implement flexible and adaptive energy management systems
Unpredictable i - - i
R10| ... P Use climate-resilient materials and technologies 0,03 Low
Climate Patterns
Conduct regular climate risk assessments and update strategies
Conduct environmental impact assessments
Ecological i i
R11 g 0,1 Develop and implement conservation plans 0,01 Low
Concerns
Monitor and manage ecological impacts regularly
Conduct geotechnical surveys before construction
Soil Stabilit - A .
R12 Y Implement soil stabilization techniques 0,04 | Low
Issues
Regular monitoring of soil stability and erosion control measures
Secure multiple sources of funding
Inadequate - - -
R13 q. Develop a detailed financial plan and budget 0,04 | Low
Funding
Establish a contingency fund
R14 Lock in fixed interest rates where possible 0,02 Low
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Interest Rate Hedge against interest rate fluctuations using financial instruments
Fluctuations Regularly review and adjust financial strategies based on market trends
Enter long-term contracts with suppliers
Material Price i i -
R15 . Diversify material sources 0,01 Low
Volatility
Use financial hedging strategies
Underestimated Conduct thorough market and operational research
Operational i
R16 P ) Include a contingency budget for OPEX 0,02 Low
Expenditures
(OPEX) Regularly review and adjust OPEX estimates
Engage with regulatory authorities early in the project
Regulator . i .
R17 ngrdles Y Hire consultants with expertise in regulatory processes 0,02 Low
Maintain thorough documentation and compliance records
Monitor legislative changes and adapt strategies accordingly
Impact of
R18 Regulatory Develop flexible project plans to accommodate regulatory updates 0,02 Low
Changes
Engage in industry advocacy to influence favorable regulatory outcomes
R19 Conduct comprehensive environmental assessments 0,02 Low
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Environmental
Regulation Non-
compliance

Legal Challenges

Implement and monitor adherence to all relevant regulations

Train staff on compliance requirements

Engage with community leaders and stakeholders early in the project

Develop a communication plan to address community concerns

R20 from 0,04 Low
Communities Prepare a legal defense fund
Offer benefits to the local community
Develop comprehensive maintenance protocols
Establishment of
R21| Maintenance 0,1 {|Medium Regularly review and update maintenance procedures 0,01 Low
Protocols
Implement a tracking system for maintenance activities
Design and implement a robust training program
Trainin _ .
R22 _ g Conduct regular training sessions and refreshers 0,02 Low
Deficiencies
Monitor and evaluate the effectiveness of training programs
Establish strong relationships with suppliers
Component - - ..
R23 ) P Implement a rigorous tracking and follow-up system for deliveries 0,03 Low
Delivery Delays
Maintain buffer stock of critical components
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- Identify and qualify alternative suppliers
Develop and enforce strict quality control standards
Quality Control Conduct regular inspections and audits of supplier processes
R24 Failures 0,02 | Low
Train staff on quality assurance practices
Utilize third-party testing and certification for critical components
Engage with local communities early in the project
Community Hold public meetings to address concerns and gather input
R25 . 0,12 (| Medium 0,02 | Low
Resistance . -
Develop community benefit programs
Provide transparent and continuous communication throughout the project
Conduct thorough consultations with Indigenous groups
. . Ensure compliance with all relevant laws and treaties regarding Indigenous rights
Indigenous Rights
R26|| '8 ol 8 0,02 || Low
Negotiate agreements to ensure mutual benefits
Implement measures to protect Indigenous heritage sites and practices
Strikes and Labor Foster open communication between labor and management
R27 . 0,04 Low
Disputes . - -
Negotiate and review fair labor contracts
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Safety Incidents

Implement conflict resolution mechanisms

Monitor labor conditions and worker satisfaction

Develop and enforce comprehensive safety protocols

Conduct regular safety training and drills for all workers

R28 on Site 0,04 || Low
Conduct regular safety training and drills for all workers
Regularly inspect and maintain equipment and site conditions
Conduct regular security audits and penetration testing
Cyberattacks on
R29 Operational Train staff in cybersecurity best practices 0,04 | Low
Technology
Develop an incident response plan for cyberattacks
Implement strict data access controls and encryption
Data Breaches Regularly update and patch systems to fix vulnerabilities
R30 Impacting 0,12 || Medium 0,01 | Low
Stakeholder Trust Conduct regular data privacy training for employees
Establish a data breach response plan, including communication strategies
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Table of results of the use of the Monte Carlo method

Table 66: Results of the use of the Monte Carlo method

Risk Impact Likelihood Risk Score Conclusion
Parameter Parameter Outputs
p: 0.4 p: 0.7 p: 0.28
Equipment - - - High risk, 100%
Failure Risks Min: 0.3 Min: 0.5 Min: 0.17 certainty of high risk
Max: 0.5 Max: 0.9 Max: 0.43
u: 0.4 p: 0.5 p: 0.18 High risk, 71.33%
Material Price . . . certainty of high risk,
:0.1 : 0. : 0.
Volatility Min: O Min: 0.3 Min: 0.04 28.6% certainty of
Max: 0.6 Max: 0.7 Max: 0.4 medium risk
p: 0.4 p: 0.7 p: 0.24
. H H 0,
Quality Control |\ 65 Min: 0.5 Min: 0.11 High risk, 98.6%
Failures certainty of high risk
Max: 0.5 Max: 0.8 Max: 0.39
p: 0.4 p: 0.7 u: 0.4,
Severe Weather - . . High risk, 100%
Events Min: 0.3 Min: 0.5 Min:0.22, certainty of high risk
Max:0.5 Max:0.9 Max: 0.61
p: 0.8 K 0.5 M 0.4,
. - o 0
Soil Stability Min: 0.7 Min: 0.4 Min: 0.29, High risk, 100%
Issues certainty of high risk
Max: 0.9 Max: 0.6 Max: 0.52
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