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ABSTRACT

OPTIMAL PHOTOVOLTAIC SZE ESTIMATION FOR A CAMPUS AREA
CONSIDERING UNCERTAINTIES IN LOAD, POWER GENERATION AND
ELECTRICITY RATES
Ali, Syed Muhammad Hassan
M.S., Sustainable Environment and Energy Systems Program
Supervisor:  Assoc. Prof. Dr. Yasemin Uzgdren

Co’ Supervisor: Assoc. Prof. Dr. Eray Uzg6ren

June2015, 153 Pages
The objective of this thesis is to develop simulation based optimization tools to determine the
best strategy for photovoltaic (PV) installations atcampus environment (Middle East
Technical University, Northern Cyprus Campus) with consideration of available risks and
uncertainties in load, power generation and electricity rates. The first step is to accurately
characterize the electricity consumpti@inad) pattern of the campuElectricity demands
modeledusing different forecasting models based on hourly, daily, monthly and yearly time
scalesTo minimize supplydemand mismatches, the second step of this study is to characterize
the amount of sak power generation of a simple PV systétrobabilistic characterization is
used for predicting electricity consumption and solar resouBased on the forecasted values
of electricity consumption and solar PV output for 20 years, economic feasilifitysés is
performed using Monte Carlo simulatidfor the entire lifetimg20 years)of PV systemiwo
different optionsare analyzed economically; one time installation of 1 MW solar PV power
plant, and stepwise installation of solar PV power plantdilisy 1 MW after every 7 years).
Both cases are analyzed flour different scenarios; constant electricity prigesl increasing
demandincreasing electricity priceend demand, constant prices and constant demand, and last
increasing prices and constatemand According to our resultsalthoughboth the cases ar
feasible undenll scenariosthe most feasible size for solar PV installation at METU NCC is
between 2 MW 3 MW.

Keywords:Solar PV; sizing; universitystochastic; optimization; Monte Carlo
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CHAPTER 1

INTRODUCTION

1.1. Motivation

Solar Photowltaic (PV) electricity generation systems are largely affected by the intermittent
nature of the solar resources. The solar irradidtidmghly unstableanddependent 1o variety

of factors such as climatic conditions, position of sun in the sky, atientof PVpanels etc.
Thevariable nature of solaesourcesnduces a great risk of failute grid connected solar PV
systems A remedyto thisgrid instability problem could be the use of energy storage systems
togetherwith solar PV systemsOn the other hanahis increases the cost of PV systems
significantly. Apart from the volatility in solar resourceasjs essential to analyze the electricity
consumption patterns of a possible unidirectional PV system to achieve sounddampplyd
matching. Consideringhe lifetime of possible PV systems, the long term behavior of
associated electricity demand (trend and seasonal fluctuations) should be modeled accurately.
Moreover, short term behavior of the demand should also be analyzed in detail and inherited
uncertinty of demand should be determinéu.addition to demand and supply balance, grid
electricity prices, which may not be stable based on the region, also have a tremendous effect on
the economic feasibility of PV systems. Hence, it is crucial to incagemious uncertainties
during the design and planning phase of a possible solar PV power plant. On the other hand,
given multiple uncertain elements and dynamic nature of the system, associated mathematical
decision models become extremely complex legadirchallenging design and analysis phase.
Furthermore it becomes difficult esign andinalyze such systems whexrewumber of factors

are uncertainThe motivation of this thesis ithereforeto developa versatile and effective
simulation tool that cabe adopted by decision makeis analyzesuchgrid connected solar PV
systemswith multiple uncertaintiesThe simulation tool developed will be applied to analyze

the feasibility of solar PV installation at METU NCC.

1.2. Power Sector of Northern Cyprus

KIB-TEK (The Cyprus Turkish Electricity Authority) is a local utility company that manages
the generation, transmission and distribution of electricity in Northern CyprusSuel oil no. 6

is used for electricity generation due to financial constraants lack of strict environmental
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policies It has high sulfur content around 3.5% by weight, due to which utilization of this heavy
oil poses serious threats to the environm&able 1.1 gives the total power generation capacity

of KIB-TEK and the powegenerated per statioli.can be inferred fronTablel1.1 that merely
0.37% of the totlaelectricity is coming from solar photovoltaic plamfloreover it is also
noteworthy that power generation is dependent on imported oil, which means that electricity
production is expensive, unsustainable and results in dependency. ieagger to ackeve
sustainability and economic growth, dependency on imported oil should be reducedtsfid
towards renewable energy is necessay renewable energy sources have least impact on

environment.

Tablel.1 KIB-TEK Power stations and Capaciti@$

Power Stations Power Total Power (MW)
Teknecik 2 x 60 MW Steam Turbine 120

Teknecik 2x17.5 MW Diesel Generato 35

Teknecik 6 x 17.5 MW Diesel Generato 105

Dikmen 1 x 20 MW Gas Turbine 20

Kalecik 4x17.5 MW Diesel Generato 70

Serhatkoy 1.3MWp Photovoltaic 1.3

Total Capacity 351.3

1.3. Solar Potential of Northern Cyprus

Cyprus is located in the nortrastern Mediterranean region in the south of Turkey @ 86
Equatorand 33E of Greenwich It is the third largest island with an area of 925% kmthe
Mediterranean Sea after Sicily and Sardinia. The northern part of Cyprus has an area of 3354
km?; having a typical Mediterranean climatéth an average tempeture of 28C in summers

and 12C in winters According toTariq and Bakef2], the Island enjoys long summer days of

an average 12.5 hours, and short winter days of an average 5.5 hours. AccoEtligdbal.

[3], December and Janyareceivesan average daily radiation of 2.3 kWh™nand this may
increase in June and July to reach 8.1 kWh @n average the daily global radiation ig\&h

m2. With ample of solar resources available in Cyprus, a more sustainable option will be to

generate electricity using solar Photovoltaic power plants.
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1.4. METU NCC Initiatives for Sustainability

METU NCC has taken various measures to promote and create awareness regarding
sustainability of the campus area and environment. Two of the most promieastings are;
6Green Campus I nitiatived and O6Sustainabl
METU NCC Green Campus Initiative has been formed with the philosophy of sustainability
and environmental friendlinesgvithin the agenda of national and intational standard and
related legal regulationsmproving the efficiency ofpower production transmission and
consumption on the Campugducingof unconsciousisageand wasteminimizationof energy
productioncosts,decreasing the greenhouse gas emiissin Campus in order to cope with
climate changeconservation and protectiarf natural resources with theelp of the land use

and rainwaterharvesting plan, protecting environment from pollution with the waste
management plan arateating and promotingwareness about the isstegardingenergy and

the environment are the necessary componentse@reen Campus Initiativef METU NCC.

This thesis serves for the Green Campus Initiative by reducing the cost of electricity, increasing
the efficiency of eargy productionand reducing the emission associated with energy
generation for METU NCC. The reason to select Solar PV is that it contributes to the concept of
sustainability by reducing the emission from power generation and by reducing the amount
payabks to KIBTEK in the form of electricity bill, as METU NCC will bgenerating its own
electricity, moreover the large amount of solar potential of Northern Cyprus as diseadd

can be utilized.

1.5. Literature on Campus Sustainability

Several studiesn campus sustainability are present in the literatMiatin and & [4] assessed
the feasibility of a utilityscale photovoltaic (PV) electricity generation system on lllinois State
University's (ISU) campuslThe capacity of PV system was estimated through analysis of the
climate information and utilizingV system modeling software. Eight utilisgale PV systems

were modeled and simulated to determine three optimal systems for the university.

M. Drif et al. [5] did a performance analysis of UNIVER Project of its PV systeinsonsists
of four grid connected PV sysns of 200kWp fully integrated into the Jaén University
buildings It provides theuniversity campus with more than 8% of its electricity needs, i.e.

210MWhl/year. Kucuksariet al. [6] proposed a framework to integrate Geographical
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Information Systems (GIS), mathematical optimization, and simulation modules to obtain the
annual optimal placement and size of PV units in a campus area enviroAn@®ig8 module
was developed to find ¢éhsuitable rooftops and their panel capadity optimization module

was used to maximize the lotgrm net profit of PV installations

Gamage[7] worked on GroundSource Heat Pump (GSHP) systems for METU NCC. It
provides an alternative energy source for residential and commercial space heating and cooling
applications It utilizes the favorable temperature profile at a certain depth under the ground
surface Pathiranaand Muhtarogl [8] performed a feasibility studgf PV power plant for
METU NCC. Analyses for gridied andstandalone power plant was dofider study used
monthly solar resource and electricity demand data of the campus

Tarig and Bakel[2] completed a feasibilitgtudy for large scale PV penation at the METU
NCC. Sizing of PV panels considering unidirectional metenmas done.One year hourly
electricity demand andneyear hourly solar resource data of campas used for the analysis.

He considered ast ofelectricity, maintenance and insoc& to be constant.

It should be noted that the study done by Tarid Bakef2] for METU NCC does not contain
modeling of electricity consumption patterns for the campus and elgcipiices are also
considered constant and have not been modeled. Morepwertainties in electricity demand
and prices are also not consider&tiese are important factors to consider while working on
feasibility of large scale PV penetration at METWC®. Becausen underestimate of load
couldlead to capacitghortageswhich would result in poor quality of service and megd to
higher electricity bills andn overestimate could lead to thathorization of a plant that may

not be needed for sevesadars.

1.6. Solar Energy Systems

Energy generation from solaesourceshas been increasing globally, with an averagaual
growth rate of 49.5% during 20811 [9]. It is predicted by International Energy Agency
(IEA), that 11% of the global electricity and 20% of world energy supply will come from solar
energy by 2050There was a record growth of 110% in 2008, when gselarinstallation
reached a record high of 5.95 Q9.
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During the year 2011 2012 there was an increase of approximatdd% in solar PV
installations globall\{2]. These growing rates of Solar Ristallationsare due tacontinuous
increag in the efficiency of PV panels, minimal impact to the environment, continuous
decrease in payback time and renewable nature of solayyefiére payback time for solar PV
power plants has now reduced t& §ears, depending upon the available solar resources in that
region[9]. Even though rapid growth is observedshbuld be noted that electricity production
from solar PV is negligible as compared to conventional fuels. This is not only due to the high
cost associated with solar PV as compared to caioveh fuels, but alsdue totheintermittent
nature of solar energy resourc@e essentialintermittence characteristics of tlselar PV
significantly increase #hcomplexity of operation daflectrical systes Research is being done

in this area to iorease the reliability of solar PV integrated electricity gadd solar PV stand

alone systemandto reduce the cost of energy generation from solar PV.

As discussed earlier, the variable nature of solar resources reduces the use of solar PV for
electricity generation. Solar irradiation depends on climatic conditions and surrounding
atmosphere, due to high variability in solar resourcesritkeof grid failure increases. This
problem can be countered by having storage with solar PV systems, but ficaitlyi
increases the cost. Another option is to improve sBMroutputforecasts or incorporate
uncertainties in solar resources while iy for solar PV installationshe work done in this

thesis is based on the later approach.

There are two approhes forsolarPV output forecasting that are most commonly used; indirect
methods that are based on the sunshine intensity and direct methods that are based on the
system output. Researchers have obtained many achievements for foreszatirgsources

widely applicable in agricultural production, construction, PV power generation, and other
fields [10]. Different approactsefor irradiance forecasting can be found in literature. One of the

most recognized schemes is the use of time series modeling for irradiance forecasting.

Artificial Neural Network (ANN)wavelet method which isne of themost popular time series
method,is frequently employed for local predictions. Mellit et[dl1] used Continuous Wavelet
TransformDiscrete Wavelet Transform (DWT) method for predicting daily solar radiations
with Root Mean Square Error (RMSE) of 5.1%. Cao and [LR] used Diagonal Recurrent
Wavelet Neural Networks (DRWNN) for hourly and daily solar irradiation predictions with
RMSE of 8.3%. S. CaandCao[13] alsoemployedthe DWT method with a RMSE of 8.4%.
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Yona et al.[14] usal solar insolation forecasting at ZMdourahead for the power tout
forecasting of PV system. Three different Neural Network Methods used in their work are;
FeedForwards Neural Networks (FFNN), Radial Basis Function Neural Network (RBFNN),
and Recurrent Neural Network (RNN). Lorenz et [4B] also presemd PV power output
predictions baed on weather forecasts. Thagdgiced PV output based on three days ahead
forecast of weatheprovided by the European Centre for Medikange Weather Forecasts
(ECMWF).

Tao et al.[16] proposed the use of NARX network based forecasting model for prediction of
hourly power output for a PV system, eliminating the use of complex meteorological
instrumentation. They us e date khe ratiaiondo$ clearaslyi at i on
incident on the inclined surface, instead of using Numerical Weather Prediction (NWP) Models
for meteorological data. Moreover they used weather forecast from public websites in order to
characterize the variation in cloudatus in future days. Kudo et dll7] presented power
generation forecast method for PV systems in an energy network. They used regredgsis an

and took weather information for forecasting of output of PV system installed in Expo 2005,
Aichi Japan. Average forecasting error for their model was about 26% of the actual power.
Boland[18] usal Coupled AutoRegressive and Dynamical SystéBARDS) solar forecasting

tool for predicting solar radiation ses at three different sites in Guadeloupe in the Caribbean.
Forecast errors of these sites were tested for cross correlation. These correlations were taken

into account in refining the forecast depending on their significance.

Even though a lot of resedwrtas been done on forecasting solar PV output and solar resources,
not much work is found in the literature on incorporating uncertainties associated with solar
resources in solar PV sizing and installation. This thesis aims to incorporate such uieertaint

while planning for solar PV power plant installations.

1.7. Electricity Demand Modeling and Forecasting

In order to maintain grid stabilitgnd smooth supply of electricjtit is crucialto have demand
match the supply. Earlier in this chapter uncertasnéigsociated with solar resources and solar
PV output were discussed, apart from that in order to have stable grid it is also important to
account for uncertainties in electricity loadconsumptionA number of different methods and

techniques are predeim the literature that can be used for developing prediction models of
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electricity consumption. These modeling techniques can be divided into two main categories;
Parametric MethodandArtificial Intelligence Methodsln Parametric Methods we haviegend
Analysis End-Use Modelsand Eonometric Modelsin Artificial Intelligence Methods we
have; Artificial Neural Networks Genetic Algorithms Support Vector Machind-uzzy Logic
Models and Experts Systems. Apart from these traditional methods, rese@rchers have also
used integrated methods in which they have combined two or more different methods for
modeling electricity consumption. A review of electricity consumption modeling is presented
by Jebaraj and Iniyai24].

A case study for Dutch electricity distribution system openais performed by Tanrisever et
al. [19]. Relevant factors that were affecting electricity consumption were identified in their
study. These factors were quantified in the prediction mdglettricity infeed was estimated

one year in advander hourly forecastingnodel

Another study forUniversity of California was done by Saima et [@0] . In their study
informatics approach wasilized for forecasting energy consumption pattefiieey considered
novel indirect indicatorand energy use for daily and 15 minutiese interval was predicted

The used 3 year of sensor data for developifogecastingnodel.

Bianco et al. [21] studied theeffect of demographic and economic variables on electricity
consumption in Italy. Using data of 38 years from 19102007, they developed different
regression models for predictiflgng termelectricity consumptiodepending upon independent
variables of GDP (gross domestic product), GDP per capita (gross domestic product per capita)

and population. On comparison with national forecasts, they found a deviatibril%f i

+ 11%, which they consided to be reasonable due to long term forecasts.

MohamedandBodger[22] also investigated the impact of economic and demographic variables
on electricity consumption in New Zealand. They used 35 years of GDP, electricity price and
population data of New Zealaritbm 1965 till 1999 for forecasting electricitgonsumption.

They used multiple regression analysis to model and predict electricity consumption based on
selected independent variabl&n comparng their forecasts with national forecastey found

that for the initial years the forecasted electrigt consumptions were close national

forecastdut for the later years their prediat®started to deviate from the national forecasts.
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Egelioglu et al. [23] studied the impact of economic variables on the annual electricity
consumptia for NorthernCyprus.They used historical electricity consumption and economic
datafrom 1988 till 1997. Their multiple regression analysis suggested that there was high
correlation between electricity consumption and number of consumers with an adjusted R
square value of 0.906.

The electricity consumption in METU NCC is increasing evexgnywith increasing population.
Since METU NCC has planned to install 1 MW solar PV power plant to satisfy most of its
electricity needs, it has become extremely important to model and forecast electricity
consumption for the campus. Forecasting modetiiftédrenttime scales are used in this thesis

to predict hourly, daily, monthly and yearly predictions for the electricity consumption of
METU NCC.

1.8. Uncertainties in Electricity Prices

For grid connected solar PV systems, the revesitlee savinggrom grid electricity usage. In
such cases the revenue generated or savings made slepagritl electricity prices-Hence for
such systems it is necessary to consider the uncertainties in electricity prices for analyzing their
economic feasibilityVariation in electricity prices is another important factor that is considered
in this thesis. Sincd;uel oil no. 6is used for electricity generation and iingported;therefore
there lies huge uncertainty in electricity prices of Northern Cydtusan be inferred from
Figure 1.1 that electricity prices in Northern Cyprus change every5 months.Moreover the
electricity prices in Northern Cypswary based on the customer type; METU NCC receives a
10% discount on its electricity prices, tliddsmore uncertaintyn the economic assessment of
grid connected solar PV systems in Northern CypRegardless of the upward trend, the
frequent variatn in electricity prices is an important factor to be considased will induce

uncertainties in the economic assessment of a project
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Figurel.1 Time series of electricity prices per kilowatt houNarthern Cyprus

1.9. Probabilistic Assessment o5olar PV System

In order to incorporate thencertainties in electricity demand, supply and prices for the
economic assessment of different solar PV installation sizes, Monte Carlo simulationiis used
this propct Instead ofgeneratingpoint estimates of net present value (NPV), Monte Carlo
simulation will generate outputs of NPV distributions, which will better represent the amount of
associated risks in any optiddence, probabilistic assessment of solarf®fallation at METU

NCC will give a more reliable result and a better understanding of associated uncertainties.

Several studies are present in the literature on the ugeob#bilistic modelingor sizing,

design and optimization of solar PV syster@sbral et al. [25] used stochastic method for
standalone PV sizing. They analyzed energy storage and solar radiation using stochastic
modeling, both Markov chain arBleta probability density functions are used in their study.

They found that stochastic modelsrgvided more reliable resultswhen compared to
deterministic models

Tina et al[25] presented probabilistic modeling of long tegperformancessessment dfybrid

solar/wind systems for both standalone and grid connected applications. They performed a
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reliability analysis by using energy index of reliability which is directly relatedenergy
expected not supplied (EENSJheir analytical probability model when compared to time
domain simulations such as Monte Carlo Simulation presented similar results, with a difference
between 0.5% and 1.9%.

Arun et al.[26] proposed a methodology for optimizing the sizesair PVi battery systems

for decentralized energy generation in remote or isolated areas considering uncertainties in solar
insolation. Their methodology is based oasign space approach which uses time series
simulation of the entire system. They have used chance constrained programming approach for
incorporating uncertainties in solar resources for sizing of solar BPsttery systems. They
validated their methodolggby using Monte Carlo simulatiorWiawan et al.[27] used a
probabilistic approach for the design of distributed PV systems and for analyzing its impact on
low voltage feederThey predicted solar radiation and load using Monte Carlo Simulation and

used exact method to solve power flow.
1.10. Objectives

As discussed eadr in the motivationthe main object of this thesis is to develop a simulation
tool that can be used to analyze the feasibility of grid connected solar PV systems based on
uncertainties in solar resources, electricity consumption and electricity priggsmetal model

is developed for such analyses using Monte Carlo simulation, and it can be used for any grid

connected system at any locatidhe main objectives of this thesis are;

x To develop sinulation based optimization tqalvhich candetermine the béstrategy
for grid connectedolarPV installations

x To consider avadble risks and uncertainties in electricibatl power generatiomnd
electricity prices for the economic assessmesbtdr PV installations.

x  To consider different options for tlentire life time of PV systems, and analyzenthe
economically.

This general simulation model is applied to METU NCC for analyzing the economic feasibility
of grid connected solar PV installations. Apart from thig imethodology used and the work
presentd in this thesis builslup directly on the work done earlitar METU NCC, such that

different models for predicting electricigonsumption of METU NC®n different time scales
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are presentedh this thesis An entirely new method is presented for predigtielectricity
consumption of METU NCC, by integratinmnf mul ti
forecasting.Both electricity consumption and PV output are predicted based on probabilistic
characterizatiomf electricity demand and solar resoudaga.Different scenarios like constant

electricity prices or increasing electricity prices are considered for economic assessment of
different PV installation sizeat METU NCC Monte Carlo simulation is used to generate
distributionsof net present valugNPV), levelized cost of electricity (LCOE), opportunity cost

(OC) and excess production cost (WRjtead of point estimates, hence accountingafiothe

uncertainties and available risks for any installation size.

1.11. Overview of the Thesis

0 provides the details of methodolofyr modeling and forecasting electricity consumption of
METU NCC. Different models for characterizindheé trend and seasonality patterns of
electricity consumption of METU NCC on different time scales are presented. A new method
which is an integration of multiple regressi
These models are applied to METU N@@&ta and futurelectricity consumptiompredictions

are developedAnnual, monthly and daily models are developed to study the electricity
consumption patterns at METU NCC whereas for the simulation tool hourly electricity
consumption models are present€thapter 3presentsa detailed modefor calculatingsolar
resources and solar PV outplihe resources on tilted surface are charac@basedon each

mo n t fittédsprobability distributions and 20 years of hourly tilted solar resources are
predicted basted on fitted distribution€hapter 4 provides eonomic feasibility model
Different parameters for analyzing the economic feasibility of any solar PV installation are
discussed. A methodology tenerate distributions of net present value (NPV), levelized cost of
electricity (LCOE), oppdunity cost (OC), and excess production cost (WP) using Monte Carlo
simulation is presente@hapter Sdescribes thepplication ofMonte Carlo snulationmethod

for a possible ¥ system to be installed at METBICC. Different cases are analyzed
economically under four scenarios; constant electricity prices and demand, increasing electricity
prices and demand, increasing electricity prices and aundéanand, and constant electricity

prices and increasing electricity dema@thapter resents the conclusisand future works.
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CHAPTER 2

ELECTRICITY CONSUMPT ION MODELING AND

FORECASTING

This chapter illustrates different electricity demand forecasting models for Middle East
Technical University Northern Cyprus Campus considering annual, monthly, daily and hourly
time scale levelsA complee methodology of theata gathering, modeling and forecasting of
electricity consumptioris presented in this chapter. The chapter begins with the description of
different types and scales of data used for modeling of electricity consumption of METU NCC.
The chapter continues with the description of electricity demand or consumption models used
for future predictions. Yearly models for forecasting annual trend in electricity consumption are
followed by monthly model which include trend and seasonality coemis of electricity
consumption data. Daily models based on multiple regression analysis which does not predict
the increasing trend of electricity consumption is followed by a noveknomentional model

that predicts long term daily electricity consuiop with trend. This model is an integration of
mul tiple regression analysis and the trend comp
prediction models for electricity consumption based on probabilistic characterization are

presented.

2.1. Data Gathering and Management

The electricity consumption data used in this thesis is of four different time scales; yearly,
monthly, daily and hourlyYearly and monthly electricity consumptiatata were extracted

from campus electricity bills obtained from METU NCC Admiragion. The annual electricity
consumption, and the monthly electricity consumption data from January 2009 till December

2014 are used for annual and monthly electricity consumption prediction models.
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Figure2.1 Annualelectricityconsumption of METU NCC

Figure 2.1 presents the annual electricity consumption, it can be inferoad the figure that
there is an increasing trend. This increasing trend in electricity consumption will be addressed

by the annual electricity consumption forecasting models.
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Figure2.2 Monthly electricityconsumption of METU NCC

The trend and seasonality components can be observed in monthly electricity consumption data
as shown irFigure 2.2, it should be noted that during the month of September for each year

considered, there is a sudden spike which is greater than the electricity consumption in rest of
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the months for that year. This is due to registration and orientation period whenctheigle
consumption increases due to orientation and registration activities of incoming students.
Hourly electricity consumption data froni' June 2013 till 31 May 2014 is obtainettom KIB-

TEK. Daily consumptiordata is obtainethy summing up the hely electricity consumption
data

To model and forecast electricity consumption for different buildings at METU NCC, the
monthly electricity consumption data for different buildings (blocks) of METU NCC was
obtained from University administration. The monthly electricity consumption data obtained
was from January 2009 till September 2014. METU NCC is divided into 16 diffelecits;
Education Facilities (Academic Block), School of Foreign Languag@sinistrationBuilding,

IT Building, Health Facilities, Sports Facilities, Recreation Facilities, Dormitory 1, Dormitory
2, Dormitory 3, Residences, Cultural and Convention Certechnical Facilities, Library,
Infrastructure and Common Areas, and Guest House. Upon the analybisdzfta a large
number of uncertainties, errors and missing values were observed in the data. These issues
increasedhe concern regarding the legitany of monthly electricity consumption data. The
issues which were found are discussed below:

1. From January 2009 till December 2010 it was observed that for recreation facilities,
dormitory 3, library and infrastructure and common areas electricity consumpt
values were missing.

2. The monthly electricity consumption values of each building (block) for January and
February of year 2009 and 2010 were exactly the same, which is not possible.

3. Again the monthly electricity consumption values of each buildingckdltor July and
August of 2009 and 2010 were exactly the same.

4. For January 2011 the electricity consumption values of all buildings (block) were
missing.

5. For January 2014 and February 2014 there was no data for monthly electricity
consumption for any buing (block) of METU NCC.

6. Another significant issue which was found is that, from February 2011 till December
2013 the monthly electricity consumption values for each building (block) were forged.
It was observed that fix percentages of total monthly edégt consumption of the
campus were used to obtain building (block) wise monthly electricity consumption

values. The percentages used for this purpose are givegure2.3 below.
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Table2.1 Cumulative consumption and percentages of different building at METU NCC

Cost CenterDescription Monthly A\_/erage Cumulativ_e Cumulative
Consumption (kwh) Consumption (kWh) Percentage
Campus Common Areas 123711.9 123711.9 18.76%
2 Dormitory 59474.3 183186.1 27.77%
3 Dormitory 58,097.1 241,283.3 36.58%
Education Block RS andT 52,800.0 294,083.3 44.59%
Home Cafeteria 52,085.7 346,169.0 52.49%
1 Dormitory 42291.4 388460.4 58.90%
Residence 37,447.0 425907.4 64.57%
Rector's Office Building 37,280.0 463187.4 70.23%
Indoor Sports Hall 30,657.1 493844.6 74.88%
Building Information Technology 24,000.0 517,844.6 78.51%
Waste Water Treatment 22422.9 540267.4 81.91%
Guest House 22,291.4 562558.9 85.29%
Cultural and Convention Center 18,400.0 580,958.9 88.08%
Library Building 18,285.7 599244.6 90.86%
Preparatonyschool 15,885.7 615130.3 93.26%
Market 10,254.9 625385.1 94.82%
EBI Dormitory 9,457.1 634,842.3 96.25%
Clean Water Plants 8,748.6 643590.9 97.58%
Pool 5,537.0 649127.9 98.42%
Health Center Building 5,085.7 654213.6 99.19%
Engineering Buildind’rograms  3,814.3 658027.9 99.77%
Workshops 1,085.7 659113.6 99.93%
Museum Of Science And 442.9 659,556.4 100.00%
Technology
Total Consumption 659556.4

The only period for which the electricity consumption data was correct and taken through actual
readings, was from March 2014 till September 2014. Since it is a very short period, it was not
feasible to develop prediction models for electricity consumptased on this monthly data.

The data is used to develop Pareto analysis, which may be useful for demand side management
and Green Campus Initiative of METU NCC. Pareto analysis which is also known asa@ie 80
principle is a technique that can be usefuidentifying those 20% of areas which can solve 80

% of the problem. In case of electricity consumption at METU NCC, 80% of it is due to campus
common areas, student dormitories, academic blocks (R, S and T), Cafeteria, rectorate,
residences sports centand IT block. Hence, if these key areas are managed to reduce

electricity consumption significant results are possibligble 2.1 gives the average monthly
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consumptions and cumulative percentages of electricity consumption for different buildings at
METU NCC. Figure2.4 shows thePareto chart for electricity consumption at METU NCC and
highlights those areas which contribute to 80% of the electricity consumption at METU NCC.

2.2. Annual Electricity Consumption Modeling and Forecasting
2.2.1.Holts Method

Also known as trend adjust exponensahoothing, this method is used when there is occasional
change in the level of time series and a current level estimate is required. When the observed
data hae some trend and contain information that akkahe prediction of future movements, a
lineartend f orecasting function is required. But
trend then an evolving |inear trend over ti me

to be evolved in a time series.

An estimate of current slope andleve i s required to predict a tr
model uses different smoothing constants for level and slope. These smoothing constants helps

in estimating level and slope that changes with time as new observations are available.

2.2.1.1. Data

The daa used for trend adjusted exponential smoothing is obtained from university
administration. Yearly electricity consumption of METU NCC from year 2009 till 2014 is used

for modeling and forecasting purposes.

2.2.1.2. Model

Theequations used in Holtés method ar e;
Oo=1 G+ 1 | (05 1+ 7Y 1) 1)
=T 05 U1 +(1 T)¥1 2
@y = O+ NY ©)
Where;

0p = Estimated smoothed level for period
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| = Smoothing constarfor level (0-1)

Gy = Actual value of electricity consumption in period
T = Smoothing constant for trend<0

“¥ = Estimated trend value for periad

r = Periods to be forecasted into the future

"@:y = Forecast of) periods into the future

Equation(1) is for estimating the level for periaxlit contains a termy 1, which is the trend of
previous period hence, properly updating the level for parib@ trend exists in period 1.

The current leveb,, is calculated by weighted average of two level estimates; one estimate
given by the current observatigp and the other estimate given by addition of previous trend
"Y 1 and previous smoothddvel 0; ;. Equation(2) is for estimating the trend for periaxl

using another smoothing constantThe equation shows that the current trégics the weight
average of two trend estimates; one estimate is the change in level from tifthéo o (i.e.,

0520y 1) and the other estimate is the smoothed trend for previous peridd(i.e., ¥ 1).
Equation(3) shows that the forecast for periganade at tim@is calculated by multiplying the
current trendy with the number of periods to be forecasteahd adding the product to current

level 0.
2.2.1.3. Results

The results of trend adjusted exponential smoothing model are given below. The smoothing
constants for level and trend i.e= 0 andf = 0.19 respectively are optimized by minimizing

the mean square error value.

Table2.2 Trend Adjusted Exponential Smoothing for METU NCC

Ik <« L kwh) J (kWh) 9 (kWh) 35 (kWh)
0 5,369,631 443,714
2009 1 5,676,018 5,813,346 443,714 5,813,346
2010 2 6,511,175 6,257,060 443,714 6,257,060
2011 3 6,443,720 6,700,774 443,714 6,700,774
2012 4 7,327,260 7,144,488 443,714 7,144,488
2013 5 7,664,036 7,588,203 443,714 7,588,203
2014 6 7,913,593 8,031,917 443,714 8,031,917
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Table2.2 gives the actual electricity consumption)( level (), trend {I;) and forecastsH)

for each periodt]. The actual and fitted total annual electricity consumptions from year 2009
till year 2014 for METU NCC are shown Figure2.5. The error summary igiven in Table

2.3, with mean absolute percentage error (MAPE), mean absolute error (MAE), root mean
square error (RMSE), root mean square percentage (RMSPE) and maximum absolute
percentage error (MaxAPE). With MAPE of 2.55%, the model can be considered reliable for
yearly predictionsRMSPE and Max APE of 2.78% and 3.99% are also less indicating that the
model in considerably accurate.
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Figure2.5 Actual andfiteda n n u a | electricity consumption usi

Table23Er r or summary for Holtés model for annua!
METU NCC

Measurement Values

MAPE 2.55%
MAE 170,904
RMSE 183,787
RMSPE 2.78%
MaxAPE 3.99%
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Figure2.6 Forecastofinnuale | ectri city consumption for METU NCC

Forecast from year 2015 till 2035 is shownFigure 2.6. It is evident fromFigure 2.6 that
electricity consumption in year 2035 will be 17,349,914 kWh that is more than twice as
compared to electricity consumption in 2014 which is 7,913,593 KWils.forecast idased on

linear growth assumption where the campus electricity consumption continues to increase every
year with increasing population. It should also be noted here that the campus population will be
stabilized at some point around 6,000; hence the alitgtdonsumption will not show an
increasing trend after that point.

2.2.2 Linear Regression with Population

A simple linear regression model develops a relationship between a dependent variable and an
independent variabl®©n the basis of that relationship depgent variable values are forecasted.
Here we try to develop a relationship between total annual electricity consumption and total

campus population for that year.

2.2.2.1. Data

The data for total campus population for each year obtained from annual reportslavailab
METU NCC websitg28] and the total annual electricity consumption obtained from university

administration from year 2009 till 2014 is used in this method.
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2.2.2.2. Model

A simple linear regression model is developed with electricity consumption as dependent
variable and population as independent variable. The regression model can be written as shown
in Equation(4).

O=GQ+qQd 4)

Here; O is the electricity consumptionyy is the Y:intercept that will be obtained from
regression analysis ang is the slope or regressi coefficient that will determine the relation

between electrity consumption and populatiah
2.2.2.3. Results

The regression analysis gives ars@Riare of 93% and adjustedsRuare of 91% as shown in
Table2.4. The multiple R,R-square and adjusteddguareare the statistics obtained from the
regression model. Theader these values are to 1 the better the model is in predibgng
dependent variabl@lectricity consumption in this case).

Table2.4 Linear regression statistics for electricity consumption at METU NCC

Observation Values
Multiple R 0.96
R Square 0.93
Adjusted R Square 0.91
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Figure2.7 Actual and predicted annual electricity consumption using Linear Regression with
population for METU NCC
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The graph irFigure 2.7 shows the variation between actual and fitted electricity consumption.
The error summary of the linear regression analysis is givéahte2.5, with aMAPE of 2.4%

the prediction model is reasonably accurate. Even though the observations are few in this
model, it helps in understanding the relation of electricity consumption with population and the
year by year changes in them. Thestlitistics and ®aues of regression coefficient and

intercept are given imable2.6.

Table2.5 Error summary for linear regression of annual electricity consumption predictions at
METU NCC

Measurement Values
MAPE 2.4%

MAE (kWh)  166095.72
RMSE (kWh) 204,795.67
RMSPE 2.9%
MaxAPE 5.5%

Table2.6 T-statistics and ®alue for linear regression coefficient and intercept for electricity
consumption at METU NCC

Coefficients T-Stat P-value
Intercept  2,161,406.1 3.29 0.030
Population 2,540.7 7.35 0.002

The T-statistics is the ratio of coefficieof independent variable divided by its standard error.
The larger this ratio is the less likely it is that the actual value of coefficient is zero, hence more
certain is the impact of independent variable on dependent variable. Sinest#iistics valug

for the coefficient of population and for constant are large enough, they have considerable

impact on the electricity consumption.

The Rvalue is the statistical test performed for the coefficient of each varfaklmall Rvalue
represent small probdiies, and imply that the coefficient of independent variable is not zero
and is important to the regression model as it has significant impact on the dependent variable.
Since the Rralue of population is less than 0.05, it hasoasiderablempact on the electricity
consumption. Equatio5) shows the relation between the annual electricity consumption of
METU NCC and the average population of the casn@onsidering that the campus population

will keep increasing and will be stabilized at 6,008sed orEquation(5) the annual electricity
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consumption at that time ilv be around 17,405,606.1 kWh. This value is closer to the
forecasted value of year 2035 i nthignmeanstHaal t 6 s
campus populatiowill not reach the level of 6,008ny sooner but it might readh the year

2035.

T "BA06EET 0a NEEE (B 'Q = 2,161,406.1 + 2,540.7 x DENOADEE (5)
2.2.3.Linear Regression with Year

Similar to linear regression with campus population, here linear regression with year is done.
This mayassist in such a way that if the campus population data is unknown then the electricity

consumption can be predicted using the year value.
2.2.3.1. Data

Total annual electricity consumptiofirom 2009 till 2014 obtained from university

administration is usefibr teding and training this model
2.2.3.2. Model

Similar to Section2.2.2.2 a simple linear regression model is developed with electricity
consumption as dependent variable gedr number as independent variable. The regression

model can be rewritten as shown in Equati®n
0= Gy + &30 (6)

Here; O is the electricity consumptiongy is the Yintercept that will be obtained from
regression analysis ang is the slope or regression coefficient that will determine the relation

between electricity consumption apearo g,
2.2.3.3. Results

The regression ahgis gives an Fsquare of 94% and adjustedsBuare of 93% as shown in

Table2.7, which means that the model presents a good fit for the dependabtesar

47



Table2.7 Linear regression statistics for electricity consumption at METU NCC

Observation Values
Multiple R 0.97
R Square 0.94

Adjusted R Square 0.93

The graph inFigure 2.8 shows the variation between actual and predicted electricity

consumption.

8,500
8,000
7,500 — g ——
7,000 —

6,500 Py —
6,000 +— g =%
5,500
5,000
4,500
4,000 T T T T T

2009 2010 2011 2012 2013 2014

Year
----- Actual = = = Predicted

MWh

Figure2.8 Actual and predicted annual electricity consumption using Linear Regression with
year for METU NCC

Table2.8 Error summary for linear regression of annual electricity consumption predictions at
METU NCC

Measuwement Values
MAPE 2.6%

MAE (kwh)  170904.32
RMSE (kwh) 183787.45
RMSPE 2.8%
MaxAPE 4.0%

The error summary of the linear regression analysis is givéabte2.8, with a MAPE of 2.6%
the prediction model is reasonably accurate. Even though the observations are few in this

model, it helps in understanding the relation of electricity consumption wathared the year
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by year changes in electricity consumption. Thestdtistics and ®alues of regression
coefficient and intercept are given Trable 2.9. Since the Rvalue of year is less than 0.05, it

has a huge impact on the electricity consumption.

Table2.9 T-statistics and ®alue for linear regression coefficient and intercept for electricity
consumption at METU NC

Coefficients T-Stat P-value
Intercept -885608521.6 -8.18 0.001
Year 443714.2 8.24 0.001

The forecasted electricity consumption from year 2015 till year Z)Bfesented ifrigure2.9.

It can be inferred from thigure that annual electricity consumption in the year 2035 will be
around 17,349,918 kWh which is more than twice of the annual electricity consumption in
2015.
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Figure2.9 Forecasted annual electricity consumption for METU NCC using linear regression

with year
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2.2.4 Evaluation of Yearly Electricity Consumption Forecasting Models

For yeary electricity consumption forectiisg three different models are used. The first model

used is Holtdos met2Rdidlowed leyBnean regredsion with (®putatiom o n

and linear regression with year presented in Se@i@r? and Sectior2.2.3 respectively All

these models present comparable results with little variations in the forecasted values. The
forecast generated from Holtds method for annual
17,349,914 kWh wich is very close to the forecast from linear regression with population that

is 17,349,918 kWh. In the case of linear regression with population this value of annual

electricity consumption is achieved when the campus population reaches aroundAgtA00.

little variation between the forecasts of all these models, it is evident that the predictions are

reliable.

2.3. Monthly Electricity Consumption Modeling
23.1Wi nter 6s Met hod

Apart from yearly increasing trend there is seasonal component also in the electricity

consumption data. These seasonal variations occur in a cycle across the time series. There may

be daily, weekly or monthly seasonality factors in a time sedasil nhow annual electricity

consumption models that only had trend component in them were discussed, this section

illustrates monthly electricity consumption models that have trend as well as seasonality

component in them. Also known as trend and seasonalitystadjiexponential smoothing;

Wi nterds model is an extension of Hol t s model al
with seasonal factor in the data. One additional equation is used to represent seasonality

component in Winterés model

2.3.1.1. Data

Monthly tatal electricity conamption data from January 2009 till December 2014 obtained

from university administration is used for Winter

2.3.1.2. Model

Wi nt er 6can bendeve®ped using Equati@)i Equation(10);
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Op = | n'&,’L 11 (0 1+7% 1) @)

¥ i
=T 0y 01 +(1 T)¥1 8
YR L r Y 9)
@1 = (Op+ N 144 (10)
Where

0, = Estimated smoothed level for period

| = Smoothing constant for level estimdt®1)

¢y = Actual value of electricity consumption in period
T = Smoothing constant for trend estimatel(0

"¥ = Estimated trend value for periad

[ = Smoothing constant for seasonality estimatd)0
"¥= Seasonal estimate for period

p = Periods to be forecast into the future

i =Length of seasonality

"@. = Forecast of p periods into the future

Equation(7) gives smoothed level for periad This is different from Equatior{l) o f holt 6s
method in such a way that heigis divided by™¥ ;, which adjustsy for seasonality, thus the
seasonal effects aremoved that might exists 3. Equation(8) and(9) gives the trend and
seasonality estimates respectivélfne forecast is obtained using Eqoat{10), it is almost

same as corresponding formula, Equaii8)) i n mddel fdr 6bgaining the forecast. The

only difference is that here the estimate for future perads) , is multiplied by seasonal index

Y i+

2.3.1.3. Results

The smoothing constants = 0.004, 1 = 0.112 and[ = 0 for level, trend and seasonality
respectivelyare optimized by minimizing the value of mean square efiois approach of

optimizing the smoothing constant is also novel and is not a common apdteabhmonth is
considered as a separate season as it i mpr ov e

this caseThereforethe length of seasonalify) is taken as 1ZFigure2.10 gives the actual and
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fitted curves for monthly electricity consumption for METU NCC from January 2009 till
December 2014.
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The error summary is given fable2.10, the inclusion of seasonality component decredses t
forecasting accuracy but with MAPE of 11.22% the model gives reliable results.

Table210Er r or summary of Wi nterdés model f

or monthly e
METU NCC

Measurement Values
MAPE 11.22%
MAE(kWh)  64,037.27
RMSHKkWh)  84,305.49
RMSPE 14.35%
MaxAPE 42%

The monthly forecast represented by sldid blackcurve and trend of electricity consumption

represented by the dashddckline from January 2015 till December 20&@&shown inFigure
2.11
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Figure2.11 Monthly forecast of electricity consumption for METU NCC using Wimt 6 s
method
2.4. Dalily Electricity Consumption Modeling
2.4.1.Multiple Regression Analysis

In multiple regression analysis more than one independent variable are used for predicting a
dependent varlde. In simple linear regression model, the independent variable can be
represented by X and the dependent variable can be represented by Y. In multiple regression

models, the dependent variable is still represented by Y but the independent variables are

represented by X6s with subscripts or by any
multiple regression analysis is taken to be a linear function of the explanatory variables. In
simple linear regression analysis the data consist of observatigng)(¥n the two variables.

In multiple regression analysike data for each case congi§tan observation on each of the
independent variable and on the response.

One of the most important problems in electricity demand modeling and forecasting was the
presence of monthly seasonal patterns. In order to overcome this problem and improve the

forecasting accuracggeparatelaily regression models are developedeach month

2.4.1.1. Data

Hourly electricity infeed data from*1June 2013 till 31 May 2014 was collected frorthe

utility c¢ompanyHowly dat@wds Aonvened inte daily consumption data to
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train andtest the forecasting model total of 12 regression models are produced each
corresponding to a month. The independentaldeis tested in our case are taken from calendar

data, meteorological data and demographic data.

2.4.1.1.1.Calendar Data

The variables that are considered in calendar data are weekdays (W), graduate and
undergraduate classes and exams (GU), summer school classexaamsl (SS), English
preparatory school classes and examsCjERnd the orientation and registration days (OR).
The data was obtained from academic calendar available at the university i2@kita

simple 0 or 1 logic is used to incorporate these variables in the regression awdligsiss
discussed later in this chaptéfrthere is a working day then the variable is assigned a value of 1

and if there is a neworking day then the variable is assigrsedalue of 0.

Weekdays do not include national or other holidays, it only includes working days and non
working days that are weekends (Saturday and Sunday). The national, public and religious
holidays are included in graduate and undergraduate classegans variable, summer school
classes and exams variable and English preparatooplsclasses and exams variable

The school has two semesters per year. The fall semester is the first semester and beginning of
an academic year; hence the number of inngratudents in fall semester is higher than that in
spring semester. The fall semester classes starts from third/fourth week of September and the
classes and exams end till second week of January. Since the fall semester is the start of an
academic year ral the number of incoming students are higher so the school organizes
extensive orientation programs for incoming students usually in the second and third week of
September, this is accounted for in the orientation and registration day vafihislds the

reason for increased electricity consumption during the month of September as discussed earlier
in Section2.1 The spring semester then starts from second weéleloruary and the classes

and exams end till first week of June. The graduate and undergraduate class variable includes
the above mentioned details as well as national, public and religious holidays, since the school

is closed in these days.

The universiy organizes summer schools for students who wish to take additional courses

during summer breaks in the month of July. Since the university is officially off and there are no
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graduate or undergraduate classes in summer breaks, summer schools accoustt dditheo
consumption in those months. The English preparatory school classes are organized by the
university in parallel with the graduate and undergraduate classes. The university also arranges
additional classes for students in July; hence the Englidiciency classes are off only during

the month of August and first two weeks of February.

2.4.1.1.2 Meteaological Data

The historical meteorological data is obtained from the website of Weather Under§s6ind

The website provides data for Ercan airport which is at a distance of 49.3km from the campus;
this can be considered sufficient for preliminary analgsid modeling. The variables used for
regression analysishich is presented later in this chapte average temperature of the day
(Tavg), average humidity of the day (RH), heating needs (H) and cooling needs (C).
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Figure2.12 Relationship between daily electricity consumption and average daily temperature

The average daily temperature and humidity are obtained directly from the website wthereas
heating and cooling needs are calculated usiratifte degree days (HDD) and Cooling degree
days (CDD). In harmony of the existing literature, the relationship between the outdoor
temperature and electricity consumption was found to beshaged curve as shown kigure

212 It can be inferred fromFigure 2.12 that daily electricity consumption minimizes

somewhere between aveeadaily temperatures of £& - 20 °C. For the sakef simplicity it is
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taken as average 8 (which is"Yqq), this can be uskto find HDD and CDD as showrelow
in Equation(11) and(12).

000= Yoo "% (11)
000= "% "Yao (12)

Here T, is the average outside temperature for any day. A simple 0 and 1 logic was used for
incorporating heating nee@@and cooling need$ in the regression analysis.

0= 0,000 0 (13)
1, 000> 0
0,600 O (14)
1, 600> 0

2.4.1.1.3.Demographic Data

Thedata for total campus population for each year is obtained from annual reports available on
METU NCC website[28]. The campus population data includes total number of student
registered, total number of academic staff and total number of administrative staff. This gives a
rough estimate of the average campus population for a givenTydde2.11 shows the average

total population of METU NCC for a given year from 2009 till 2014.

Table2.11 Average total population at METU NCC

Year  Population

2009 1452
2010 1689
2011 1736
2012 1875
2013 2151
2014 2341

2.4.1.2. Model

The regression model for each month containing the variables discussed earlier in Section
2.4.1.1can be written as follows; for the sake of simplicity subscripts for months are not
written.
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0= 0 +1 () 1 "O% +1 Vg +1 8y +—0Y% +1 “fmo +” YQ +

TQ +1 0 +Ts

(15)

Here; subscript represents the day of a particular moiths the constant term andt ,[ ., ,

—71,", T, and[ are the regression coefficients aghfidis the residual term. The regression

coefficients are genated automatically by the software packages, Microsoft Excel is used for

this purpose.

2.4.1.3. Results

The results of all the regression models for each month are discussed below. The coefficients of

significant variables are given ihable 2.12 for each month, at 5% significance level. The

coefficients for weekdays suggest that they have a strong positive impact on the electricity

consumption.

Table2.12 Regression coefficients of significant variables for MENGC

) 7 A # ’ z P W F K
June 6382.3 5818.5 2855.6 -1200.2 759.2 -63.4 0 0 0 4404.9
July 6050.0 0 0 1044.8 413.2 10.6 0 0 0 10669.3
August 8606.0 0 5529.5 0 1129.3 525 0 0 0 -19980.7
September 7249.6 10964.7 0 -3730.5 -768.8 -8.7 12987.9 0 0 41141.4
October -2866.4 9250.4 0 0 619.7 1885 0 0 0 -889.1
November 3151.2 7779.0 0 -7153.5 4878 -82.4 0 0 0 16035.3
December 5079.9 0 0 0 -664.8 -39.8 0 0 0 30949.9
January -3795.8 12654 0 5363.6 -210.7 39.7 0 0 0 19280.2
February 2450.7 730.4 0 733.6 257.2 57.8 0 0 0 7757.7
March 2054.6 0 0 0 -266.2 28.8 0 0 0 19182.8
April 1495.6 697.8 0 0 -190.9 -21.4 0 0 0 19577.7
May 2774.7 2583.9 0 -2817.1 2540.1 80.9 0 21159 -4963.3 -35400

For only January and October the coefficients of weekdays are negative due to incoming
students behavior. October is more or less the start of an academic year, and hence the
electricity consumption during weekends is more than during weekdays as it is the settling
period of the newly enrolled students. In January the university has final exams for the first
semester of an academic year. Hence, the electricity consumptiomnatales, library and

increases during weekend as compared to weekdayshought the effect of graduate and
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undergraduate classes on the electricity consumption is positive. It is zero for the months of July
and August as there are no classes duringetigonths. And for the months of December and
March it is zero because they have the same input values of zero and ones as weekdays due to
no other holidays, and the regression analysis gives error if two input variable are same.
Summer schools also havepasitive effect on the electricity consumption. Summer schools are

open during the months of June, July and August.

The coefficient for the month of July is zero because summer school has same set of input zeros
and ones as the weekdays. Orientation @egistration has a strong positive impact on the
electricity consumption. Average outside temperature has both positive and negative effect on
the electricity consumption. When the outside weather is cold or hot, the electricity
consumption increases due heating or cooling. But the consumption decreases, when the
temperature is between°Cri 24°C. Average outside humidity does not have a huge impact on
the consumption but it is added in the models to improve the prediction accuracy. Heating and
coolingneeds also bring no considerable improvement in the accuracy of models except for the
month of May when the outside temperature conditions are betid®€ri 26°C andweather

starsto get warmeday by day

Table2.13 P-values of regression coefficients and intercept for MENTC

W GU SS EPC Tavg RH OR H C K

June ox10’ 1x10° 0.013 0.283 4x10° 0.136 - - - 0.365
July 4x10° - - 0.374 0.056 0.696 - - - 0.138
August 2x10Y - 4x10%* - 1x10° 0.022 - - - 0.001
September 7x10° 0.011 - 0.312 0.102 0.918 5x10° - - 0.009
October  0.066 2x10’ - - 0.015 0.001 - - - 0.852
November 0.053 3x10° - 0.002 0.004 0.004 - - - 0.000
December 5x10’ - - - 8x10° 0.266 - - - 0.000
January  0.001 0.119 - 7x10° 0.409 0.468 - - - 0.001
February 0.001 0.394 - 0.473 0.121 0.055 - - - 0.001
March 5x10° - - - 6x10* 0.050 - - - 0.000
April 0.036 0.296 - - 1x10° 0.144 - - - 0.000
May 0.225 0.384 - 0.436 7x10® 0.307 - 0.386 0.029 0.001

The Rvalues for all the regression coefficients are showhable2.13. If P-value is less than
0.05 it means that the predicting variable has significant impact on the regression analysis and

improves the model accuracy. Ifalue is higher than 0.05, it means Awfpothesis showing
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that predicting variable has no effect dre tresponse variable (or in our case the electricity

consumption). The regression coefficients witvR 1 ue hi gher than 0. 05,
modeling accuracy considerably.
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Figure2.14 Actual and predicted consumption for July, 2013 at MENCC
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Figure2.15 Actual andpredicted consumption for August, 2013 at MERQC

Figure2.13to Figure2.15 shows the fitted and actuddily electricity consumption for the back

forecasts of each month from June, 2013Atiljust 2013.
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Figure2.16 Percentage error of the multiple regression models for MEOC

It can be inferred fronkigure 2.16 that the percentage errors are mostly varyinghfbd5% to
+15%, with only 29th Oct., 2013 at 32.59%, and 17th and 18th May, 2014 varying around

+30%. The Rsquare othe monthlyregression models vary from 66% to 96% that makes them

reasonably reliable for planning purposes of new facilities instalisti

The Multiple R, Rsquare and adjusted-dguare values for all the models are giverT able

2.14. The mean absolute percentage error (MAPE), nazsolute error (MAE), root mean
squared error (RMSE), root mean squared percentage error (RMSPE), and maximum absolute
percentage error (MaxAPE) values are givefale2.15. The MAPE for our back forecasts
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from June 2013 till May 2014 is 5.36%, which is quite low hence showing the reliability of our

forecasting model.

Table2.14 Regression Statistics for METNCC

Multiple R- Adjusted

R Square R-Square
June 0.95 0.90 0.88
July 0.91 0.83 0.80
August 0.98 0.96 0.95
September 0.92 0.86 0.82
October 0.88 0.78 0.75
November 0.87 0.76 0.70
December 0.88 0.77 0.74
January 0.87 0.75 0.70
February 0.91 0.82 0.78
March 0.81 0.66 0.62
April 0.88 0.78 0.75
May 0.91 0.83 0.78

Table2.15 Summary of errors of regression models

Measurement Values
MAPE 5.36%
MAE (kwh) 1,206.42
RMSE(kwh) 1,658.81
RMSPE 7.35%
MaxAPE 37.83%

2.4.2.Long Term Daily Electricity Consumption Modeling

For PV sizing daily electricity consumptioahould be predicted in order to achieve day by day
supply and demand matching. Earlier models were based on yearly, monthly and daily demand.
But the daily demand modéle. the multiple regression analysés presented in Secti@¥.1

does not account fanincreasing trend in the electricity consumption due to unavailability of

long term daily electricity consumption data of more than 5 years. In ordercipanate this
increasing trend in electricity consumpti on,

analysis.
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2.4.2.1. Data

This model depends upon the output of Hol t s met
anal ysi s. Hol t 0 s ctrinity tdmsurdptiom sadasto peediad theaannuas treed in

electricity consumptionOn the other handmultiple regression analysis uses daily electricity

consumption data and different predicting variables as discussed in StdtibAto generate

forecast for daily electricity consumptioAnnual electricity consumption data from 2009 till

2014 and daily electricity consumption data frothJiine 2013 till 3% May 2014 are used in

this model.
2.4.2.2. Model
This model is a simple integration of Holtds meth
estimate obtained from Holtds method is added to

method. Since the annual incseay trend in electricity consumption is not incorporated in

multiple regression method, therefore its output may be considered as a simple level estimate.

The equations used in this model are as follows;

@ = Q+ NG (16)
0, = "y 365 (17)
Where

"@. = Forecast of p periods into the future

‘Q, = Output of multiple regression method, taken as smoothed level estimate for period t.
r = Periods or years to be forecasted into the future

'Q, = Trend estimate for daily change after each period orpyear

“¥ = Estimated trend value for period t

Equation(16) gives daily forecast by adding up the sninmat levelQ obtained from multiple
regression method and the daily tré@gobtained by dividing annual trefiyy by the number of
days in a yeaas shown in Equatiofl7). It should be noted th&j is obtained from Equation

(15) of multiple regression analysimd™Y is obtained from Equatiof2) of Hol t 6 s met hod
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2.4.2.3. Results

The model is divided into two parts, t he
method presented in Sectiéh2.1 and the second part is the level mstie obtained from
multiple regression analysis presented in SecBighl The predicted annual trend in electricity
consumption considering 2014 as the base year is showigune 2.17. This annual trend is
converted to daily trend using Equatidv) andis shown inTable2.16.
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Figure2.17 Annual increasing in electricity consumption with respect electricity consumption
of 2014

Table2.16 Annual and daily increasing trends in electricity consumption

Annual increase Daily increase

in electricity in electricity
Year consumption consumption

(kwh) (kwh)
2015 443714 1,215.7
2016 887,428 2,431.3
2017 1,331,142 3,647.0
2018 1,774,856 4,862.6
2019 2,218570 6,078.3
2020 2,662284 7,293.9
2021 3,105998 8,509.6

As shown inTable2.16 any day otheyear 2016 will consume,£231.3 kWh of electricity more

than any day ofthe year 2014 hence, assuming that the annualc r eas e i n

63

fir

ever )



electricity consumptiofis dividedequally among all days of the yedihis assumption may be
considered valid due to unavailability of long term daily electricity consumptiorbdatase of

which annual trend is used for estimating daily trend.

The level estimate comes from multiple reggion analysis as shown $ection2.4.1 These

daily level estimates are added up with daily trend to generate daily electricity consumption
forecasts with incresing trend as show Figure2.18. The blue line shows the daily electricity
consumption forecasts whereas the black dashed line shows the inctezsihon electricity

consumption each year.
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Figure2.18 Long term daily electricity consumption forecast

2.5. Hourly Electricity Consumption Modeling

2.5.1.Probabilistic Characterization

In a grid connected solar PV system hourly electricity demand and supply matching is very
important for the grid stability. Moreover, for analyzing the feasibility of any solar PV system it
is necessary to have hourly electricity consumption data thabeamsed to obtain hourly
shortages or excess supply of electricity.this section hourly electricity consumption is
predicted based on probabilistic characterization of daily electricity consumption data and

average hourly electricity consumption peregyeis.
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2.5.1.1. Data

The data used heegehourly electricity consumption data obtained fromKIBEK6s S CADA
system from ¥ June 2013 till 31 May 2014.

2.5.1.2. Model

The probability density function (pdf) of daily electricity data for each month is calculated and
fitted into known probability distributions like Normal, Weibull and Extreme Value. Based on
the best fit, for each month the parameters of fitted distributie calculated. The pdfs of
Normal, Weibull and Extreme value distributions are given in Equa(ib®) 1 (20)

respectively

e I R L (18)
Qu‘,, = WQ 2,

Quad = & %P 0@ 6 o (19)
oa . =, g dT (20)

Equation(18) represents the Normal distribution where pdf is dependent on (h¢aand
standard deviation, { of the data. Equatio(19) represents pdf for a Weibull distribution,
where associated parameters are scale paraméjear(d shape parametex)( The pdf for
Extreme Value distributionis given in Equation(20), where the associated parameters are

location parameter § and scale parameter)(
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Figure2.19 Standard normalrobability density functin with mean = 0 and standard deviation

=1
Normal distribution is the most common and most widely used distribution in statistics. Also
known asthe bell curve the probability density function of normal distribution is shaped like a
bell as shown inFigure 2.19. Weibull dstribution is another continuoudistribution used
commonly in statistics. Its density function changes very drastically witbhtheges in shape
parameter as shown Kigure2.20. Extreme value distribution is used as a limiting distribution
for the maximum or minimum of a dat®t. The effect on density function of extreme value

distribution due to variation in scale parameter is showsigare2.21.
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Figure2.20 Probability density functionf Weibull distributionfor varying ®and fixedd= 1
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Density

Figure2.21 Probability density function of Extreme Value distribution with varying scale
parameters

After identifying the probability distributions for each month which best fits the data, the
associated parameters are cal ovherecEktrerde Valeer e ac h
distribution presents the best fit, the location parametgrafd scale parametef)( are
calcul at ed. Similarly, for monthoés which have
associated parameters are estimated. After findmleach mont hés pdf and as:
random data for daily electricity consumption is generated. In order to convert this daily
electricity consumption data generated by probabilistic characterization to hourly electricity

consumption data, it iswltiplied by the average hourly electricity consumption percentages as
shown in Equatiorf21).

Op= Qp x "0B0¢n (21)
T O 22
Q60w= e (22)
Where

‘Op = Hourly electricity consumption

‘Qy = Dalily electricity consumption data generated as random data through probabilistic
characterization

"Odif)vmz Average hourly electricity consumption percentages for the Bfumonth’Q
Qb= Total electricity consumption during hoi@or the entire montf2

9= Total electricity consmption during the entire moni
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The Average hourly percentages of electricity consumption for each month are calculated

separately. Equatiof22) shows that average hourly percentage for any hour acelaad by

dividing the total electricity consumption during that hour of the month by the total electricity

consumption during the whole month. Now, Equati#il) gives the hourly electricity

consumpti on dat a based on probabilistic charact

consumption.

2.5.1.3. Results

For each month the probability distribution which best fits the daily electricity consumption
data is identified by compagntheir Rvalues and Anderselarling statistic (AD) values. -P
values represent how good the data fits the distribution. A highlt® means a good fit
whereas a low ®alue (for example Pralue < 0.05)means the data donot follow the
distribution.AD is a statistical test which also helps in identifying the probability digtdb
which best fits the data’he Lower the AD value isthe better the fitis. On comparison the
distribution with lowest AD value gives best fithe Pvalues and AD values automatically
calculated by Nhitab for any specified distributions that ate betested to find the best fit for
each monthSoftware package Minitab 17 is used for identifying the probability distributions

that best fit to the electricity consumptidata of each month.

Table2.17ADandRPv al ues of di fferent di stributions for ea
data

Normal Distribution Weibull Distribution Extreme Value Distribution

Months P-value AD P-value AD P-value AD

January  0.067 0.683 >0.250 0.358 >0.250 0.316
February 0.076 0.659 0.225 0.483 >0.250 0.415
March 0.537 0.31 0.167 0.545 0.075 0.672
April 0.505 0.328  >0.250 0.265 >0.250 0.272
May 0.01 1.03 <0.01 1.065 0.217 0.492
June 0.006 1.094 0.01 0.997 0.019 0.908
July <0.005 1.142 0.041 0.773 0.129 0.585
August 0.011 0.992 0.024 0.861  0.085 0.649
September 0.104 0.607 0.114 0.599 0.099 0.617
October  <0.005 1.222 <0.010 1.587 0.063 0.7

November 0.067 0.683 0.021 0.892  1.007 <0.01
December 0.637 0.275 >0.250 0.457 >0.250 0.332
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Table 2.17 shows the Ralues and AD values for Normal, Weibull and Extreme value
distributions tested for electricity consumption data of each méntim theTable2.17 it can

be inferred thafor January the AD is lowest for Extreme Value distribution andilBe is
greater than 0.25 hence it presents better fit than other distributions. Alsebarary the
Extreme value distribution has least AD and itsaRie is also greater than the other two
distributions hence it gives the best fit. In case of MaMbrmal distribution is the best for
representing the electricity consumption data becaisséAD is less than the other two
distributions and & Rvalue is also higherFigure 2.22 - Figure 2.24 presents the probability
plots of the selected probability distributions for January, Februarivianch based of best fits.
Figure 2.22 shows that all the data points of daily electricity consumption for the month of
January are within the 95% confidence interval of estimated Extreme Value cumulative
distribution curve.Similarly, Figure 2.23 and Figure 2.24 show that all the data points of
electricity consumption in the months of February and March are within the confidence interval

of Extreme Value and Normal cumulative distribution curvesaetbely.
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Figure2.22 Fitted Extreme Value distribution for electricity consumption data of January
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Figure2.23 Fitted Extreme Value distribution for electricity consumption dateetfruary
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Figure2.24 Fitted Normal distribution for electricity consumption dataMfrch

After identifying the probability distributisnthat best fit thelaily electricity consumption data
for each monththe associated parameters ddirthe probability distribution are estimated. The
estimated parameters for selected probability distributions for each month are givalldn
2.18.
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Table218Associ ated parameters of identified dis
consumption data

Normal Distribution  Weibull Distri bution  Extreme Value Distribution

Months Mean Std. Dev. Shape Scale Location Scale
January - - - - 22271 2110
February - - - - 18291 1813
March 18429 1517 - - - -

April 16370 1234 - - - -

May - - - - 19054 4292
June - - - - 29199 2993
July - - - - 29845 2558
August - - - - 23940 4524
Septembel - - 4.801 34480 - -

October 20862 3700
November 21926 2679 - - - .
December 24650 3796 - - - -

After calculating the associat ed, rapdamdatmEt er s o
daily electricity consumption is generated for 20 yedf®e random data generated fotilygla

electricity consumption doot have yearly increasing trend, it may be considered as a simple

level estimate of daily electricity consumption for 20 years. Inrotaéncorporate the yearly

increasing trend, the daily trend val@g calculated in Equatiof17) is added to the random

data generated for daily electricity congution. The random data can be easily generated using
MATLAB. The random data of daily electricity consumptiontigen multiplied with each

mont héds average hourly consumption percentage
for 20 years. The avega hourly percentages of electricity consumptioning the day timéor

the months of January, February and March are showkigure 2.25 7 Figure 2.27. Since

storage is not considered for PV systems therefore hourlyieigctonsumption of day time is

predicted using this model as night time consumption cannot be fulfiltadut storage
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Figure2.25 Average hourly electricity consumption percentages during the day time for January
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Figure2.26 Average hourly electricity consumption percentages during the day time for

February
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Figure2.27 Average hourly electricity consumption percentages during the day tinvafch

2.6. Electricity Consumption Model Used in Simulation

In this chapter electricity consumption forecasting models of different time scalesseatpd.

First annual electricity consumption models are presented that can be used for forecasting
annual trends then monthly electricity consumption models are presented that can be used to
analyze the monthly seasonal patterns in the electricity denTdmsl.is followed by more
detailed daily forecasting models for electricity consumption. At last hourly models are
presented. Hourly models ateased on probabilistic characterization of daily electricity
consumption data and average hourly percentageteofricity consumption. Only day time
electricity consumption is considered in hourly forecasting models because of no storage in the
solar PV systemdue to unavailability of storage night time demand cannot be fulfilled with
solar PV systemd he MonteCarlo simulatiormodel, used for analyzing the feasibility of solar

PV systems that ipresented irChapter 4 considers hourly forecasting models for electricity
consumption.Hourly forecasting models are considered becayik stability depends upon

hourly demand and supply matching.
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CHAPTER 3

SOLAR RESOURCE MODELING AND FORECASTING

As discussed earlier in Secti@rb the intermittent nature of solar resources affects the usage of
solar PV for electricity genetian. Solar irradiation depends upon variety of factors such as
climatic conditions, position of sun in the sky and orientation of P\élgatc, due to its high
variability there exist aisk of grid failure. Energy storage systems with solar PV powettpla

are a good solution for improving grid stability but this increases the cost significantisher

way to improve grid stability will be to have accurate forecast of output from PV syatehts
incorporate uncertainties in the solar resources duhi@glesign or planning phase ola PV

power plant, this chapter presents a methodology based on the later approach. The chapter
begins with an explanation on how solar resource aatgathered, followed by solar resource
model to calculate the solegsources on tilted surfacEhen a solar resource prediction model

is presented to forecast solar resources on tilted surface considering uncertainties in them. The
last part of this chapter presents a simple model to calculate the amount of elesrieityted

from solar PV power plant based on solar resources forecasted.
3.1. Solar Resource Data

In order to calculate the amount of energy produced by solar PV system, hourly solar resource
data is needed as an inpMeasurements of the global horizontaldiance and the direct
normal irradiance are being made-@ampusln this study thectual hourly solar resource data

from 1 June 2013 till 31 May 2014 is used for solar resource model. Average irradiance is
being archived for every 10 minutes. This is averaged over an hour and repeated for the whole

year to convert it into hourly data.
3.2. Solar Resource Modeling

The amount of solar energy received by the earth surface depends on the solar geometry that
defines the position of sun in the sky and the angle with which solar radiations strike the earth
surface.The equations presented here for solar resource modeblee from Duffie and
Beckman31].
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Hour anglel( ), as shown mathematically in Equati@8) is the hourly angular displacement

of the sun ira day byl5° per hour East or West.
1 = (i¢dd 0QQ 12) x 15° (23)

The solar time in Equatior(23) is different from standard time and is represented
mathematically by Equatiof24).

e GO0 "WERIOIA0= {4 b, Ugp + O (24)
Where;

0; ¢ = Local standard time eridian used in local time zone

Og ¢ = Longitude of the location on which resources are to be measured

Solar timeis defined aghe passage ¢iime based on the Sun's position in the skthen Sun is

at the highest position in the sky it is called local solar noon. Standard time is the local time
with respect to Greenwich Mean Time (GMT). It should be noted here that for solar calculations
standard time cannot be used, it is necessary to costgrtlard time to solar time. It is
necessary to have constant correction for the difference in the meridian of local time and the

observerdés meridian. Anot her <correction is fo
which is affected by the deviai on i n e a® t¢ah Besmathematieallyi obtained by
Equation(25).

‘O= 229.2(0.000075 + 0.001868 cos6¢ 0.032077sind 0.014615 cos20 (25)

0.04089sin26 )

Hered is dependent on day number and can be found as shown in Eq2&jon

6=(¢ 1% (26)

Where;

¢ = day number (i.e. for Januaryriisequal to 1 anfor December 31n is equal to 365

Declination( ) as shown mathematically in Equati@v) is theangle formed between the sun

earth line and equator and a vertical to the equator.
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_ 248+¢ 27
1 =2345("Q 360= (27)

It should be noted here that the declination angle becomes zero at adiriall equinox i.e.
March 21 and September 2&spectively. Whereas, it research a maximum value of 2845
the summer solstice i.dune 21landa minimum value 0f23.45 in the winter solstice i.e.

December 21

The solar zenith angle) represented by mathematical Equat{@8) depends upon latitude
("), day number and time. It is the angle between the vertical line directly overhead from the

reference point and the searth line.
COS— = COSN cos cog + sinn sin| (28)

The solar azimuth angl@¢;) defines the direction of sun. It is the angle measured from due
south, such that the angles to the west of south are take positive and the angles to the east of
south are taken negative. The solar azimuth angle is a function of zeniti{-ghgteecliration

( ) and latituden) as shown in Equatiof9).

i —oi@n '@
["Q— GEi D (29)

rp= () GEi !

The solar insolation from sun has two main components; beam and diffuse. The beam
irradiation also known as direct insolation is defined as the solar insolation that travels in a
straight line directly from the sun to the earth surface. On the other hand, the diffuse irradiation
is that part of the solar insolation that has been scatterdtetatmosphere before reaching the
surface of the earth. The total irradiation on a tilted surface can be calculated as shown in
Equation(30).

9= "Gvt Qv (30)

Where;
"= Total solar insolation on a tilted surfa@&h m?)
"@y= Beam insaitionon a tilted surface (Wh Ry

"@y= Diffused solar insaltionon a tilted surface (Wh R)
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The beam insolation on a tilted surface can be mathematically represented as shown in Equation
(31).

"@y= 00 '@Ei — (31)

Where;
00 "G= Direct normal insolation (Wh 1)

Equation(32) can be used to mathematically represent

The diffuse insolation on a tilted surface can be mathematically represented as shown in
Equation(33).

Q= 1+(f,i2iT & Q (33)

Where;

"@= Amount of diffuse solar insolation available on a surface (\Wh m

T &= Surface Tilt angle (degrees)

The solarresources on any surface at any part of the world during any hour of the day can be

calculated using this model, if the DNI and diffuse horizontal solar resources are available.
3.3. Solar Resources Prediction

The solar resources on the tilted surface thatal®ilated using solar resource model as shown
in Section3.2, are now used for testing and training the prediction models for long term hourly
forecasting of solaresources. The solar resources on tilted surface are forecasted using the

probabilistic characterization technique

The hourly solar resources on tilted surface calculated in S&fame converted to daily solar
resources on tilted surface by simple summation. The probability density function of daily solar
resources on tilted surface for each month is calculated and fitted into known probability

distributionslike Normal, Weibull and Extreme Value. Based on the best fit, for each month the
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associated parameters of fitted distribution are calculated. The pdfs of Normal, Weibull and

Extreme Value distributions are given in Equasi¢b8) i (20).

Equation(18) represents the Normal distribution, where pdf is dependent on rgand
standard deviationA] of the data. Equatio19) represents pdf for a Weibull distribution,
where associated parameters are scale paraméjear(d shape parametex)( The pdf for
Extreme Value distribution is given in Equati¢@0), where the associated parameters are

location parameter | and scale parameter)(

After identifying the probability distributions for each month which best fits by dilted

solar resource dat a, the associated parameters ar
where Extreme Value distribution presents the best fit, the location paramgtend scale

parameter,() are @lculated. Similarly, for montghwhich have Normal or Weibull distributions,

their respective associated parameters are estin
associated parameters, random data for daily setmurces on tilted surface ayenerated. In

order to convert this dailftilted surface solar resource data generated by probabilistic

characterization to hourly tilted surface solar resource data, it is multiplied by the average

hourly tilted surface solar resource percentages as shown in Eqigtjon

Bo= "G x 'C0b¢, (34)
00050 = %ﬂ (35)
Where

Qo= Forecasted hourly solar resources on tilted surface

‘Q = Dalily tilted solar resource data generated as random data through probabilistic
characterization

"O'Of)-mz Average hourly tilted solar resource percentages for the'@dumonth’™Q

"YQu= Total solar resource on tilted surface during F@or the entire month of2

"Y@ = Total solar resource on tilted surface during the entire morith of

The average hourly percentages of tilted solar resources for each month aratedlcul

separately. Equatiof85) shows that average hourly percentage for any hour are calculated by
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dividing the total tilted surface solar resources during that hour of the month by the total tilted
surface solar resources during the whole month. Now, Equé3idngives the hourly tilted
surface solar resource data based on probabil

solar resources.
3.4. Solar PV Output Model

The predicted solar resources on tilted surface calculated in Sa@iare utilized to determine

the amount of electricity produced from Solar PV. The model presented here is taken from Ali
et al.[31]. The amount of electricity generated from solar .} is dependent upon area of

PV panels @), solar resourcesdg, efficiency of the PV panek§) and the performance

factor f1°Q of the PV power plant as shown in Equat{86).

Qe = GoXx 0ge X =5 x N'Q (36)

The area of the PV panels depends upon the rated power of the PV power plant, PV panel
efficiency and the performance factor of PV power plant as shown in Eq(afpn
Where

Oy, = Rated power of the PV power plant
"O= Standard irradiance for PV panglk000 W n)

It should be noted hetthat the efficiency of PV panel decreases with increase in temperature
this have an impact on the energy generated from PV panel, but for the sake of simplicity the
PV panel efficiency is assumed to constant here. The model discussed in this sectiom will g
hourly output generated from PV panels taking predicted solar resources on tilted surface as

input.
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3.5. Results
3.5.1.Solar Resources

The solar resources are calculated based on the model presented inS2tdioMETU NCC.
For a fixed surface, the maximusolar resourceare received at a tilt angle around 24.67
facing due south. This is within the limit of Lto 3 tilt angle facing due souttor maximum
solar resourcegresented by Arsalan and Bake} for METU NCC. The average daily solar
insolation for different characteristic surfaces for all the montpseisented ifrigure3.1.
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Figure3.1 Trends in daily insolation faMETUNCC. For t he =R46/faed0°.surf ace b

It can be seen froigure3.1 that North facing wall obtains minimum solar insolation and east
and west facing walls receives almost the same amount of insolation. beisaisse when the

sun rises, eastern wall receives insolation until solar noon and when it is solar noon the western
wall starts receiving insolation until sun sets and both walls receives almost equal amount of
insolation in a day. MoreoveFigure 3.1 shows that for horizontal and tilted surfaces, solar
insolation increases from February and March and reaches maximum during June and July. For
horizontd surface June and July receives same (maximum) insolation, but it starts decreasing
from July till DecemberFigure 3.1 also depicts that southernriace receives some insolation

from January till March, but it starts decreasing from March till June due to summer solstice as
the earth is below the plane of the sun. But for winter solstice it is above the plane of the sun so

southern surface receivesnse insolation during winter months. It should be noted that there is
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a sudden decrease of solar insolatioMiy; this isan errorbecause of the problems with the
measuring instrument. But this error is not neglected and is considered in the doalfss
purpose of considering uncertaeti

Figure 3.2 represents daily beam nornaaid diffusehorizontal insolation for Guzelyurt, North
Cyprus for the whole year. It can be inferred freigure 3.2 that from January tilApril diffuse
horizontal insolation is in significant amount as it is mostly cloudy during this period in
Northern Cyprusmoreover it is rainy season during January toddaGo due to more cloud

the diffuse horizontal insolation is higher. Also, it is because of the fact that it is winter season
and Earths above the plane of the sun so direct normal insolation are least during this period.
But from June till August theiffuse horizontal insolation is low as compared other months, this

is because it is summer solstice and during summer season earth is below the plane of the sun so
it receives maximum beam normal insolation and less diffuse horizontal insolation.
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Figure3.2 Daily beam (direct) normal and diffuse horizontal insolation for METU NCC

3.5.2. Solar Resources Forecast

The hourly solar resources on tilted surface obtained using the solar resourceneseigiedn
Section3.2 are converted to daily solar resources. The daily solar rescamdéted surfacdor

each month are characterized based on the probability distributidrisesidits the data. The
probability distribution that best fits the daily solar resource data for each month is identified by

comparing the falues and AD values as it is previously done for electricity consumption
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forecastingpresentedn Section2.5.1.3 As stated earlier high Rvalue means a good fit
whereas a lowfRalue (for example ®alue < 0.05) means the datao n 6 t
and incase ofD, a lower value means a better Tiable3.1 shows the Ralues and AD values

for Normal, Weibull and Extreme value distributions testeddity solar resources on tilted

surfacefor each month.

From theTable 3.1 it can be inferred that for January the AD is 0.607 for Extreme Value
distribution which is lower than the AD value of Normal and Weibull distributions and the P
value of Extreme Value distribution is 0.107 which is higher than thells of other two

f ol

| ow

distributions hence, Extreme value distributions provides the best fit for JaSimilarly for

February and March the best fit is provided by Extreme Value distribution.

Table3.1 AD and Rv a |

ues

of

di fferent

tilted surface

Normal Distribution

Weibull Distribution

Extreme Value Distribution

Months P-value AD P-value AD P-value AD

January  0.006 1.108 <0.01 1.251 0.107 0.607
February 0.087 0.637 >0.250 0.391 >0.250 0.239
March <0.005 1.221 <0.01 1.235 0.02 0.901
April 0.085 0.642 0.068 0.689  0.037 0.792
May <0.005 1572 <0.01 1.206 0.061 0.704
June <0.005 1.216 0.088 0.641 0.081 0.659
July 0.16 0.533 >0.25 0.183 >0.25 0.174
August 0.816 0.221  >0.250 0.33 >0.250 0.37
September <0.005 1.271 >0.250 0.453 >0.250 0.35
October  <0.005 1469 0.085 0.651 0.224 0.485
November 0.136 0.558 0.116 0.598 0.218 0.491
December 0.219 0.479 0.037 0.789  0.229 0.48

Figure 3.3- Figure 3.5 presents the probability plots of thdentified best fittedprobability

distributions for January, February and Maritlcan be inferred fronfrigure 3.3 that only on

data pointof daily solar resource on tét surfacdor the month of Januarg outsidethe 95%

confidence interval of estimated Extreme Value cumulative distribution clinke. means that

t

dhily sdlar resbuncésiom n s

he

data of solar resources on tilted surface can be represented by Extreme Value distribution.

Similarly, Figure 3.4 and Figure 3.5 show that all the datpoints ofdaily solar resources on

tilted surfacein the months of February and March are within the confidence interval of

Extreme Valudistribution curve

82

di str

for



99

Loc 3.090
90 Scale  0.6567
N 31
3,3 AD 0.607
60 P-Value 0.107
50
40
+ 30
S
o 20
—
7]
o
10
5
3
2

= 0 1 2 3 4 5
Solar Resources on Tilted Surface (kWh/m2)

Figure3.3 Fitted Extreme Value distribution feolar resources on tiltexirfacefor January
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Figure3.4 Fitted Extreme Value distributidior solar resources on tiltestirfacefor February
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Figure3.5 Fitted Normaldistributionfor solar resources on tiltesdirfacefor March

After identifying the probability distributions that best fit ttiéed surface solar resources data
for each monththe associated parameteosdil the probability distributiors are estimated. The
estimated parameters fibre selected probability distributions for each month are givéraivle

3.2.

Table3.2As s oc i

ated

parameters of i
resourcelata

dtittad suirfdce selar

Normal Distribution

Weibull Distribution

Extreme Value Distribution

Months Mean Std. Dev. Shape Scale Location Scale
January - - - - 3.090 0.6567
February - - - - 4.596 0.6874
March - - - - 5.853 1.023
April 5.229 1.526 - - - -

May - - - - 4.641 0.5735
June - - 22.11 8.055 - -

July - - - - 7.872 0.1139
August 7.460 0.2598 - - - -
September - - - - 6.942 0.3342
October - - - - 6.710 0.4368
November - - - - 4.219 0.8876
December - - - - 3.851 1.147
After calculating the associ at ed rapdamdatmEt er s

daily solar resources on tiltexuirfaceis generated for 20 years. The random data of dailyr
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resources on tilted surfaces

mul ti pl i ed awrage hourly tiltechsolan esotirde 6 s

percentage$o obtain hourly electricity consumption data for 20 years. The average hourly

percentages o$olar resources on tilted surfafoe the months of January, February and March

are shown irFigure3.6 1 Figure3.8.
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Figure3.6 Averagehourly percentages of solar resources on tilted suftacknuary
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Figure3.7 Average hourlypercentages of solar resources on tilted sufiacEebruary
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Figure3.8 Average hourlypercentages of solar resources on tilted surfiaciklarch

3.5.3.Solar PV Output

As presented eatrlier in Secti@, the electricity generated from solar PV power plant depends
upon area of the solar panels, efficiency of the solar papetformance factor of the solar PV
power plant and the available solar resourddwe efficiency ofsolar @nel varies due to
changes in temperature, as the temperature increases the efficiency decreases but for the sake of
simplicity a constant efficiecy is considered. SYRBS (polycrystalline) solar panel of Risen
Energy Company limited iselectedijt has an efficiency of 148% at Standard Test Conditions

[31]. The performance factor of the PV power plant is considered to begfB%Vith these

inputs and without considering uncertaintiesatar resourcg on average 5.62Wh of daily
electricity can be produced by 1 MW PV power plant with PV panel area equaftar$0

When the uncertainties in solar resources are considered as shown in Sé&cfidhen the
output varies widely. These variations are considered in the final feasibility analysis presented
in theChapter 5
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CHAPTER 4
ECONOMIC FEASIBILITY ANALYSIS USING MONTE CARLO

SIMULATION

As discussed in the objectives of this thesis presented in Sécti@rthis chapter presds an
economic model for assessing the feasibility of solar PV power plant with Monte Carlo
simulation to add uncertainties in electricity consumption and solar resources. The first part of
the chapter presents an economic model whimhtains the methottgy for calculating net
present value (NPV), Levilized cost of electricity (LCOE), opportunity cost (OC) and cost of
excess production (WP). Then the methodology for Monte Carlo simulation is presented within
which the uncertainties in electricity pricase discussed and different cases and scenarios for
solar PV installations at METU NCC apeesented

4.1. Economic Model

The economic model estimates the NPV, LCQE; and WP for any PV system installation.
These calculations will help the decision makers in selecting or analyzing the feasibility of any

project.
4.1.1.Net Present Value

The sum of the present value$ incoming and outgoing casttross a time line is calledRV.

If the NPV is positive it means that the project can be accepted and it will incur profit but if the
NPV is negative the project is nf#asible as it will incur lossThe equations for economic
model presented here are taken from Tarig and B2kemnd Ali et al.,[31]. The NPV can be
matematically obtained as shown in Equat{88).

0 6(1): Bgd)w X (1; 66&3[0 (38)

+7g0

Where
‘®, = Net economic benefits in year

00gi = Power plant cost (USD)
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“(x Interest ratel(5%)
w= Number of year (i.e. 1, 2, 3, 4, 5¢é)

The power plant cost is the fixed cost or capital cost incurred in the initial year of installation. It

can be calculated as shown in Equa(i89).
00gi6 = OG¥i0+ Ofio (39)

Where
06x 5 = Total cost of PV system (USD)
‘Of;i o = Total cost of inverter system (USD)

The total cost of PV system can be obtained using Equgti®n
0616 = G X Ogey (40)

Where;
Gy = Power Plant Capacity (KW)
656 = Cost of PV module700USD kW™

The other portion ab0g; s thatis "Of; s can be calculated as shown in Equafiéh).
Ofsio = Gox boy (41)

Where;
6= Capacity of Inverter (kW)
& = Cost of Inverter modul€Q0USD kW™

It should be noted that the PV to inverter size ratio is assumed to déhé&.2conomic benefits
can be considered as the amount of electricity generated from PV systems that reduces the
electricity bills of campus since there is no revenue from the generated electricity because it is

not being sold. Equatiof#2) shows the calculation for economic benefits in any given year.
6"Y= 00x EP (42)

Where;

0"Y= Economic benefits or cost saved by reduction in electricity bills (USD)
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'00= Total energy generated and consumed on campus using Solar PV power plant (kwWh)

Q) = Price of grid electricity (USD kWH
The net economic nefits (&) are calculateds shown in Equatiof¥3).

Where;
‘0, = Neteconomicbenefitsin yearw (USD)

"©, = Insurancesostin yearw(USD)

0 O, = Maintenanceostin w(USD)

It should be noted that insurance cost is considered 0.25% of the total fixed or capital cost as
mentioned by Tariq and Bakg2]. And the maintenance cost iensidered to be 1.5% of the
total cost of PV systeri2].

4.1.2.Levelized Cost of Electricity

LCOE is a measure that is used to compare different electricity generation sources; it can be
used to calculate the cost of energyduced.

The levelized cost of electricity can be calculated as shown in Eqdédn

66&i0+Bg’=1 ©+0 6 x(1+1..g?, (44)
T

(1+'g0

06060= .
BY | 00

Where;
080'0= Levelized Cost of Energy (USD kW
‘0O0= Total energy generated (kWh)

4.1.3.Opportunity Cost

OC represent the amount of cost that could be saved if demand and supply meets perfectly or in

other words there is no shortage of supply thedlemand is completely satisfied.

The opportunity cost0) can be calculated as shown in Equatié®).
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O Eoy Q)
1 (g (45)

Where;
"@ov= Gap between the demand and supply of electricity or shortage of supply (kWh)
Q) = Price of grid electricity (USD kWh

4.1.4.Excess Production Cost

The excess productiomo®) can be calculated in the same way as opportunity cost. The only
difference between them is that supplgmand gap in opportunity cost represents shortage of
supply whereas in excess production cost calculations it represent excess energy generated
which is not used by the campus. Since storage is not considered in our calculation therefore

excess production cost is important to calculate.

Cx o Box D 4
&0 = B, = (46)

Where;
"My = Gap between the supply and demand of electricity or amount of supply exceeding
demand (kwh)

4.2. Monte Carlo Simulation

The main objective of this thesis is to develop a simulation based optimization tool that
considers uncertainties in electricity consumption, solar resources and electricity prices to find
the most feasible solution for solar PV installation. This seqi@sentshe methodology to
develop sucha simulation tool. Monte Carlo simulation is one of the most widely used
techniques for considering uncertainties in any system or process. It has a broad class of
computational algorithms that obtains numericedults from random number generation or

random sampling.

Although there are many different ways of performing Monte Carlo simulation, the most

general form can be written as;

1. Define a domain casimulatedsetof possible inputs
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2. Generate random data fioput based on probability distributions.
3. Calculate the output based on deterministic approach from the random input data.

4. Compile the results.

In this thesisMonte Carlo simulation is used to incorporate all the uncertainties in electricity
consumption, a&ar resources and electricity priceff. takes into account probability
distributions for generating random numbers rather than analytical calcul&tiersbased on
random input generated it calculates distributions of outpribbles The entire simution is
developed on MATLABIt should be noted that the random input parameters taken for Monte
Carlo simulation are daily electricity consumption data and daily tilted solar resource data, all
other input parameters are nm@ndom and do not depend upamy fitted probability
distribution. This section illustrates the steps used to perform Monte Carlo simulation for
generating distributions of NPV, LCOE, OC and WP. The Monte Carlo simulation method
proposed in this thesis comprisasthe following steps

1. Generate random data for daily solar resources and electricity consumption for 20 years
based on already knowfitted pr obabi | ity di st r idailysolarons of
resources and electricity consumptidata Multiply the random data generated for
daily electricity consumption and solar resources with known average hourly
percentages of electricity consumption and solar resources, to convert daily data into
hourly data for 20 year3.he random data for hourly electricity consumption and solar
resouces are calculated using the method presented in S@dhidrand Sectior8.3.

2. Taking thepredicted hourlysolar resource data as inpuglaulate hourly electricity
generated by predefined capacity of PV power plant that is to be analyzed for
feasibility. Hourly eledtcity supplydata is calculated using the equations presented in
Section3.4.

3. Calculate the NPV, LCOE, OC and WP for 20 years for the predefined capacity of PV
power plant that is to be analyzed. These calculations are done for different cases that
are presented in Results and Discussion Section. The calculations for NPV, LCOE, OC
and WP are done as presented in Secfidn It should be noted that the values
calculated in this step are point estimates.

4. Repeat steps 1 till 3 thousand times to generate probability distributions of NPV,
LCOE, OC and WP for each case considef@dentire 20 years. The probability
distribution generated for NPV, LCOE, OC and WP are dependent upon the probability
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distributions of electricity consumption and solar resources, hence accountiigtier

uncertainties in tha.

It should be noted tlhahe number of iterations done for any simulation have an effect on the
distributions of output variables. If the number of iteration is low the distribution results might
not truly represent the uncertainties as the distribution will continue to chaageteane the
simulation is run. If the number of iteration is higlthan necessary it might result in spurious
biases. The number of iterations for any simulation is chosen by checking the output
distributions, if the output distributions are not changing the nurobateration for that

simulation is correct.
The casethat will be run foreconomideasibility analysisising Monte Carlo simulatioare;

1. Installation of 1 MW PV power plant. This case will be analyzed first because METU
NCC has received a license of installing 1 MW PV power plant, so it will be beneficial
to do the analysis of 1 MW PV power plant first.

2. The second case the stepwise installation of PV power plant. This means #figr
every 7 yeas the existing capacity of PV power plant at that time period will be
increased. In other words, if a 1 MW RMwer plant is installed in the $ir year then
later after everysevenyeais some capacity is added to the power plant. This case is
analyzed as it seems logical to increase the supply after some eiogl plue to
increase in demand, so tisatpply conhuesto follow the increase in demand.

Both of these cases will be run fimur different scenariofor the entire lifetime of PV systems

(20 years) The first scenario is to consideonstant electricity prices and increasing electricity
demand The secnd scenario is to consider increasing electricity praoes demandThe third
scenario is to have constant electricity prices and demand, and the fourth scenario is to have
increasing electricity prices but constant electricity dem#tnshould be notedhat electricity

prices in Northern Cyprus are highly variabs discussed in Sectidh8the electricity prices

in Northern Cyprus are highly uncertain, this is largely due to the fact that electricity generation
in Northern Cyprus is from imported fuel. This induces high riske tb dependency on
imported oil and the prices are also elevatedhould be noted that METU NCC is receiving a
special discount of 10% on the electricity prices, this induces the risks of having no discount

which will suddenly increases the electricfisices, and hence any project which was feasible
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for reduced electricity prices might not be feasible for electricity prices without discount. The
Figure4.1 shows the time series plot of electricity prices.
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Figure4.1 Time series plot and trend of electricity prices in Northern Cyprus

It can be inferred from thEigure4.1 that electricity prices in Northern Cyprus changes every
two to three months. There is either an increase or decrease in the electriegyaftec every

two or three months. Moreover there are sudden significant increases during the months of
November 2013 till January 2014 and October 2011 till January 20E2enarios like this it
becomes very difficult to predict electricity prices ftie next 20 years. Hence, two simple
scenarios are consiagtfor electricity prices in order to have a better understandihg.first
scenario is that electricity prices are fixed for the entire 20 years at the latest rate wHiéh is 0.
USD/kWh. This scaario might not give realistic results as it is not possible to have constant
electricity price for 20 years but it can be used for comparison purpfsether scenario
considered is increasing electricity prices. From the time series showigune 4.1 it is
calculated that on average there is an increase of 12% in the electricity prices every year. Hence
the second scenario considered is to havanereinent of 12% in electricity prices every year.
Figure 4.2 shows the predicted electricity prices up till 2034 for an average of 12% increase
every.lIt can be inferred from thEigure4.2 that the predicted electricity prices in 2015 azb0.
USD/kWh; in 2025 it will become).77 USD/kWh in 2025 and®.12USD/kWh in 2034. These

predictions are based on time series and histode#h, no external factor are taken into
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considerations. It is a very simple approach based on average annual increase in electricity

prices.
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Figure4.2 Electricity price forecast of 20 years for METU NCC
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CHAPTER 5
RESULTS OF MONTE CARLO SIMULATION FOR PV POWER

PLANT INSTALLATION AT METU NCC

This chapter presents the results of Monte Carlo simulation for calculating NPV, LCOE, OC
and WP for different cases of solar PV power plant installations at METU N« irst case
presented is of MW power plant. METU NCC ha®ceived a license to irsdta 1 MW solar

PV power planthat corresponds to an area afound9000 ni. The case will be analyzed for
four differentscenarios; constant electricity pricasd demandncreasing electricity pricesnd
demand, constant electricity prices but incireg®lectricity demand, and increasing electricity
prices and constant electricity demaiitie second case presented is of stepwise installation. In
stepwise installation it is thought that supply will follow the increasing trend of derfiaisl.

case willalso be analyzed faill the four scenarios mentioned earli@rsummary is presented

at the end of this chapter that highlights the effect of size variations of solar PV power plant on
NPV, LCOE, OC and WP. The summary also highlights the power planttteizds most
feasible economicallyThe costand otherinputs considered foeconomic analyses @l the

casesre presented earlier in Sectibi

5.1. One Time Solar PV Power Plant Installation at METU NCC
5.1.1Constant Electricity Price and Increasing Demand

For a 1 MW solar P\powerplant installation at METU NCCconsidering electricity prices to

be fixed at 0.22 USD/kWf¥or the entire lifetime of PV systems (i.e., 20yeas)l electricity
demand to be increasing based on the model presented in Szbtihrihe LCOE, NPV, OC
andWP distributiors are presented iRigure5.11 Figure5.4. It can be inferred frorfrigure5.1

that LCOE varies between (0.093569.0955) USD/kWh with its meaat 0.0945JUSD/kWh. It

should be noted that both the maximum and minimum values of LCOE are lower than the
electricity prices(0.22 USD/kWh)which means that electricity production from solar PV is

cheaper than buying electricity from grid.
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Figure5.1 LCOE distribution for 1 MW solar PV plant at METU NCGtlvconstant electricity
prices
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Figure5.2 NPV distribution for 1 MW solar PV plant at METU NCC with constant electricity

prices

Figure5.2 shows the NPV distribution for a 1 MW solar PV power plant consigeromstant

electricity pricesand increasing electricity demariti can be seen that the NPV varies more or
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less evenly around the mean of 1.53 million USD between the maximum value of 1.55 million

USD and minimum value of 1.51 million USD.
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Figure5.3 OC distribution for 1 MW solar PV plant at METU NCC with constant electricity
prices

Opportunity cost distributiofor a 1 MW solar PV power plant considering constant electricity
prices and increasing electricity demaadoresented ifrigure 5.3. Opportunity costefers to

the amount bmoney that we could have saviedt we did notln other words, if a 1 MW solar

PV power plant is installed at METU NCC then there will be some amount of electricity that we
will still need from grid during the day time, this may iecause of peak demands or low solar
resources at that time. The amount of electricity that is taken from grid to meet the day time
demand even though it should be met by electricity generated from solar PV is called as the
opportunity cost because thdeean opportunity to save that cost by having storage or other
advance grid control systems for meeting day time demand. But since no such things are
considered in the analysis therefore it may inasranopportunity cost. The distribution of
opportunitycost seems fairly even around the mean (6.16 million USD), with minimum value at
6.1 million USD and maximum value at 6.22 million USIDshould be noted here that the
opportunity cost is high because the demand is increasing every year hence the dppignd s

gap is increasing every year.
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Figure5.4 Distribution of WP for 1 MW solar PV plant at METU NCC with constant electricity

prices

Figure 5.4 shows the distribution for cost of producing excess electricity for a 1 MW solar PV
power plant at METU NCC. Excess production cost may incur when the demand is lower than
the supply and the amount of electricity generated that is not used by the demasted due

to no storage. It should be noted tHastorage is considered, both the excess production cost
and opportunity cost can be reduced significantly by having more reliable and frequent supply
demand matches. The distribution for the cost oess@roduction show little amount of right
skewness which means that more data is on the right tail or upper end of the distribution. The
mean is around 20,000 USD and the minimum value is 12,000 USD and the maximum value

which is on the right tail side 23,000 USD.
5.1.2Increasing Electricity Price and Demand

In this section the prices of electricity are considered to be increasing with an annual rate of
12% and the electricity demand is also increasirge distributions of LCOE, NPV, OC and

WP for a 1 MW solar PV power plant are showrrigure5.51 Figure5.8. As shown inFigure

5.5 the mean of LCOE in this case 0.0946 USD/kWh. The maximum value of LCOE is
0.0953 USD/kWh and the minimum value is 0.0938USD/kWh.
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Figure5.5 LCOE distribution for 1 MW solar PV power plant at METU NCC for increasing

electricity pricesat 12 % annual rate
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Figure5.6 NPV distribution for 1 MW solar PV power plant at METU NCC for increasing

electricity prices at 12 % annual rate

The distribution of NPV foa 1 MW power plant consideririgcreasing electricity priceat an
annual rate of 12%nd increasing electricity demarsgdshown inFigure5.6. It should be noted
that the mean of NPV has increased4t@4 million USD in this case This means that on
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average for 12% annual increase in electricity prices the NPV increag&Pyascompared

to the NPV with constant electricity prices presented in SebtibA.
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Figure5.7 OC distribution forl MW solar PV power plant at METU NCC for increasing

electricity prices at 12 % annual rate

The opportunity cost distribution for increasing electricity prie@sl increasing electricity
demands shown inFigure5.7. The mean of opportunity cost is nds.9million USD and the
maximum and minimum values ai®.1 million USD and15.8 million USD respectively. It
means that on average there is an meeeof 150% in opportunity cost when increasing
electricity prices are considered as compared to constant electricity prices. The distribution of
excess production cosbnsideringncreasing electricity priceand demands shown inFigure
5.8.The mean value of excess production cost in this scenariQlif@8SD with a minimum

value of 16,800 USD and a maximum value of 37,100 UBiks shows that theost of excess

production has increased by 25% due to increasing electricity prices.
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Figure5.8 WP distribution for 1 MW solar PV power plant at METU NCC for increasing
electricity prices at 12 % annuatea

5.1.3Constant Electricity Price and Demand

The scenario considered in this section is to have fixed electricity prices and stagnant electricity
demand. For a 1 MW solar PV power plant installation at METU NCC considering electricity
prices to be fixed at 0.22 USD/kWh and electricity demand to hetant throughout the life

time of PV system the distributions for LCOE, NPV, OC and WP are presenfégli®5.9 1

Figure 5.12 It can be inferred frontrigure 5.9 that the distribution of LCOE is more or less
evenly distributed around theeain value of 0.0961 USD/kWh with a minimum value of 0.0954
USD/kWh and a maximum value of 0.097 USD/kWh. On comparison with the constant
electricity prices and increasing electricity demand scenario presented in Settipit should

be noted thatvhen the demand is considered to be constant the LCOE has increased by 1.6%.
Moreover since this scenario is similar to the one considered by Tarig and [Bhken
comparison there is a difference of 4% between the LCOE calculated by them and the mean
value of LCOE calculated her€his accountor the fact that simulation is giving correct results

and the difference is due to uncertainties in electricity demand and solar resousidsred in

the simulation.
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Figure5.9 LCOE distribution for 1 MW solar PV power plant at METU NCC tmmstant
electricity pricesand demand
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Figure5.10 NPV distribution for 1 MW solar PV power plant at METU NCC tmmstant

electricity priceanddemand
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For a 1 MW solar PV power plamonsidering constant electricity prices and demdhd,
distribution of NPV is presented Figure5.10. It can be inferred frm the Figure5.10 that the

mean value of NPV is 1.4866 million USD with a minimum value of 1.4619 million USD and a
maximum value of 1.5078 million USODn comparison with constant electricity prices and
increasing electricity demand, it should be noted that when the demand is considered constant
the NPV decreases by 3.12%he mean calculated by the simulation shows a deviation of 10%
from the NPV calculated by Tariq and Bak&} for the same scenario with the same inputs
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Figure5.11 OCdistribution for 1 MW solar PV power plant at METU NCC tamnstant

electricity pricesand demand

The distribution of OC for 1 MW power pia considering constant electricity prices and
demand is presented Higure5.11. The mean of OC is 3.9853 million USD with the minimum

value of 3.9294 million USD ahmaximum value of 4.0361 million USD. It should be noted

here that more data is clustered on the right side of the rReamonstant electricity demand
scenario the O®as reduced by 55% in comparison to increasing electricity demand scenario
presentedn Section5.1.1 This means that increasing demand has huge impact on opportunity
cost because as the demand increases with time and supply remains fixed, the demand supply

gap increases significantly.
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Figure5.12 WP distribution for 1 MW solar PV power plant at METU NCC tammstant
electricity pricesand demand

It can be inferred fronfigure 5.12, that the cost of excess production has a mean value of
63,464 USD with a minimum value 53,895 USD and maximum value of 75,002USD. It should
be noted here thdhe cost of excess production increases by 68% when constant igectric

demand is considered in comparison to increasing electricity demand.
5.1.4Increasing Electricity Price and Constant Demand

In this scenario the prices are assumed to be increasing with an annual rate of 12% but the
electricity demand is assumed to be canstor a 1 MW solar PV power plant installation at
METU NCC. The distributions of LOCE, NPV, OC and WP for this scenario are presented in
Figure5.137 Figure5.16. The LCOE has a mean value of 0.0961 USD/kWh withirimum

value of 0.0953 USD/kWh anda maximum value of 0.0971 USD/kWh as shown in the
distribution presented iRigure5.13. On comparison with the LCOE calculated in Sec&dn?2

for increasing electricity prices and demand the LCOE here has increased by an average of

1.6%.
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Figure5.13 LCOE distribution for 1 MW solar PV power plant at METU NCC tmmstant
demand andhcreasing electricity prices at 12 % annual rate
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Figure5.14 NPV distribution for 1 MW solar PV power plant at METU NCC tanstant

demand andhcreasing electricity prices at 12 % annual rate

The distribution of NPV for a 1 MW solar PV power plant installation at METU NCC

considering constant electricity demand and increasing electricity prices is shdviguie
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5.14. It canbe inferred from thdigure that the mean of NPV is683 million USD with a
minimum value o#.59million USD and maximum value @f.66million USD. On comparison

with the NPV calculated for increasing electricity prices and demand scenario presented in
Section5.1.2 the NPV in this scenario hagateased b%. This decrease seems reasonable
because with constant demand the electricity genelatexblar PVduring hours when solar
resources are high is not fully utilized but when the demand is continuously increasing with

time theelectricity geneated during hours of high solar resources will be fully utilized.
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Figure5.15 OC distribution for 1 MW solar PV power plant at METU NCC tamstant
demand andhcreasing electricity prices at 12 % anntsé

The distribution of OC for 1 MW solar PV power plant installation at METU NCC considering
constant demand and increasing electricity prices is preserféglire5.15. The mean value of

OC is8.73million USD with a minimum value 08.64 million USD and a maximum value of
8.81 million USD. It should be noted that in comparison to the OC calculated for increasing
electricity prices and demand presented in Se&iar?, the OC in this scerio has decreased

by an average 0#5%. This is because when the demand is not increatsiagopportunity to

save more money by producing more from solar PV has decreased.
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Figure5.16 WP distribution forl MW solar PV power plant at METU NCC foonstant
demand andhcreasing electricity prices at 12 % annual rate

The distribution for the cost of excess production for 1 MW solar PV power plant considering
constant demand and increasing electricity priseshown inFigure5.16. The mean value of

WP is138,600USD with a minimum value 0120,000USD and a maximum value @58,000

USD. The OC here hasdreased byd50% as compared to increasing price and demand
scenario as presented in Sect®mf.2 This is because when the demand is not increasing the

number othours when supply exceeds demand due to high solar resources has increased.

5.2. Stepwise Installation of PV Power Plant at METU NCC
5.2.1Constant Electricity Price and Increasing Demand

As mentioned earlien the beginning of this chapttre second case consideredtfaeanalysis

is stepwise installation of solar PV power plant. Sithe demand is increasing every year, it

will be necessary to increase solar PV plant capacity after some interval to fulfill the increasing
demand.The case considered here is to install a 1 MW solar PV power plant at the first year
then add another 1 MW to the solar PV power plant capacity after 7 years and then add another
1 MW to the solar PV power plant capacity after 14 years. The reason to consédes dfygap
between additional capacities is that payback period of solar PV power plant is arbuhd 5

years. So, when the first plant is installed, its cost can be recovered in 7 years before more
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capacity is added. The amount of additional capacityli.®IW considered in this case is an
arbitrary value and any capacity can be considered based on the grovelkedridity demand

of METU NCC. The graphs for the distributions of LCOE, NPV, OC and WdRsidering
constant electricity priceand increasingelectricity demandare presented ifrigure 5.17 1
Figure5.20. It can be inferred frorfrigure5.17 that LCOE for stepwise installation of solar PV
power plant withconstant electricity prices has reduced as compared to the LCOE of a single 1
MW solar PV power plant installation. The mean for the LCOE in this case is 0.0707 USD/kWh
and the minimm and maximum values are 0027 USD/kWh and 0.072 USD/kWh
respectively
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Figure5.17 Distribution of LCOE for stepwise installation afolar PV plant at METU NCC

with constant electricity prices

The NPV distribution shown ifigure5.18is for 20 years time period. It should be noted that

the lifetime of first plant installed will end after 20 years but the life time of second plant will
finish at the end of 27year and fo third plant at the end of 84year. So, even after 20 years

the plant will still be generating electricity with the capacities added in"ttend 14' year. It

should be noted that even though only 20 years are considered for calculating the NPV, the
NPV in this case is higher than the NPV for a single 1 MW solar PV power plant installation for

the same scenario considered. It can be seenFigare 5.18 that the mean value of NPV is
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2.56 million USD with minimum value 2.53 million USD and maximum value 2.58 million

USD.
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Figure5.18 Distribution of NPV for stepwise installation cfolar PV plant at MTU NCC with
constant electricity prices
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Figure5.19 Distribution of OC for stepwise installation cfolar PV plant at METU NCC with

constant electricity prices
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The distribution of opportunity cost for stepwise installation with constant electricity prices is
presented ifFigure5.19. It is evident from the figure that the agrfunity cost has reduced as
compared the case of single 1 MW solar PV power plant installation presented in Sdcfion

The opportunity cost for stepwise ingagion is in the order of 5 million USD whereas for
single 1 MW installation it was in the order of 6 million USD as showRigure5.3. This is
mainly due to the f& that in stepwise installation the supply is also increasing after 7 years and
fulfilling the increased demand. The mean for the opportunity cost is 5.12 million USD with the
minimum value 5.06 million USD and the maximum value 5.18 million USD.
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Figure5.20 Distribution of WP for stepwise installation afolar PV plant at METU NCC with

constant electricity prices

The distribution of the cost of excess production for stepwise installation with constan
electricity prices is presented kigure5.20. It should be noted that cost of excess production
has now increased as compared to the case of single 1 MW solaoviRY plant installation
considering the same scenaai® presented in Secti@nl.l The main reason of this increase is

that the capacity is increasing in stemvigstallation so the amount of excess electricity
generated is higher. The mean for the cost of excess production in this case is 186,000 USD

with a minimum value of 175,000 USD and a maximum value of 198,000 USD.
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5.2.2Increasing Electricity Price and Demand

The scenario considered earliarthis section was for constant electricity prices, ibuthis
scenario it is considered that with the increase in electricity demand the electricity prices are
also increasing at an average rate of 12% every Ybardistributions for LCOE, NPV, OC and

WP for this scenari@re shown irFigure5.217 Figure5.24. The mean for LCOIEonsidering
increasing electricity price is 0.0708 USD/kWh wétiinimum value of 0.0702 USD/kWh and
amaximum value of 0.0712 USD/kWh.
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Figure5.21 Distribution of LCOE for stepwise installation cfolar PV plant at METU NCC

with increasing electricity prices at 12% annual rate

The NPV distribution for stepwise installation considering increasing electricity prices with an
annual rate of 12% and ineing electricity demand is shownkigure5.22. The mean in this
case i8.86million USD with minimum value 08.8 million USD and maximum value &.92
million USD. It shouldbe notechere that for the same scenario for 1 MW solar PV power plant
presented irBection5.1.2 the mean value of the NPV wads7/4 million USD. Thismeans that

NPV has increased for stepwise installation.
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Figure5.22 Distribution of NPV for stepwise installation cfolar PV plant at METU NCC with
increasing electricity prices at 12% annual rate
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Figure5.23 Distribution ofopportunity costor stepwise installation afolar PV plant at METU

NCC withincreasing electricity prices at 12% annual rate

The distribution of opportunity cost for stepwisetatlation considering increasing electricity

prices is presented iRigure 5.23. The mean of opportunity cost is.9 million USD with
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minimum value of11.8 million USD and maximum value of2.1 million USD. On average

there is an increase @B0 % in opportunity cost with increasing electricity prices as compared

to opportunity cost with constant electricity prices presented in Se&2oh Another fact that
should be noted here is that OC for 1 MW power plant under the same scenario was in the
region of 16 million USD as given in Sectioh.1.2 This means that OC has reduced with
stepwise installation. This is because; in stepwise installation the supply is increasing and

chasing the increase in demand.

300

250

200

Frequency
=
62
o

100

50

6.7 6.8 6.9 7 7.1 7.2 7.3
WP (USD) < 10°

Figure5.24 Distribution ofcost of excess productidar stepwise installation afolar PV plant
at METU NCC withincreasing electricity prices at 12% annual rate

The distribution of cost of excess production for stepwise installatioridewimgy increasing
electricity pricesand demands shown inFigure5.24. The mean for cost of excess production
in this scenario i$98000 USD with minimum value 0871,000 USD and maximum value of
729,000 USD. On average there is an increas276®o in the cosbf excess production with
increasing electricity prices as compared to constant electricity paasrio presented in
Section5.2.1 On comparison with 1 MW peer plant under same scenario presented in Section

5.1.2 it should be noted that WP has increased for stepwise installation.
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5.2.3Constant Electricity Price and Demand

The scenario considered here is to have both the electricity prices and demand to be constant for
the entire life time of PV systenthe distributions of LCOE, NPV, OC and WP for stepwise
installation of solar PV power plant at METU NCC are giveRigure5.257 Figure5.28.
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Figure5.25 Distribution of LCOE for stepwise installation afolar PV plant at METU NCC

with constant electricity prices and demand

The mean value of LCOE for stepwise installation for this case is 0.0807 USD/kWh with a
minimum value 0f0.0801 USD/kWh and a maximum value of 0.0814 USD/kWh as shown in
Figure 5.25. The LCOE in this scenario has reduced by 12%, when compared to increasing
electricitydemandscenario presented in Sectisr2.1 On comparison with the LCOE of 1 MW
power plant for the same scenario presented in Segtlo the LCOE for stepwise installation

has decreased by 19%. The distribution of NPV for stepwise installation considering both the
electricity demand and prices to be constant is presenteidline5.26. It can be inferred from

the figure that the mean value of NPV is 2.0892 million USD with a minimum value of 2.0640
million USD and a maximum value of 2.117 million USD. On comparison with the increasing
electricity demandscenario presented in Sectibr2.l, the NPV for constant electricigemand

has decreased by 22%. Whereas, when it is compared to the NPV of 1 MW solar &V pow
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plant installation at METU NCC for the same scenario presented in Séctiéhthe NPV for

stepwise installatioshow arnincreasenf 28%.
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Figure5.26 Distribution of NPV for stepwise installation cfolar PV plant at METU NCC with
constant electricity prices and demand
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Figure5.27 Distribution of OC for stepwise installation cfolar PV plant at METU NCC with

constant electricity prices and demand
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The mean value of OC for stepwise installation at METU NCC considering constant electricity
prices and demand is 3.3707 million USD, with a maximum value @69.4nillion USD and
minimum value of 3.3154 million USRs shown irFigure 5.27. The OC in this scenario has
reduced bys4%, when compared to increasing electricigmandscenario presented in Section
5.2.1 On comparison with th®C of 1 MW power plant for the same scenario presented in

Section5.1.3 the OC for stepwise installation has decreased §%1
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Figure5.28 Distribution of WP for stepwise installation cfolar PV plant at METU NCC with

constant electricity prices and demand

When constant demansl considered the cost of excess production increase significantly, it can

be inferred from thé&igure5.28 that the mean of WP is 655,100 USD with a minimum value of
631,390 USD and a maximum value of 674,320 USD. In this case the demand is considered to
constant but the supply is increasing after every seven years, due to this fact the cost of excess
producton is high. On comparison with the constant prices and increasing demand scenario

presented in Sectidn?2.], the excess production cost has increased by 250%s ioase.
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5.2.4Increasing Electricity Price and Constant Demand

In this scenario it is assumed that the prices of electricity are increasing at a fixed rate of 12%
every year and the demand of electricity is constant. The distributions of LCOE, NPV, OC and
WP for stepwise installation at METU NCC for this scenario are presentadure5.291
Figure5.32.
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Figure5.29 LCOE distribution forstepwisednstallation ofsolar PV power plant at METU NCC

for constant demand aricreasing electricity prices at 12 % annual rate

It can be seen from the distribution of LCOERigure5.29, that the mean value of LCOE is
0.0808 USD/kWh and the maximum and minimum values are 5.Q8D/kWh and 0.08
USD/kWh respectivelyWhen compared to increasing electricity prices and demand scenario
presented in Sectioh2.2 it can be seen that the LCQitthis scenario has increased by 12%.
The mean of NPV for stepwise installation considering constant demand and increasing
electricity prices i$6.95million USD and the maximum and minimum values &@0 million

USD and6.89 million USD respectively ashown inFigure 5.30. The NPV in this case has
decreased by1% in comparison to the NPV for increasing prices and demand scenario
presented in SectioB.2.2 This is due to the reason that demand is not increasing hence the

increase in supply is not being utilized to increase cost savings.
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Figure5.30 NPV distribution forstepwise installation afolar PV power plant at METU NCC

for constant demand atrikcreasing electricity prices at 12 % annual rate
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Figure5.31 OC distribution forstepwise installation cfolar PV power plant at METU NCC for

constant demand amacreasing electricity prices at 12 % annual rate
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The mean value of OC for stepwise installation at METU NCC considering increasing
electricity prices and anstant demand i6.52 million USD, with a maximum value 06.59
million USD and minimum value d@.45million USD as shown ifrigure5.31. The OC in this
scenario ha reduced by15%, when compared to increasing electricity prices and demand

scenario presented in Secti®i2.2
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Figure5.32 WP distribution forstepwise installation afolar PV power plant at METU NCC for

constant demand amacreasing electricity prices at 12 % annual rate

The distribution of cost of excess production for stepwise installatosidering increasing
electricity prices and constant demand is showfRigure 5.32. The mean for cost of excess
production in this scenario B61 million USD with minimum value of2.55 million USD and
maximum value oR.66 million USD. On average there is an increas@ % in the cost of

excess production with increasing electricity prices and constant electricity demand scenario as
compared to increasing elecity demand and price scenario presented in Seét@2 This

increase is due to the reason that demand is constant and supply is increasing hence the amount

of surplus energy in increasing.
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