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ABSTRACT

SOLAR ENERGY ANALYSIS OF A HOME
BY CONSIDERING OUTDOOR PARAMETERS

Ozge AYVAZOGLUYUKSEL

Electrical and Electronics Engineering Program

Anadolu University, Graduate School of Sciences, December, 2016

Supervisor: Assist. Prof. Dr. Ummithan BASARAN FILIK

In this thesis, solar energy analysis is performed for a home placed in
Anadolu University Iki Eyliil Campus by considering outdoor parameters. Within
the scope of this analysis, hourly global solar radiation values on horizontal surface
are estimated from measured daily global solar radiation values by using eleven dif-
ferent models. The measured and estimated hourly global solar radiation values are
compared and accuracy of the models is evaluated using statistical analysis meth-
ods. The obtained results indicate that Collares - Pereira and Rabl model modified
by Gueymard (CPRG) has generally the highest accuracy among all considered
models. By using Olmo et al. model, the estimated hourly global solar radiation
values of CPRG model for horizontal surface are converted to values for inclined
surface. In addition, cell temperature of the photovoltaic modules is estimated with
seven different models that consider outdoor conditions and panel technical charac-
teristics defined by manufacturers. Hence, based on the estimated cell temperature
and global solar radiation values on inclined surface, power generation values of
on-grid and off-grid systems are predicted with a model in MATLAB®, and these
values are compared with actual power generation values. It is seen that cell tem-
perature values estimated by the standard approach give the best prediction values

of power generation.

Keywords: Solar radiation, cell temperature, power generation, estimation, out-

door parameters.
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OZET

BIR EVIN DI$ ORTAM PARAMETRELERIT
GOZETILEREK GUNES ENERJIST ANALIZI

Ozge AYVAZOGLUYUKSEL

Elektrik-Elektronik Miihendisligi Anabilim Dali
Anadolu Universitesi, Fen Bilimleri Enstitiisii, Arahk, 2016

Damsman: Yard. Do¢. Dr. Ummithan BASARAN FILIK

Bu tezde, Anadolu Universitesi Iki Eylil Kampiisii'ne konumlandirilan bir
ev i¢in dig ortam parametreleri gozetilerek giineg enerjisi analizi gerceklestirilmistir.
Bu analiz kapsaminda, yatay yiizeyde saatlik kiiresel glineg 1ginim degerleri, 6l¢iilen
giinliik kiiresel gilineg 1simim degerlerinden on bir farkli model kullanilarak tahmin
edilmistir. Olgiilen ve tahmin edilen saatlik kiiresel giines 19inim degerleri karsilagti-
rilmigtir ve modellerin dogrulugu istatistiksel analiz yontemleri kullanilarak deger-
lendirilmistir. Elde edilen sonuglar, Gueymard tarafindan modifiye edilen Collares
- Pereira ve Rabl (CPRG) modelinin g6z éniinde bulundurulan tiim modeller ara-
sinda genel olarak en yiiksek dogruluga sahip oldugunu gostermektedir. Olmo et
al. modeli kullanilarak, CPRG modeli ile yatay yiizey i¢in tahmin edilen saatlik
kiiresel giines 1gimim degerleri egimli ytlizey degerlerine donitigtiiriilmiigtiir. Ayrica,
fotovoltaik modiillerin hiicre sicakligi, dig ortam kogullarini ve iireticiler tarafindan
tanimlanan panel teknik 6zelliklerini goz ontinde bulunduran yedi farkli model ile
tahmin edilmistir. Boylece, tahmin edilen hiicre sicakligi ve egimli ytizeydeki kiiresel
glineg 1gin1m degerleri esas alinarak, sebeke-baglantili ve sebekeden-bagimsiz sistem-
lerin giic iiretim degerleri MATLAB® ortaminda bir model ile tahmin edilmistir ve
bu degerler gercek gii¢ iiretim degerleri ile karsilagtirilmistir. Standart yaklagim
ile tahmin edilen hiicre sicaklig1 degerlerinin en iyi gii¢ iiretim tahmin degerlerini

verdigi gorilmiigtiir.

Anahtar Kelimeler: Giineg 1ginimi, hiicre sicakligi, gii¢ iiretimi, tahmin, dig or-

tam parametreleri.
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NOMENCLATURE

Hourly global solar radiation on horizontal surface (WW/m?)
Hourly extraterrestrial global solar radiation on horizontal surface
(W/m?)

Solar constant (W/m?)
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Daily global solar radiation on horizontal surface (W/m?)

Daily extraterrestrial global solar radiation on horizontal surface
(W/m?)

Ratio of hourly to daily global solar radiation on horizontal surface
(unitless)
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Daily clearness index (unitless)

Solar time (hour)

Daily average solar elevation outside of the atmosphere (degree)
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Surface inclination angle (degree)

Solar zenith angle (degree)

Solar incidence angle (degree)

Day length (hour)

Monthly mean sun-earth distance correction factor (unitless)
Number of day starting from the first of January (unitless)
Albedo of the underlying surface (unitless)

Function that converts the horizontal global solar radiation to the
values of tilted surface (unitless)

Multiplying factor (unitless)

x1



T. Cell/module temperature (°C')

T Ambient temperature (°C)

Vu Local wind speed close to the module (m/s)

or Wind speed measured ten meters above the ground (m/s)

B Wind convection coefficient (W/(m?K))

Upy Heat exchange coefficient for the total surface of module
(WeC—tm=2)

U Coefficient describing the effect of the radiation on the module
temperature (W °C~'m™2)

Uy Cooling by the wind (Ws°C~tm™3)

n Efficiency of the solar cells (unitless)
Temperature coefficient of maximal power of the solar cells (°C™!)

T Transmittance of the cover system (unitless)

a Absorption coefficient of the solar cells (unitless)

Vi Thermal voltage (V)

Ve Open circuit voltage (V)

I, Short circuit current (A)

dVoe/dT. Voltage temperature coefficient (°C'~1)

dI./dT. Current temperature coefficient (°C~1)

P, Maximum power (W)

Vin Maximum voltage(V)

I, Maximum current (A)

Voe Normalized voltage (unitless)

Ts Normalized resistance (unitless)

R Series resistance (ohm)

¢ i" calculated hourly global solar radiation data (W/m?)

m; i" measured hourly global solar radiation data (W/m?)

P,p Power value predicted in the hour (W)

Pon Power value measured in the hour (1)

n Number of hourly global solar radiation data (unitless)

N Number of daylight hours (unitless)

Cy Net capacity of the plant (W)
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1. INTRODUCTION

1.1. Overview and Motivation

Energy is the core of the economic and social growth of the countries, and
its importance is increasing with technological and industrial developments in the
world. Although fossil fuels have many disadvantages especially on environment
such as global warming and pollution, they are still the most widely used resource
for electrical energy generation. However, people are becoming more aware about
the harmful impact of fossil fuels and have started thinking about renewable energy
[1]. Among renewable energy resources, solar energy has gathered wide interest
because it is sustainable, free, non-polluting and endless. Since solar energy has
more advantages than fossil fuels, studies and applications of photovoltaic (PV)
systems that convert solar energy to electrical energy are becoming popular in
recent years. PV systems are being preferred due to their multiple advantages,
for example, having flexibility to store excess generated energy in batteries, not
polluting the environment, having simple structures and easy applications [2].

In a study comparing solar energy accumulated annually in earth and cur-
rent fossil reserves, it is found that solar energy amount is 516 times more than oil
reserves and 157 times more than coal reserves [3]. Therefore, we should efficiently
take advantage of the solar energy which is provided to us at no cost and is lim-
itless [4]. Along with being limitless, the industrial generation of electrical energy
using PV systems requires less labor and machines, and they have lower carbon
emission. This situation increases the importance of PV systems. Whereas, when
fossil sources are used to generate the energy, the heat generated in combustion
moves into atmosphere, and increases the earth’s temperature that causes melting
of glaciers, droughts and rise of seas [5]. In addition, energy consumption in the
world is increasing rapidly because of increase in population, economical develop-
ments and rapid urbanizations. Under these circumstances, required precautions
must be taken to prevent the electricity deficit that would appear in following years,
meet the energy demand sufficiently and avoid serious problems that stem from heat
increase. Thus, in our majorly foreign-dependent country, all the problems can only

be solved if appropriate energy plannings for future are adopted including use of in



particular solar energy, in heating, lighting and some other fields.

Global solar radiation data has an important role on solar energy appli-
cations because accurate information on availability of the solar resources for the
considered application is often required [6]. The data should be recent, reliable
and available for design, optimization and performance evaluation of solar tech-
nologies for any particular location [7]. The measurement of solar radiation data
is generally available in some specific areas due to difficulty in solar radiation mea-
surements in terms of cost of measuring equipment, maintenance and calibration
requirements [8]. Therefore, solar radiation estimation techniques have come into
prominence due to the increasing need for electrical energy generation with solar
energy applications. When actual measured values are not available in a region,
global solar radiation data are estimated by using appropriate models.

In some solar studies, hourly global solar radiation data on horizontal sur-
faces in a particular region are needed where measured daily global solar radiation
values are available. Therefore, global solar radiation decomposition models are
performed to estimate hourly solar radiation values from daily solar radiation val-
ues. As stated in [9], the existing daily global solar radiation decomposition models
are divided into three main groups. The first kind of models considers the solar
hour angle, day length and solar time. In this group, Whillier model, Liu and Jor-
dan model, Collares-Pereira and Rabl (CPR) model, CPRG model, Garg and Garg
model and Gueymard model are included [10]. In [11], Whillier model is proposed
to estimate hourly radiation values from daily values by assuming constant weather
conditions as if there is no atmosphere. Then, the radiation formula developed in
Whillier model is slightly simplified in [12] and obtained as Liu and Jordan model.
CPR model is developed in [13] by giving a significant correction to Liu and Jordan
model after adding atmospheric effect. Also, CPR model is modified to estimate
hourly global solar radiation from the daily value in [14] which results in the oc-
curance of CPRG model. Garg and Garg model is proposed in [15] by modifying
Liu and Jordan model to obtain hourly global solar radiation values for four Indian
stations. Finally, Gueymard model is developed in [16] by modifying CPR model.
In the model, it is observed that asymmetries of morning and afternoon can affect

the performance of the model’s result.



The second kind of models assumes that there is a random variation in
weather conditions and axial symmetric distribution between hourly global solar
radiation of morning and afternoon times which results in a normal distribution.
The models of the second type include Jain model 1, Jain model 2, Baig et al. model
and Shazly model. These models consider the normal distribution [9]. Within the
models, Jain models are proposed in [17] and [18] by considering the daily global
solar radiation decomposition models in the form of Gaussian function. Then, Baig
et al. [19] and Shazly [20] models are performed by applying a correction factor to
Jain model.

The most common model in the third group of models is Newell model. In
the model proposed in [21], a simplification is given to CPR model, which completely
considers neither the variability of hourly solar radiation, nor the randomness of
weather conditions.

When global radiation values can be measured, they are generally obtained
on horizontal surfaces. However, in solar studies, PV systems are mounted on
inclined surfaces to maximize the amount of solar radiation that falls on the solar
panels [22]. Information of the amount of global solar radiation on inclined surfaces
is necessary for a variety of purposes such as in solar energy engineering studies,
energy balance estimations at the earth surface, or the modeling of topographic
solar radiation using satellite data [23]. Most importantly, global solar radiation
values on tilted surfaces where solar panels are mounted on have to be determined
to predict power values that solar panels should generate. Therefore, horizontal
global solar radiation intensities should be converted to global solar radiation values
on the inclined surface by using appropriate models. The global solar radiation
on the inclined surface has three components as direct radiation, diffuse radiation
and ground reflected radiation [24]. The direct radiation on a tilted surface can
be obtained with an easy mathematical relationship between horizontal and tilted
surfaces. Similarly, the ground reflected radiation can accurately be computed by
using an isotropic model. However, it is not possible to compute diffuse radiation
as easy as other components because diffuse radiation includes the radiation comes
from all points of the sky which results in a non-singular angle for that radiation [25].

Hence, many models have been developed to estimate diffuse radiation on tilted



surfaces, and these models are generally divided into two groups. Isotropic models
are included in the first group of models and these models assume that there is a
uniform diffuse radiation over the sky which results in independence of zenith and
azimuth angles. Another type of models that estimate diffuse radiation on inclined
surfaces is called as anisotropic models. As the name implies, these models assume
that diffuse radiation is anisotropic over the sky [26].

As mentioned before, there are a lot of models that estimate tilted global
solar radiation from horizontal values. Most of models require global and direct
or diffuse radiation on horizontal surface to find global radiation on tilted sur-
faces [27]. In Liu and Jordan model proposed in [28], it is assumed that diffuse
solar radiation is isotropic and a relationship is provided for diffuse radiation on
tilted surfaces. The effects of horizon brightening and circumsolar radiation are
considered by adding a factor to Liu and Jordan model and proposed as Temps and
Coulson model in [29]. Hay model is proposed in [30] by assuming the linearity of
isotropic and circumsolar contributions to the diffuse radiation. The model that is
provided in [29] is modified to obtain an anisotropic model, so Klucher model is
developed in [31]. Then, Ma and Igbal model is proposed in [32] by dividing dif-
fuse radiation into radiations emitted by the circumsolar region and rest of the sky.
Hay model is adjusted to find the corresponding relationship between diffuse radia-
tion on horizontal and inclined surfaces, and results in Skartveit and Olseth model
in [33]. Gueymard model is proposed in [34] by assuming that the radiance of a
partially cloudy sky is a weighted sum of the clear and overcast sky’s radiances. As
in [33], Reindl et al. model is obtained in [35] with the modification of Hay model
by adding the horizon brightening term used in Temps and Coulson model with
a modulating function. Then, a model named as Perez et al. is proposed in [36]
based on the three components as mathematical representation of the sky dome, a
parametric representation of the radiation conditions and a statistical component
between these two. However, if this model is used for global radiation estimation
on tilted surface, a lot of coefficients have to be determined. In [37], the relative
ability of Liu and Jordan, Klucher, and Hay models are analyzed and it is concluded
that this ability changes with time of year and climatic conditions of the site while

estimating global solar radiation on tilted surface. Also, in [38], Liu and Jordan,



and Hay models are compared to determine the total global radiation on tilted
surface in Amman, Jordan. Muneer model in [39] includes tilt factor depending on
the radiance distribution index to estimate diffuse radiation intensity. Comparison
and modification of developed models are considered in some studies (e.g. [40-42])
for specific regions. In [23], a simple model is developed to estimate global solar
radiation values on inclined surfaces and named as Olmo et al. model. The model
only requires the horizontal global radiance, solar incidence and zenith angles as
input parameters with no need of diffuse and direct radiations. In [43] and [44],
accuracy of different models is evaluated to estimate diffuse radiation from the mea-
sured horizontal global and diffuse radiation in Spain. In addition, eight different
models are evaluated in [45] to estimate global solar radiation on 45° south-facing
and 40° west-facing surfaces in Iran. In [46], the authors combine their two previous
studies and compare it with Olmo et al. model to obtain global solar radiation on
inclined surfaces from horizontal values directly. In [47], eleven different models
are tested by considering measured data of horizontal global and diffuse radiation,
normal incidence direct and global radiation on surface tilted 40°. Also, different
models are evaluated in [48] to estimate diffuse or global solar radiation on different
inclined surfaces by using the measured horizontal values therein.

Another important factor other than global solar radiation, which consid-
erably affects the power generation of solar panels is temperature. Since solar cells
are semi-conductors, the current and voltage of these cells are significantly affected
by temperature. Hence, temperature plays a vital role on power generation pro-
cess in PV systems. Increase in PV cell temperature causes open-circuit voltage to
decrease significantly and increase short-circuit current slightly. Solar panel man-
ufacturers provide limited information and assume that solar panels operate under
standard test conditions, which considers cell temperature of 25°C', solar radiance
of 1000 W/m? and air mass of 1.5. However, these conditions are not generally
valid when dynamic change of weather conditions are considered. Therefore, the
estimation and analysis of cell temperature have received wide attention in recent
years to predict power generation and accordingly efficiency of solar panels. With
the aid of related studies, power generation of PV systems is able to be analyzed

depending on dynamic change of outdoor parameters.



The temperature of the PV cell is assumed as the same with the temper-
ature of PV module [49]. Hence, power generation values of PV modules can be
analyzed on the basis of cells in terms of temperature. In a study, three different
PV technologies are analyzed and it is concluded that energy generation of solar
systems are decreased by 2 to 10 % at high module temperatures [50]. This situ-
ation increases the importance of cell temperature estimation methods. It is not
possible to measure cell temperature of solar panels directly for many PV systems.
Therefore, the physical relationship between the PV cell temperature, global solar
radiation on the surface of panels and other meteorological parameters such as wind
speed should be analyzed with the help of related methods.

In literature, there are some methods used to estimate cell temperature
of PV systems. A standard approach is developed in [51] which is based on only
ambient temperature and global radiation on the surface. This method does not
consider the effect of wind or other meteorological parameters on cell temperature.
Within Mattei et al. models in [49], two different parametrizations of heat exchange
coefficient are defined for the module surface to calculate cell temperature depending
on wind speed. In addition, two different equations of wind convection coefficient
are defined to integrate wind data in the standard formula, which are named as
Skoplaki et al. models in [52]. Kurtz et al. model, defined in [53], does not take
into account different PV technologies, and considers only ambient temperature,
global solar radiation and wind speed. A simple empirical model proposed in [54] is
used and some constants are described depending on PV technologies within Koehl
et al. model in [55].

Information on actual power generation values of solar energy systems are
essential to associate demand and source side dynamics efficiently. Before installa-
tion of PV systems, this information should be obtained to optimize the system size
that is required to meet energy demand and analyze the whole system. Therefore,
after obtaining tilted global solar radiation and cell temperature, these values can
be basically used to predict power values that solar panels should generate in ideal.

As indicated in [56], the methods which are preferred for prediction of
power generation can be classified into three main groups as physical, statistical and

hybrid methods. In physical models, output power mainly depends on the global



solar radiation and ambient temperature. More complex models will require some
other outdoor parameters. Since solar panel systems are assumed under nominal
operating conditions, related parameters should be estimated to obtain actual power
output values. In some studies (e.g. [57-60]), the current and voltage relationships of
solar systems with the aid of different methods are analyzed, and the efficiency of the
considered methods are compared under different solar radiation and temperature
values. Also, in [61], current and voltage characteristics of the systems depending on
different modelling methods are defined. In [62] where efficiency and complexity of
the models are compared, five different models are used to predict energy generation
of fields of almost 5 MW. It is concluded that simple models (four- or five-parameter)
are more accurate than the more complex ones. In [63], a five-parameter model
is evaluated to analyze open circuit voltage, short circuit current and maximum
power point on a single panel, string and array. It is analyzed that the model can
be applied to strings and arrays other than single panels by using a derating factor.
Finally, four- and five-parameter models are compared in [64] by applying measured
cell temperature values based on 120 W monocrystalline solar panels to calculate
operating currents.

The second group consists of statistical methods which are based on the
concept of persistence or stochastic time series. The most common method used
to estimate future values of time series, is the machine learning method. As stated
in [65], during the application process of these methods in [66-68], artificial neural
network (ANN) are used for prediction of the fluctuating energy supply. Also as
stated in [65], in statistical methods, patterns are recognized by using training data
sets which means that there is a need of historical data about weather estimation,
power generation and environmental conditions to train ANN and predict power
generation values of renewable energy systems.

In the third group, combinations of two or more prescribed methods are
included and named as hybrid models. The methods are combined to overcome the
disadvantages of individual methods [69].

Prediction of output power of solar based systems is essential for PV appli-
cations. A very common way to obtain power values that solar panels should gen-

erate is to consider global radiation incident on panel surface which has a specific



angle, and ambient temperature to obtain module temperature. These parameters
which are needed to be obtained for solar energy analysis and studies, affect the
power generation of solar panels. Therefore, a detailed solar energy analysis plays a
significant role on future’s power system studies. This analysis should include esti-
mation of horizontal and tilted global solar radiation, cell temperature, and power

generation of the whole system that meets the energy demand of a home.

1.2. Thesis Goals and Contribution

In this thesis, it is aimed to perform solar energy analysis of Renewable
Energy Research Home (RERH) built within the scope of Scientific Research Project
in ki Eylil Campus in Eskigehir. In accordance with this purpose, in addition
to hourly global solar radiation on horizontal and tilted surfaces, cell temperature
values are estimated to predict output power of solar systems depending on outdoor
parameters.

The thesis contributes to the literature in an important point. In the light
of [70-72], studies presented in this thesis, include a detailed solar energy analysis
along with a real-time home by considering outdoor parameters in Eskigehir. It
should be noted that, this is the first study which considers the comprehensive
analysis of solar energy in Eskisehir region.

In future, it is expected to be more common to design and implement solar
systems to satisfy the energy demand efficiently, so it is crucial to get information
about actual power generation of solar panels before installation. By analyzing and
applying accurate models for the considered region, solar energy analysis can be
performed to have an idea about determination of number of panels that meet the

required energy to minimize the cost and system sizing.

1.3. Thesis Outline

The thesis is structured as follows: Chapter 2 gives the background infor-
mation about the input parameters of solar energy analysis. In Section 2.1, eleven
different daily global solar radiation decomposition models are discussed. In Section

2.2, the considered model used for global solar radiation estimation on tilted surface



is explained. In Section 2.3, cell temperature estimation methods are compared by
emphasizing seven different models based on tilted global solar radiation obtained
in the previous section, measured ambient temperature and wind speed. In Section
2.4, a mathematical model which is used to obtain power generation values of both
on-grid and off-grid solar panels by using the obtained parameters, is defined.

In Chapter 3, description of the current system and simulation results are
discussed in detail. In Section 3.1, RERH that consists of on-grid solar panels,
off-grid solar panels and wind turbine is explained. In Section 3.2, simulations are
evaluated by using selected statistical analysis methods depending on the measured
hourly global solar radiation values on horizontal surface. In Section 3.3, predicted
power generation values of on-grid and off-grid systems are compared with the
actual power values. Also, the results are presented with related figures and tables.

In Chapter 4, the results are concluded. In addition, future expectations

are explained.



2. BACKGROUND

In this chapter, methods used for solar energy analysis of RERH are de-
scribed. In Section 2.1, the considered models that estimate hourly global solar
radiation values from the daily global solar radiation values on horizontal surface
are discussed. In Section 2.2, the selected model for estimation of global solar ra-
diation on tilted surface is given. The methods used for estimation of an another
parameter, cell temperature, are indicated in Section 2.3. In the last section, the
considered power generation model is described, which is based on the technical

specifications of solar panels and the parameters found in Section 2.1, 2.2 and 2.3.

2.1. Global Solar Radiation Estimation on Horizontal Surface

Global solar radiation data in a particular region are essential for solar en-
ergy applications because electricity generation from PV panel is directly affected by
solar radiation [73]. The data must be available, reliable and accurate for planning,
projection and continuity of the system. Due to the maintenance and calibration
requirements and the cost of the equipment used for measurements, solar radiation
estimation techniques are considered as an important issue [74]. There are lots of
models performed for estimation of hourly global radiation by using daily global
radiation values. The existing daily global solar radiation decomposition models
are mainly categorized in three groups as explained in Section 1.1.

In this thesis, daily global solar radiation decomposition models included in
all groups are performed to obtain hourly global solar radiation values on horizontal
surface from the daily values in Eskigehir, Turkey. Measured hourly and daily
global solar radiation values of nine months of 2016 are recorded. Hourly global
solar radiation values are estimated from the measured daily global solar radiation

values by performing eleven different models.

2.1.1. Whillier Model

The model is proposed in [11] to estimate hourly global solar radiation on
horizontal surfaces from the daily values to study long-term average solar radiation.

Since the main interest is long-term estimation here, atmospheric transmission that
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can change instantly is assumed as constant. The ratio of hourly to daily global

solar radiation on horizontal surface is given by:

izl. %SinﬁCOSW—COSWS . (2.1)

H 24 sin W, — ’rl‘ggs cos Wy

Day angle (I') and solar declination angle () are defined as in (2.2) and
(2.3) respectively:

om (d — 1
365
180 :
5= (—) <0.006918 —0.399912 cos(I") + 0.070257 sin(I")
m
— 0.006758 cos(2I") + 0.000907 sin(2I) (2.3)

— 0.002697 cos(3T) + 0.00148 sin(3F)> .

Therefore, sunrise hour angle (W) and solar hour angle (W) used in (2.1) are

described as follows:

W, = arccos (— tand tan ¢) (2.4)
360 (t, — 12)

W=——"7—--">-. 2.5

o (2:5)

In (2.4), since ¢ and latitude (¢) are constant, W, will remain the same in a day.
Unlike Wy, W changes depending on the hour of the day. Since atmospheric trans-
mission is considered as a constant value, and any related parameter is included in
(2.1), the hourly to daily global solar radiation ratio is a function of the theoretical
maximum possible duration of sunshine for the particular latitude and time of year

involved.

2.1.2. Liu and Jordan Model

In [12], it is aimed to determine long-term average hourly and daily sums of
diffuse radiations. For these purposes, total amount of hourly global solar radiation
that includes direct and diffuse radiations is needed. Therefore, the ratio of hourly
to daily global solar radiation formula defined in (2.1) is slightly simplified to obtain

an equality as follows:

I cos W — cos Wy (2.6)

H 24 sin W, — ’rl‘ggs cos Wy
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where W and W values are calculated as in (2.4) and (2.5) respectively. Since

(27r—4 sin 77 ) is approximately equal to 1, the model nearly gives the same results with
Whillier model [9]. Hence, Liu and Jordan model may be known as Whillier - Liu

and Jordan model.

2.1.3. CPR Model

The equation expressed in (2.6) is modified in [13] by realizing that at-
mospheric effect of direct and global radiation has a dependency upon hour angle.
Two years of individual hourly radiation values from four U.S. stations and the data
involved in [12] are used, so the formula defined in (2.6) which ignores atmospheric
effect is adjusted. In the developed model, Liu and Jordan approach is confirmed
by emphasizing that hourly global solar radiation can be estimated with hour angle
and mean daily total global radiation directly. The model is a widely used daily

global solar radiation decomposition model and described by:

I - S
—zl(a—l—bcosW) cosW — cos W,

H 24 sin W, — 7?365 cos W

(2.7)

where W and W values are found as in (2.4) and (2.5) respectively. Also, a and b
are linear functions of (W, — 60°) and defined as [75]:

a = 0.4090 + 0.5016 sin (W, — 60°) |, (2.8)

b = 0.6609 — 0.4767 sin (W, — 60°) . (2.9)

When equations in (2.6) and (2.7) are compared, it is seen that atmospheric
attenuation depending on hour angle is considered in (2.7) by adding the term of

a+bcosW in (2.6).

2.1.4. CPRG Model

The adaptability of CPR model is confirmed and a slight correction to
CPR model is proposed to ensure consistency through renormalization in [14]. The
correlation for hourly to daily global solar radiation on horizontal surface is defined
as:
I (a+bcosW)r,

== T . (2.10)
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W, a and b included in (2.10) are defined as in (2.5), (2.8) and (2.9) respectively,
and the other parameters are defined as follows:

Ws _ sin W, cos W,

.=a+050b 1 , 2.11
Je=a sin W, — ”1‘;[65 cos W ( )
s cos W — cos W, (2.12)

To = TR —
sin W, — Hgg cos Wi

where Wy is obtained as in (2.4).

2.1.5. Garg and Garg Model

Liu and Jordan model is evaluated for various Indian stations in [15], and
it is analyzed that the model is not accurate to estimate hourly global solar radi-
ation values for the average day of each month. Therefore, a model is proposed

in [15] to obtain hourly global solar radiation values, which provides the following

relationship:
1 T cos W — cos Wy . W
—=—" — 0.008sin 3 —0.65 2.13
H ™ 24 sinW, — 2% cos W, S ( 180 ) (213)

where W and W values are obtained as in (2.4) and (2.5) respectively. As shown

in (2.13), a term of 0.008sin 3 (24 — 0.65) is added to the relationship in (2.6) to

increase the accuracy of global solar radiation estimation for average day of each

month.

2.1.6. Gueymard Model

Since most of models consider limited number of data for computation,
universal applicability of these models are restricted. For this reason, a large dataset
of 135 stations with different climate characteristics and latitudes are considered,
and a model is developed based on the modification of CPR model in [16]. In the
model, it is analyzed that asymmetries of the different times of a day may have an
effect on model results. Within the scope of this model, daily extraterrestrial global

solar radiation on horizontal surface (Hy) is needed and obtained as:
24 :
Hy = —W RI,ysin (hg) . (2.14)
T
In (2.14), W; is found as in (2.4), monthly average sun-earth distance correction

factor (R) is selected from the table in [16] for the corresponding month, solar
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constant (I,y) is accepted as 1367 W/m?, and sine function of daily-average solar

elevation outside of the atmosphere (sin(hg)) is defined as:

sin (ho) = 44 (V) (2.15)

W
180

where ¢ and A (W) are calculated as in (2.16) and (2.17) respectively:

q = cos¢cosd , (2.16)

TW

180

A(Wy) =sin W, — cos W . (2.17)

After Hy is found, daily clearness index (K}) is obtained by dividing to-
tal daily global solar radiation to daily extraterrestrial global solar radiation on

horizontal surface as:

K, = H/H, . (2.18)

In addition, since earth rotates at 15 degrees for an hour, day length (Sp) is defined
as a function of Wi:
2

= — 2.1
SO 15Ws ( 9)

and the correlations of a; and as depending on K, Sy and sin(hg) are obtained

respectively:

ay = 0.41341K, + 0.61197K,*> — 0.01886 K;.Sy + 0.00759S5; , (2.20)

as = max (0.054,0.28116 + 2.2475K; — 1.76118K,’ 1)
. 2.21

—1.84535sin (h,) + 1.6811sin’ (h,))
Finally, functions of r, and B (W;) are defined in terms of W and W as

follows:

(cos W — cos W)

.= , 2.22

' 24 (W) (2.22)
W, _

B(W,) = 7;80 (0.5 + cos?W,) — 0.75sin 2W, . (2.23)

After combination of the obtained parameters, the ratio of hourly to daily

global solar radiation on horizontal surface is defined as:

1q(2)(2) AW,

az \ B(Ws)
I4q (a) A(W.)

(2.24)

— =T,

I
H
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2.1.7. Jain Model 1

Eleven-year mean values that point out the ratio of hourly to daily global
solar radiation are plotted for each month depending on solar time in [17]. The mean
of the normal distribution is taken at the solar noon, and o values are obtained for
each month by matching the experimental and theoretical values at solar noon. The
obtained ¢ values have good linear correlation with Sy. The o values are obtained
depending on Sy:

o =0.1925, 4+ 0.461 (2.25)

where Sy is defined as in (2.19). As stated in [74], a Gaussian function is proposed
to fit the recorded data in the model. This provides a simple technique to estimate
hourly global solar radiation from the daily values. The technique enables the esti-
mation of global solar radiation for any smaller interval of time as well. The model

proposes the following relationship for hourly global solar radiation estimation:

L1 exp (——(ts - 12)2) : (2.26)

H  o\2r 202

2.1.8. Jain Model 2

The model developed in [17] is slightly modified to estimate hourly radiation
values on horizontal surface in [18]. A different o value is defined to be included in
(2.26) as:

o=0.25 +0.378 . (2.27)

2.1.9. Baig et al. Model

With the modification of Jain model, a model is developed in [19] to better
fit the recorded data during the start and end periods of a day. The model in [19]
based on the modified version of Gaussian distribution function is proposed to
calculate the distribution of the broad-band global solar radiation on any clear day
of the year. The proposed model provides the relationship for the ratio of hourly

to daily global solar radiation as defined:
I 1 (t, — 12)° T (ts — 12)
— = - _ 2.2
H 2027 [exp ( 20° ) e ( So—1 (2:28)
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where o values are calculated depending on Sy as follows:

o=10.215+0.26 . (2.29)

2.1.10. Shazly Model

In [20], the performance of Jain and Baig et al. models, which are based
on the Gaussian distribution function, are considered to estimate hourly global
solar radiation from the daily values. Therein, distribution through hours of any
clear day from sunrise to sunset is evaluated with the measured data. According
to the analysis in [20], since the accuracy of the considered models, in particular
Jain model, is not good enough for the region, a model is obtained by adding a
correction factor to Jain model. The ratio of hourly to daily global solar radiation

on horizontal surface is defined in [20] as follows:

I 1 (t, —12) T (ts —12)
7= m [exp (—T> + 1.2 cos (m)] (2.30)

where o is calculated as:

o =0.174S, + 0.768 . (2.31)

This proposed model results in higher performance than Jain model 1 and
Baig et al. model for the considered region. In addition, the validity of this approach

is verified with new measurements in some clear days.

2.1.11. Newell Model

CPR model is simplified and a different approach is performed in [21].
The proposed model is different than the first and second group daily global solar
radiation decomposition models due to including any unique characteristic as only
varying tendency of hourly radiation or randomness of weather conditions [9]. The

developed model is described as;

I 15 Aty — 12)°
i (1 -G > : (2.32)

2.2. Global Solar Radiation Estimation on Inclined Surface

Most measurement devices provide global solar radiations on horizontal

surface. However, to increase the accuracy of solar energy analysis and studies, it
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is also necessary to estimate global solar radiation on solar panels which have a
specific angle. This situation emphasizes the importance of global solar radiation
estimation on inclined surface.

Since the diffuse radiation values have recently been available in our system,
Olmo et al. model is used in this thesis. The estimated hourly global solar radiation
values on horizontal surface which are the results of the model of highest accuracy
are used to find the global solar radiation on inclined surface of solar panels. In the

next subsection, Olmo et al. model is described in detail.

2.2.1. Olmo et al. Model

Olmo et al. model is developed in [23] to determine global solar radiation on
inclined surfaces by using data obtained at Granada, Spain. Although only clear sky
data are used, the model is intended for all sky conditions. The authors emphasize
the general applicability of their model, which can be used with instantaneous values
as well as averaged measurements.

Unlike many other methods, the model does not decomposite global solar
radiation into its components as diffuse and direct radiations. Obviously, if such
a model works properly allowing for accurate estimation of global radiation on
inclined planes, its availability may imply a significant advancement in this field
of research. Within the scope of this model, hourly extraterrestrial global solar

radiation on horizontal surface (Iy) is needed and obtained as:

Iy = Iy (1 + 0.033 cos (%)) (cos ¢ cosd cos W + sin ¢sind) . (2.33)

In addition, solar incidence angle (#) and solar zenith angle (,) are calculated

respectively as follows:

= arccos (sin 0 sin (¢ — y) 4 cos d cos (¢ — ) cos W) , (2.34)

0, = arccos (sin d sin ¢ + cos d cos ¢ cos W) (2.35)

where v represents the surface inclination angle. After dividing hourly global so-
lar radiation to extraterrestrial global solar radiation on horizontal surface, hourly

clearness index (k;) is found by the following relationship:

ke=1/1Iy . (2.36)
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The multiplying factor (F.) is defined depending on albedo of the underly-
ing surface (p), which is commonly used as the radiation reflected from the ground,
and 6 as:

F,=1+psin®(6/2) (2.37)
where p is chosen as 0.25 as in [23]. Finally, the function that converts horizontal

global solar radiation to the corresponding radiation on tilted surface (1,) is defined

1, = exp <_kt ((%)2 - (ng)j) . (2.38)

As a result of obtaining all parameters, hourly global solar radiation on

as:

inclined surface (I,,) is calculated from the hourly global solar radiation on horizontal

surface as:

L, = I,F., . (2.39)

2.3. PV Cell Temperature Estimation

Cell temperature of solar panels is a fundamental parameter for power out-
put prediction because this temperature directly affects the basic electrical quan-
tities such as current and voltage. Since measurement of cell temperature is not
possible in many cases, studies about estimation of cell temperature have received
wide attention in recent years. The developed correlations in literature express cell
temperature (7.) as a function of outdoor parameters such as ambient temperature,
wind speed and global solar radiation on solar panels. Generally, cell temperature
is extremely sensitive to wind speed, less so to wind direction and practically in-
sensitive to the atmospheric temperature [76]. On the other hand, it significantly
depends on global solar radiation on the surface of solar panels.

In this thesis, cell temperature values for solar panels of the considered
system are estimated by using seven different models based on the estimated global
solar radiation values on tilted surface, measured ambient temperature and wind

speed values.

2.3.1. Standard Approach

The method in [51] does not consider the wind effect as in other used ap-

proaches in this thesis and proposes cell temperature as:
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T. =T, + (Tvocr — TunocT) - (2.40)

NOCT

In (2.40), Tyocr depends on the PV manufacturer, so this temperature is the
nominal operating cell temperature considered under nominal operating conditions

of Inocr=800 W/m?, T, nocr=20°C" and wind speed of 1 m/s.

2.3.2. Skoplaki Model 1

Within the developed model, wind speed is integrated to the standard
approach in [52]. Besides global solar radiation and ambient temperature, the
model takes into account wind speed and solar cell properties such as efficiency,
temperature coefficient of maximal power, transmittance of the cover system and

absorption coefficient of the cells. Cell temperature is defined as;

T. =T+

hy
Inoor (Tnocr = Ta,noor) —hiv((jjT : (1 - % (1— 5STCTSTC)> (2.41)

where nsrc and Bsre are efficiency and temperature coefficient of maximal power
under standard test conditions of Is7c=1000 W/m? Tsrc=25°C and AM=1.5.
Also, hy nocor is the wind convection coefficient of wind speed under normal op-
erating conditions. ngrc and Bsrc values are obtained from the datasheet of the
panel. The parameter 7.«v in (2.41) is chosen as 0.9 as in [52]. The wind convection

coefficient (h,,) is defined with a parametrization;
he = 8.91 + 2.000; (2.42)

where vy is the wind speed measured 10 meters above the ground.

2.3.3. Skoplaki Model 2

In addition to the parametrization defined in (2.42), another parametriza-

tion is defined for h,, to be used in (2.41) as [52];
B = 5.7+ 2.80, (2.43)

where v,, is the local wind speed close to the module. The relationship between v,

and vy is defined as;

Ve = 0.680; — 0.5 . (2.44)

19



2.3.4. Koehl Model

The model which is proposed from the energy balance for a solar thermal
collector by [54], is used in [55] to calculate cell temperature as a function of ambient
temperature, global radiation and wind speed. The corresponding cell temperature

estimation model is defined as:

1
T,=T,+——— (2.45)
Uy + U Vy

where the constants of ug and u; in (2.45) are defined as the coefficients describing
the global radiation on module temperature and cooling by the wind respectively.
These parameters are selected according to the specifications defined in [55] de-
pending on PV technologies.

The model neglects the influence of the infrared radiation exchange with
the cold sky and the natural convection which is noticeable at low wind-speed and

low radiation.

2.3.5. Mattei Model 1

The model in [49] is developed by realizing an energy balance on PV mod-
ule. According to that balance, the differences of temperature between PV cells
and the cover are neglected. The temperature is confirmed as constant through the
panel. Also, the radiative exchanges are neglected.

Temperature has different effects on efficiency (n) of PV cells, and the most

known model about the effect of temperature on 7 is defined as:

n=mnsrc(l— B (L. — Tsrc)) - (2.46)

In (2.46), solar radiance coefficient for the PV module is considered as 0 by assuming
nstc is the reference module efficiency and [ is the temperature coefficient for the

PV module. Also, the energy balance is:
a-17-I=n-1+upy (T.—1T,) . (2.47)

If (2.46) is placed in (2.47), the model that is based on energy balance is obtained

as [49];
upy (V) To + 1 - (1. = ngre (1 = Bsre - Tsre))
upy (V) + Bsre - Nsre - 1

T, = (2.48)
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where the expression of the heat exchange coefficient for the total surface of module
(upy) is defined as:

upvy (’Uw) = 26.6 + 2.3Uw . (249)

The input parameters of nsrc, Bsre and Tsre have the same values as in

(2.41). The parameter 7.cv in (2.48) is chosen as 0.81 as in [49].

2.3.6. Mattei Model 2

In [49], the same expression defined in (2.48) is used with a different pa-

rameterization of upy, given as;
upy (vy) = 24.1 4+ 2.90, (2.50)

2

where, for v,=1 m/s, upy is calculated as upy=27 W°C~'m~2 instead of upy=28.9

WeC~'m™2 which can be found by using (2.49).

2.3.7. Kurtz Model

In [53], polymeric-material degradation during PV-module operation at
high ambient temperatures, high solar radiance and low wind speed is focused on.
The thermal exposure of PV modules is explored in the field as a technical basis for
this debate. The relationship is defined that is independent from PV technology of

the considered solar panels as;

T.=T,+I-exp(—3.473 — 0.059%4v,,) . (2.51)

2.4. Power Generation of Solar Panels

In general, solar panel manufacturers provide maximum power, open circuit
voltage and short circuit current under ideal test conditions [?]. However, these ideal
conditions are not valid in real life because temperature and solar radiation values
are dynamically changing and this changable behaviour affects the output power
generation of solar panels directly. The short circuit current (I,.) and open circuit
voltage (V) are calculated as;

I dl
Io="2T1(1+(T,—-TF) == 2.52
e (e @t ) (2.52)
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dVye I

points out the reference value of the corresponding parameter. I* and

Vye = Vi + (T, — T7)

oc Cc

(1232

where
T are the reference global solar radiation and reference cell temperature which are
defined as 1000 W/m? and 25°C by solar panel manufacturers.

T, is estimated by using the methods described in the previous section to
be used in (2.52) and (2.53). Also, the series resistance (Ry) is obtained as 0.0069
according to the values that solar panel manufacturers defined under test conditions.
The obtained value is assumed as constant for all ambient temperature and global
radiation conditions.

In real PV systems, a maximum power point tracking (MPPT) is used to
maximize the obtained energy from available solar energy values [77]. The maximum
power (P,,) is defined as;

P, =V,l, (2.54)

where maximum voltage (V},) and maximum current (I,,) values are found;

Vin = Vi (1 — Vilna —rs (1— ab)) , (2.55)
Ln=1I.(1—a™) . (2.56)

In (2.55) and (2.56), a and b coefficients are described by the following relationships:

A= Vpe +1— 20,1, , (2.57)
a
14+a

b= (2.58)

where normalized voltage (v,.) and normalized resistance (rs) are defined respec-
tively as:

Voo = Voo / Vi (2.59)

rs = R/ (Voe/ Isc) - (2.60)
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3. APPLICATION AND RESULTS

In this chapter, simulations and results are discussed along with the con-
sidered system description. In Section 3.1, hybrid system model of RERH, which is
developed under the Scientific Research Projects, is clearly described by emphasiz-
ing in particular on-grid PV system, off-grid PV system and measurement system of
outdoor parameters. In Section 3.2, accuracy of the considered models to estimate
hourly global solar radiation on horizontal surface is discussed in detail with related
figures and tables. Finally, evaluation of predicted power output values depending

on estimated cell temperature values is shown in Section 3.3.

3.1. RERH System Development

PV systems are placed in two ways as on-grid and off-grid, and depending
on the position of solar panels, they are either ground-mounted or mounted on the
roof. Also, they are designed as static or solar tracker systems. The system placed
in RERH has a PV system that is modelled by combining both on-grid and off-grid
solar panels and consists of ground-mounted panels, rooftop panels and solar tracker
system. The PV system has 39 solar panels. Among these panels, 24 of solar panels
are used for 6 kW on-grid system and the rest 15 of solar panels are used for 4 kW
off-grid system. Half of on-grid panels are static and the other half are used with
solar tracker. In the system considered in this thesis, 1 kW wind turbine is added

to the PV system to develop a hybrid system model as shown in Figure 3.1.

Figure 3.1. Hybrid system model.
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Parameters of 260 W AXITEC solar panels used in the PV system of RERH

are given in Table 3.1.

Table 3.1. Datasheet values of AXITEC solar panel

Open circuit voltage (V) 38.17V
Short circuit current (Is.) 8.99 A
Maximum voltage (Vinp) 30.56 V
Maximum current (I,p) 8.51 A
Maximum power of module (P,) 260 W
Voltage temperature coefficient -0.30 %/K
Current temperature coefficient 0.04 %/K
Number of cells 60

The PV system contains multiple PV modules that convert the radiation
coming from the sun into direct current (DC) electrical energy, solar inverters that
convert DC to alternative current (AC) and synchronize it with the grid, charge
regulators that provide to store electrical energy in batteries, constructions to be
used for solar module placements and switching equipments. The PV system scheme

that consists of both on-grid and off-grid solar panels is shown in Figure 3.2.
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Figure 3.2. PV system scheme.

One of the most important advantage of this system is the installation of a
hybrid system that includes both solar and wind energy. The recent studies indicate

that the realiability of the systems that consist of only one renewable energy resource

24



is low, so using two or more renewable energy resources that have the characteristic
of completing each other increases the system’s efficiency. These systems are called
hybrid energy systems and generally composed of solar-wind, biomass-wind-fuel
cell and solar-wind-biomass-hydrogen resources [78]. Although solar-wind hybrid
energy systems are a good alternative option for small sized systems, hybrid systems
that include other renewable energy resources are generally preferred for medium-
sized systems. The considered system in RERH uses solar and wind energy together
which results in a hybrid system. Hence, the current system is able to meet the
energy requirement of the home efficiently for different weather conditions. The
placement of on-grid solar panels, off-grid solar panels and wind turbine are shown

in Figure 3.3.
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(a) Ground-mounted solar panels, solar (b) Rooftop solar panels.

tracker system and wind turbine.

Figure 3.3. Placement of solar panels and wind turbine in the system.

In future’s grid systems, observing and analyzing outdoor parameters in
the systems will play an important role to help us use of renewable energy re-
sources efficiently. Hourly average meteorological values do not consider dynamic
change of outdoor parameters. Also, some data loss occurs while obtaining data
from meteorology and data is not sufficiently often provided. Hence, models that
are developed depending on these data may not give accurate results. This results
in decrease in the reliability of solar systems that are strongly dependent on the
outdoor parameters. Therefore, real time outdoor parameters are measured and
recorded with high resolution to improve renewable energy developments and stud-

ies. Using the data that is recorded sensitively in models and analysis help studies
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involving renewable energy resources to have accurate results. The system placed
in RERH includes a data monitoring system that measures and records global radi-
ation, direct radiation, diffuse radiation, sunshine duration, ambient temperature,
panel temperature, ambient air humidity, wind speed, wind direction and weather
pressure. In the system, measurement sensors are placed appropriately as shown in
Figure 3.4 (a). The data that are obtained from sensors are collected and recorded
in 60-channelled data collecting unit called HIOKI LR-8402-20 as shown in Fig.
3.4 (b). Hence, outdoor parameters are observed and recorded up to 20 ms time

interval efficiently.

(a) Placement of measuring sensors. (b) Data recording unit.

Figure 3.4. Data measurement system.

Parameters of MS-410 pyranometer used in the PV system to measure

global solar radiation values are given in Table 3.2.

Table 3.2. Datasheet values of MS-410 pyranometer

ISO 9060 classification First Class
Response time 95 % (sec) 18

Sensitivity (uV/W -m~2) Approx. 7 ~ 14
Impedance (Q2) Approx. 20 ~ 140
Operating temperature range (°C) —40 to 480
Irradiance range (W/m?2) 0 — 4000 W/m?
‘Wavelength range 285 to 3000 nm

Data that are obtained by using the off-grid inverter called Studer XTH
6000-48 Inverter and Charger and on-grid inverter called Fronius Primo 6.0 Mono-

faze are observed via Local Area Network (LAN). On-grid inverter has the capa-
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bility to connect LAN directly, but there are some external sensors needed such as
remote control and programming center and XCOM-LAN communication set for
LAN connection of off-grid inverter to observe all system parameters, record the
values instantaneously and control the system remotely. Off-grid inverter and on-

grid inverter connections are shown in Figure 3.5 and Figure 3.6 respectively.

Figure 3.5. Off-grid inverter, sensors Figure 3.6. On-grid inverter with Solar-log.

and batteries.

On-grid inverter includes two MPPTs. The first MPPT is connected to
solar tracker system and the other one is connected to ground-mounted solar panels.
Total power generation of on-grid system can be monitored and recorded from
the inverter’s web portal in 5 minutes interval, but it is needed to see the power
generation values of each system separately to compare the power output values of
solar systems individually. Therefore, Solar-Log 300 Data Logger is implemented to
the system as shown in Figure 3.6. With this data logger, it is possible to monitor
the systems that are connected to on-grid are monitored on the basis of MPPT in
5 minutes interval through interface of the module, which provides to analyze the

different type of solar systems for the same time interval in detail.
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3.2. Global Solar Radiation Estimation on Horizontal Surface

Both measured and estimated hourly global solar radiation values on hor-
izontal surface are averaged over the months by calculating arithmetic mean of
individual hourly radiation values for the considered months. By using the statisti-
cal analysis methods, calculated and measured hourly global solar radiation values
are compared, so accuracy of the existing models is evaluated to determine the
best model for the considered region. Since the system does not operate during
the installation of new subsystems, some data are lost. Hence, missing global solar
radiation data are interpolated accurately during this analysis. Root mean square
error (RMSE), mean absolute bias error (MABE), mean bias error (MBE) and t-
statistical analysis methods are used to validate these models, which are described

by:

RMSE = % ; (¢; —my)* (3.1)
MBE = %Zzn;(cz —-m;) (3.2)
MABE = %iil(\ci—mi|), (3.3)

t — statistic = \/ R](\ZS_EIQ) %\ife; (3.4)

where ¢; is the i** calculated global solar radiation data, m; is the i*" measured
global solar radiation data and n is the number of data. In these statistical analysis
methods, the results should be closer to zero to result in better performance of the
considered models used for global solar radiation estimation [79]. The accuracy of
the considered models is shown in Table 3.3.

Table 3.3 indicates that CPRG model is the most accurate model among
the considered models. CPRG model has minimum MBE, RMSE and t-statistical
values in March and August, and in the other months, the model has minimum
statistical values or smaller relatively. RMSE values of the CPRG model differ
from almost 20 to 50. The model has the maximum RMSE value in July as 50.469
and gives the minimum RMSE value in February as 19.257. After CPRG model,

CPR model gives the minimum RMSE values in general. Unlike these two models,
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Table 3.3. Accuracy of the daily global solar radiation decomposition models

Model Analy. A
Name Method Febr. | March| April May June July August| Sept. Oct.
MABE 12.345 | 18.545 | 27.935 17.259 39.489 40.767 39.192 25.975 17.004
Whillier MBE -0.125 | -0.614 | -0.251 -0.715 -0.088 -0.564 -0.599 -0.830 -0.211
Model RMSE 21.872 | 30.926 | 46.456 29.409 61.392 62.623 60.198 45.204 30.919
t-static | 0.0274 | 0.0952 | 0.0259 0.1167 0.0068 0.0432 0.0478 0.0881 0.0327
MABE 12.089 | 18.394 | 27.579 16.955 39.147 40.485 38.971 25.778 16.822
Liu-Jordan | MBE 0.292 -0.139 | 0.329 -0.288 0.433 0.015 -0.028 -0.211 0.363
Model RMSE 21.779 | 30.753 | 46.242 29.183 61.044 62.296 59.944 44.923 30.728
t-static | 0.0643 | 0.0216 | 0.0341 0.0473 0.0340 0.0012 0.0023 0.0225 0.0566
MABE 12.011 | 14.186 | 26.993 16.690 30.464 34.788 32.321 19.516 13.622
MBE -0.782 -1.433 | -1.169 -0.480 0.719 -0.005 -1.115 -1.920 -1.158
CPR Model RMSE 19.204 | 22.007 | 40.409 27.273 47.177 50.470 47.433 31.591 22.177
t-static | 0.1956 | 0.3129 | 0.1388 0.0845 0.0732 0.0005 0.1128 0.2921 0.2508
MABE 12.163 | 14.379 | 27.531 16.640 30.413 34.787 32.177 19.265 13.406
CPRG MBE 0.186 -0.086 0.222 -0.201 0.291 -0.002 -0.011 -0.145 0.239
Model RMSE 19.257 | 21.860 | 40.468 27.323 47.226 50.469 47.311 31.205 21.979
t-static | 0.0462 | 0.0189 | 0.0263 0.0353 0.0296 0.0002 0.0012 0.0222 0.0522
MABE 11.644 | 17.998 | 28.229 17.849 40.225 38.901 37.875 26.371 17.094
Garg-Garg MBE 0.626 0.376 1.219 0.659 1.733 1.402 0.942 0.554 0.842
Model RMSE 21.314 | 30.213 | 47.669 30.471 62.911 60.322 58.624 45.798 31.330
t-static | 0.1409 | 0.0597 | 0.1226 0.1038 0.1322 0.1115 0.0771 0.0580 0.1289
MABE 11.796 | 14.243 | 26.085 16.208 30.786 35.312 32.701 19.855 13.923
Gueymard MBE 0.213 -0.097 | 0.243 -0.216 0.312 0.00002 | -0.013 -0.161 0.271
Model RMSE 18.987 | 22.749 | 39.990 25.937 48.045 50.783 48.429 32.781 22.925
t-static | 0.0538 | 0.0205 | 0.0292 0.0399 0.0312 0.000002[ 0.0013 0.0235 0.0567
MABE 13.719 | 15.794 | 30.841 23.882 35.934 38.994 32.586 25.014 15.880
Jain MBE -3.205 | -6.824 | -7.169 -9.675 -7.143 -6.873 -8.741 -4.533 -4.975
Model 1 RMSE 24.451 | 27.149 | 50.182 38.718 59.081 62.089 53.540 42.424 29.726
t-static | 0.6342 | 1.2455 | 0.6922 1.2377 0.5841 0.5341 0.7937 0.5153 0.8141
MABE 13.727 | 15.678 | 30.598 23.751 36.082 39.715 32.302 25.407 15.973
Jain MBE -3.229 | -6.967 | -7.469 -10.144 | -7.611 -7.315 -9.132 -4.685 -5.027
Model 2 RMSE 24.448 | 27.241 | 49.973 37.915 59.595 62.351 53.892 42.785 29.798
t-static | 0.6389 | 1.2687 | 0.7250 1.3317 0.6175 0.5665 0.8246 0.5283 0.8207
MABE 12.430 | 14.697 | 27.556 16.775 30.439 34.860 32.147 19.136 13.249
Baig et al. MBE -3.350 | -3.143 | -1.909 -0.442 1.142 0.094 -1.313 -3.805 -4.395
Model RMSE 20.901 | 22.215 | 41.154 27.223 48.069 50.408 47.449 31.513 23.042
t-static | 0.7788 | 0.6853 | 0.2227 0.0779 0.1140 0.0090 0.1327 0.5834 0.9318
MABE 12.359 | 14.350 | 26.555 16.556 30.574 34.696 32.383 19.904 14.579
Shazly MBE -3.850 | -2.826 | 1.344 4.441 8.922 7.891 2.662 -2.415 -4.984
Model RMSE 20.258 | 23.283 | 40.620 26.955 49.879 51.744 48.930 33.479 24.719
t-static | 0.9285 | 0.5864 | 0.1588 0.8011 0.8719 0.7400 0.2613 0.3468 0.9873
MABE 13.874 | 23.003 | 34.432 27.308 56.789 52.381 48.054 32.090 20.759
Newell MBE 0.346 -0.175 | 0.411 -0.370 0.619 0.056 -0.064 -0.246 0.426
Model RMSE 25.191 | 38.308 | 58.106 43.675 83.557 83.699 74.914 56.604 37.285
t-static | 0.0660 | 0.0219 | 0.0339 0.0406 0.0356 0.0032 0.0041 0.0208 0.0549

Newell model results in maximum RMSE values in all months.

As in CPRG model,

the model has maximum RMSE value in July as 83.699 and minimum RMSE value
in February as 25.191.

Comparison between the recorded and estimated hourly

global solar radiation values from eleven different models of February and July are

shown in Figure 3.7 and Figure 3.8 respectively.
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Figure 3.7. Measured and estimated global solar radiation values of the models
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MBE values are also significant to analyze the accuracy of the global solar

radiation estimation models. It is seen that the hourly global solar radiation values

obtained from Whillier model, Jain model 1 and Jain model 2 are always less than

the measured values, which results in underestimation. In addition to these models,

CPR model gives negative MBE values except in June. However, Garg and Garg

model gives
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an overestimation in all months as a result of positive MBE values.
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Figure 3.8. Measured and estimated global solar radiation values of the models in July.
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The maximum MBE values belong to Jain model 2 followed by Shazly model. Jain
model 2 has minimum MBE value of -3.229 and maximum MBE value of -10.144 in
February and May respectively. Unlike Jain model 2, CPRG yields the lowest MBE
results generally with the minimum value of -0.002 in July and maximum value of
0.291 in June. CPRG model is followed by Whillier and Gueymard models that
mostly have minimum MBE values among the considered models.

In addition, when MABE values are considered, although Baig et al. model
gives the lowest MABE values in August, September and October, the model does
not perform well in other months. The minimum and maximum MABE values of
Baig et al. model are 12.430 and 34.860 in February and July respectively. In
general, in summer months, Baig et al., CPRG and CPR models give low MABE
values. However, in spring months, together with CPR model, Gueymard and
Shazly models mostly give the minimum MABE values. Table 3.3 indicates that
Newell model has the maximum MABE values in all considered months. The model
gives the values that are almost between 15 and 55. Comparison between the
recorded and estimated hourly global solar radiation values from eleven different

models of May and September are shown in Figure 3.9 and Figure 3.10 respectively.
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Figure 3.9. Measured and estimated global solar radiation values of the models in May.

Finally, t-statistical analysis is performed to validate the results of the

considered models. As in RMSE and MBE analysis methods, CPRG model has
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Figure 3.10. Measured and estimated global solar radiation values of the models in

September.

minimum values generally. The model has minimum t-statistical value in July as
0.0002 and gives the maximum t-statistical value in October as 0.0522. In addition,
Table 3.3 indicates that Jain model 2 and Shazly model mostly result in maximum
t-statistical values with the highest values of 1.3317 in May and 0.9873 in October
respectively.

As a result of the statistical comparison methods placed in Table 3.3, in
fact, any of considered daily global solar radiation decomposition models gives the
best accuracy in all outdoor conditions for Iki Eyliil Campus in Eskisehir. Hence,
the specifications that belong to the region should be analyzed in detail to prefer the
appropriate radiation model. In addition, it is noted that CPRG model has better
accuracy than other considered global solar radiation estimation models generally.
Therefore, CPRG model should be firstly recommended to be carried out to obtain

monthly average hourly global solar radiation for this region.

3.3. Power Generation Prediction from Estimated Cell Temperature

and Global Solar Radiation on Tilted Surface

In this section, theoretical power generation values of ground-mounted on-

grid and rooftop off-grid solar panels are predicted and the results are compared
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with actual power generation values for specific time intervals. This analysis starts
from 5 of April for off-grid solar system and 9** of August for on-grid solar system,
and ends with 28" of October for both systems. Up to 9" of August, total power
generation values of on-grid system that has both static solar panels and solar-
tracker system have been monitored. However, after the installation of a data logger
called Solar-log to on-grid system, the power generation value of each solar system
connected to on-grid inverter has been started to be monitored separately. Since
the analysis is based on only static solar panels, the time interval of on-grid system’s
power generation analysis is shorter as compared to off-grid system depending on
the date of data-logger integration to the system.

Within the scope of this purpose, the estimated global solar radiation val-
ues on horizontal surface of CPRG model, which is generally more accurate than
the other methods, are converted to global solar radiation values on tilted surface
for both off-grid (4 kW) solar panels and on-grid (3 kW) solar panels with the incli-
nation angles of 16° and 30° respectively. The comparison of global solar radiation
estimation values on horizontal and inclined surfaces of off-grid and on-grid solar

panels are shown in Figure 3.11 and 3.12 respectively.
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Figure 3.11. Horizontal and inclined global solar radiation values of off-grid solar panels.

Figure 3.11 shows that the estimated global solar radiation values on tilted

surface are always higher than the global radiation values on horizontal surface as
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Figure 3.12. Horizontal and inclined global solar radiation values of on-grid solar panels.

almost between 2 and 15 % for off-grid solar system. Also, global solar radiation
estimation on tilted surface of on-grid system results in higher values than horizontal
global solar radiation values for all hours in the considered days as seen in Figure
3.12. The effect of inclination angle on horizontal global solar radiation changes
approximately between 5 and 17 %. In addition, it is analyzed that the highest
percentage effect is seen in October among the considered months for both off-
grid and on-grid systems. Since the related sensors to measure tilted global solar
radiation have recently been connected to on-grid and off-grid solar panels, the
estimated global solar radiation values on inclined surface are not compared with
the actual measured radiation values.

After obtaining global solar radiation values on tilted surfaces of solar pan-
els, recorded outdoor parameters such as ambient temperature and wind speed are
monitored. Ambient temperature and wind speed values that belong to the consid-
ered time interval are shown in Figure 3.13 and Figure 3.14 respectively.

Since RERH has been still in development, the wind speed values that
belong to September and October are missing. Hence, the wind speed values of
these two months are provided by Turkish State Meteorological Service to be used
in the power prediction analysis.

Depending on the estimated global solar radiation values on solar panels,
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Figure 3.13. Measured ambient tempera- Figure 3.14. Measured wind speed of the

ture of the considered time interval. constdered time interval.

measured ambient temperature and wind speed values, different cell temperature
methods are used to predict power output values of both on-grid and off-grid sys-
tems. Actual and predicted power output values of off-grid and on-grid solar systems

based on the performed cell temperature methods are shown in Figure 3.15 and 3.16

respectively.
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Figure 3.15. Actual and predicted power values of off-grid solar panels for different cell

temperature models.

As Figure 3.15 and 3.16 show that the actual power output values are

generally less than the predicted power output values for both on-grid and off-
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Figure 3.16. Actual and predicted power values of on-grid solar panels for different cell

temperature models.

grid systems. Since the off-grid system is connected to batteries for storage, it is
possible to generate low power if the batteries are even nearly full and there is low
consumption in the loads. The power generation is regulated to avoid overloading
the batteries, therefore, there may be low power generation even if the system has
a potential for a huge amount of power generation in off-grid system. In addition,
the reason of obtaining less power generation than expected for on-grid system may
be due to the consideration of a short time interval as almost three months for the
analysis. Hence, these constraints can decrease the power generation of considered
PV systems.

The predicted power output values based on different cell temperature mod-
els are compared to the actual power generation values by using two statistical
analysis methods as normalized mean absolute error (NMAE) and weighted mean

absolute error (WMAE). These analysis methods are described:

N
1 = |Pus — Pl
NMAEy = =Y =20 22100 , (3.5)
N & Cx
N
Z |Pm,h - Pp7h|
WMAEy, = "=— (3.6)
Z Pm,h
h=1
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where P, is the power measured in the hour, P, ) is the power predicted in the
hour, C'y is the net capacity of the plant and N is the number of daylight hours.
Table 3.4 shows the accuracy of the cell temperature methods on prediction of power

output values of the solar systems.

Table 3.4. Accuracy of the cell temperature methods on prediction of power values

Model Analysis| Standard | Skoplaki | Skoplaki | Koehl | Mattei Mattei Kurtz
Name Method | Approach| Model 1 | Model 2 | Model| Model 1 Model 2 Model

On-grid | NMAE% | 10.447 10.769 10.656 10.517 | 10.613 10.576 10.452
System WMAE%| 22.834 23.539 23.291 22.986 | 23.196 23.116 22.843
Off-grid | NMAE% | 11.835 12.616 12.326 12.096 | 12.368 12.272 11.947
System WMAE%| 28.205 30.065 29.374 28.828 | 29.476 29.245 28.472

According to Table 3.4, although standard approach is the only model that
does not include wind speed values among the considered models, the model has
minimum NMAFEy and WM AFEy values for both off-grid and on-grid systems.
Standard approach is followed by Kurtz and Koehl models in terms of accuracy
for both solar systems. In addition, Skoplaki model 1 gives the highest NM AFEy,
and W M AFEy values as shown in Table 3.4. Therefore, standard approach is rec-
ommended for the estimation of cell temperature to be used in power generation

prediction for the considered region.
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4. CONCLUSION

In this thesis, solar energy analysis of RERH placed in Anadolu University
Iki Eyliil Campus is performed in detail. Within the scope of this aim, eleven daily
global solar radiation decomposition models are used to estimate hourly global so-
lar radiation on horizontal surface from the measured daily values. The estimated
values are averaged over the months and the results of the considered models are
compared with the measured values. The results show that there is not a unique
model that performs with the highest efficiency in all conditions. However, it can be
concluded that CPRG model is more accurate than the other methods in general.
After the estimation of global solar radiation on horizontal surface, these values are
converted to the values on inclined surfaces of both on-grid and off-grid PV sys-
tems by using Olmo et al. model, which does not need to decomposite global solar
radiation into its components as direct and diffuse radiation. As a result of obtain-
ing global solar radiation on tilted surfaces, these values are modeled with outdoor
parameters such as measured wind speed and ambient temperature to predict ideal
power generation values of PV systems. During this prediction analysis, seven dif-
ferent cell temperature models are performed. The output power prediction values
depending on cell temperature estimated by different methods, ambient tempera-
ture, wind speed and characteristics special to the used solar panels are compared
and visualised with related figures. The results indicate that the model that es-
timates cell temperature with standard approach gives the best power generation
prediction.

Estimation of global solar radiation values play an important role along
with prediction of power values for PV systems as described in Section 1.1. A
detailed solar energy analysis can contribute to the system’s efficiency, optimize the
size and decrease the cost. Therefore, the models that have the highest accuracy
in this study may be recommended depending on the considered time and outdoor
parameters before applying real time applications in Eskisehir.

In future, the obtained results can be developed in many ways. The con-
sidered models will be applied to long-term data to observe the accuracy in more

detail, and new power prediction methods will be discussed and performed to get
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the desired accuracy in different cases. Also, battery effect that causes solar panels
not to produce high power even in the best conditions will be studied to minimize
the occurrence of undesired situations. Finally, the topic of energy management
may be studied with the help of the new system that has recently been installed in
RERH.
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