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Abstract

This Master’s thesis proposes a new method for calculating the
optimum tilt and orientation angle of a fitted solar collector. In ad-
dition to using geographical data, this method takes into account the
radiation data and weather statistics of prospective locations. This
makes the calculations valid not only for certain latitudes, but also
for certain radiation and weather conditions.

Calculations were done by estimating the energy production of a
given solar array using a sequence of different tilt angles and orienta-
tion angles. Special attention was given to shaded solar arrays and ar-
rays made up of photovoltaic modules. Specific radiation and weather
data was used for both locations. Also, the different attributes of
different phovoltaic modules were taken into consideration.

The proposed method is illustrated with two examples. Two solar
arrays in two different locations were chosen: one in Southern Finland
in Helsinki (60.12° N, 24.57° E), and the other in Central Finland in
Viitasaari (63.07° N, 25.68° E).

The calculations for the solar array in Helsinki, which is in plan-
ning stage, take into account the shading caused by row installation.
Calculations were made for c-Si PV modules. The optimum tilt an-
gle was calculated as 28.6° and the optimum orientation as 0.1° from
south to west.

The array in Viitasaari is an existing one, and the calculated op-
timum tilt and orientation angles were compared to the actual an-
gles used at the location. The solar collector used there is a semi-
transparent a-Si PV module. The optimum tilt angle was calculated
as 46.4°, and the actual angle at the site was 5°. The optimum orien-
tation angle was calculated as 4.3° from south to east, and angle used
was 0°, i.e. south.
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1 Introduction

The need to investigate the issue of this thesis arose in another context. When
making my Research exercise the answer about optimal tilt angle for fitted
solar collector was needed. 1 personally found it hard to find the precise
information about what is the optimal orientation and above all, what is
the optimal tilt angle for fitted solar collectors from leading literatures and
from scientific articles. If the answer was found about orientation then the
typical answer was south, which is pretty reasonable. On the other hand
the typical answer about tilt angle was in the form of Latitude + 10° or
Latitude — 20° to Latitude. The most sophisticated answer was found from
Luque [4]. In this reference the suggestion was a first degree function with
one parameter, which was Latitude. In all suggestions the optimal tilt angle
depended on only one parameter, which was Latitude.

It is obvious that latitude is not the only parameter that has effect on the
optimum tilt angle. For example London (England) and Kiev (Ukraine) are
pretty much in same latitude. London is a foggy place, and Kiev is a sunny
place. Thus, in Kiev the greater percentage of radiation comes directly from
the sun compared to London. As this was the case, collectors in Kiev should
be oriented more towards to the sun compared to London. On the other
hand, in London collectors should be directed more towards the sky dome.
Thus, the optimum tilt angle for collectors in Kiev might be near latitude
but in London the angle might be latitude minus some degrees.

In our modern world where everything needs to be optimized particularly
in the sector of energy production, we might ask why the direction of solar
collectors does not need to be optimized. Solid state physicists are doing
a considerable amount of work to make our solar modules more and more
effective, yet we place them on our roofs in more or less random directions.

In some sense it is understandable. Module makers need to sell modules
and thus it is in their best interests to make them as good as possible. The
middle man between module makers and consumers intends to sell modules,
and this he will do with the module specifications. The final yield is not his
main concern. When a module has been sold it is the clients task to optimize
it. Typically, customers have no ability to estimate the optimum installation
for their solar system. They rely on the seller’s or the manufacturer’s rough
approximations, and in the end pay the price.

It is obvious that installing systems in the optimal direction does not
require any more physical effort that installing it in some other direction.
The only thing needed is adequate estimation and that is the focus of this
thesis.



Case Helsinki Pitajanmaki In this case, the sales manager from Sun-
Wind Gylling Oy contacted us. For a competitive bidding they needed ten-
tative calculations about the optimum tilt angle and energy yield for a PV-
power plant. The planned system is in the size scale of 140 kW p (biggest in
Scandinavia) and it is planned to be located in Pitdjanmaéki, Helsinki. The
solar array is planned to contain 700 Swedmodule GPV200 solar modules
[Appendix 2|. Preliminary requirements were 50 rows of modules with 14
modules in each row. The distance between the rows had a requirement of
3 m and an orientation of 20° from south to west. The whole system is to
be placed on rooftop supported by stands.

Near Pitajanmaki lies Kumpula, where Finnish Meteorological Institute
(FMI) [14] happens to have measurement station for solar radiation. The
distance between these two locations is only between 4 to 5 km. For our cal-
culations we assume radiation and weather conditions to be equal in Kumpula
and Pitadjanmaki.

One year measurement data was received from FMI measured in Helsinki
Kumpula for tentative calculations for Sunwind Gylling Oy. The three years
measurement data was received later for the use of this thesis, because the
measurement station has existed only for a while. Only round years were
used as data because it is not reasonable to stress any particular season. The
data for tentative calculations besides date and time included global and
diffuse radiation for each hours of the year 2009. The Data from FMI used
here also includes average ambient temperature and average wind speed for
each hour during the years 2007-2009.

In addition to this, the data on the location of the solar system was
necessary. The data on location can be found in table 1. Also, the necessary
data on planned solar modules can be found in table 2.

Table 1: Essential data from Helsinki Kumpula (Radiation measurement
station). Data is from [14].

Local Latitude (¢) 60.12°
Local Longitude (LL) 24.57°
Average starting time of thermal winter — 26.12
Average ending time of thermal winter 30.03

Case Viitasaari Viitasaari is a small town in central Finland and which
has a service station. The cafeteria of the service station has a terrace roof
made of transparent PV-modules (fig. 1) [Appendix 3]. The size of the
solar system is 4.2 kWp with a total of 154 ASITHRU-30-SG modules. The
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Table 2: Essential data about solar modules planned to use in Helsinki
Pitdjanmaki. All data are from manufacturer’s data [Appendix 2]. Subscript

STC stands for standard test conditions: 1000 W/m?, 25°C, 1.5 AM.

Voc,stc 36.6 V
VMPP,,S’TC 290V
[SC,STC 7.58 A
IMPP,STC 7.01 A
NOCT 46°C'

Temperature coefficient for voltage —0.0034/K
Temperature coefficient for current  0.00034/K

Cell type c-Si
Back surface of the module Tedlar
Number of cells in module 60

tilt and orientation angles are 5° and 0° which are not optimums, but are
defined by architectural points of departures. Our interest here is to discover
the optimum tilt and orientation angles, and estimate how much has been
lost with existing settings.

Figure 1: The terrace roof of the service station in Viitasaari [13].

University of Jyvaskyla has a weather station in Viitasaari. The global
radiation data, the ambient temperature data and the wind speed data have
been collected during the years 2004-2009. Also, the energy yield of the solar
array has been filed. In our calculations the data of the years 2004 and 2009
have been excluded because there is no data from complete years. Also,



the year 2005 has been excluded due to some confusion with time filing in
the beginning of the year. Calculations were done using date, time, global
radiation, average ambient temperature and average wind speed for each
hour during the years 2006-2008. Also the information in tables 3 and 4 were
used.

Table 3: Essential data about location of Viitasaari
Local Latitude (¢) 63.07°
Local Longitude (LL) 25.86°
Average starting time of thermal winter [14]  26.11
Average ending time of thermal winter [14] 20.04

Table 4: Essential data about solar modules used in Viitasaari [Appendix
3]. Subscript STC stands for standard test conditions: 1000 W/m?, 25°C,
1.5 AM.

Voc,stc 49 V
Vmvppste 36 V
ISC,STC 1.02 A
Ivippstc 0.75 A
NOCT

Temperature coefficient for voltage —0.0033/K
Temperature coefficient for current  0.0008/ K
Cell type a-Si
Back surface of the module Glass
Number of cells in module -

The underlying pattern in this thesis is to calculate the radiation on a
tilted surface as accurately as possible, to take into account the shading effect
in a reasonable way and to do photovoltaic calculations using only the data
that is typically available in the manufacture’s data sheets. In the field of
radiation we use the symbols from Ref. [3], in the field of shading effect we
use symbols from Ref. [6] and in the field of photovoltaic generation we use
symbols from Ref. [4]. List of the basic symbols used in this work can be
found in Nomenclature in [Appendix 1].

Words radiation and irradiation here were not used randomly: radiation
implies the amount of solar radiation in joules per square meter J/m? and
irradiation implies to the power of illumination produced by radiation per
square meter VW/m?. Tllumination is our general way to express that radiation
or irradiation occurs.



2 Definitions

2.1 Direct and diffuse sun light

Direct sunlight represents a beam which has not suffered scattering in the
earth’s atmosphere. Diffused sunlight has suffered scattering in the earth’s
atmosphere. Scattering can be caused by air, dust, aerosol, clouds, drops of
water or ground (and all the obstacles the ground includes).

In this thesis we denote solar radiation as H. With the subscript b we
denote direct solar radiation (H,). With the subscript d we denote diffused
solar radiation (Hy). Hy and Hy have been quantified the way that Hy+ H, =
H,, where H, is global radiation [2].

2.2 Solar constant

Solar constant gives the average sun irradiation outside the earths atmo-
sphere. In this thesis we use symbol G,. for it. There are some variations
in this constant in different literatures. For example in Duffie & Becham [3]
Gy is 1367 W/m? and in Meinel [2] G, is 1353 W/m?. In this work we use
Gy = 1367 W/m?2.

2.3 Declination

If we assume that the earths orbit forms a plane around the sun and the
Earths rotation forms a rotation axis, then the angle between the axis and
the plane varies from —23.45° to 23.45° during a year (see fig. 2). This
variation angle is called declination and is denoted as §. Declination can be
calculated from the following equation [1]:

(1)

284 4+n
0 = 23.45°sin | 360°
sm( 265 )

where n is the number of a day of a year. For example for the eight day of
February n=39 and 6 = —15.52°.

2.4 Hour angle

The symbol w is used for an hour angle. Hour angle describes earths rotation
around its own axis. In one day the hour angle goes from —180° to 180°.
For solar noon (=sun is in it’s uppermost position) the hour angle has been
chosen to be 0°. In every one hour after the noon the hour angle increases 15
degrees and in every one hour before noon hour angle decreases 15 degrees.
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Figure 2: Earth’s movement on its orbit plane that causes the declination
[4].

That means for example that at 12:00 w = 0°, at 13:00 w = 15°, at 14:00
w =30 at 11:00 w = —15°, at 10:00 w = —30° and so on [1].

Solar time Solar time describes the dependence between the angular mo-
tion of the sun across the sky, the time we use and the location of the observer.
It can expressed as

solar time = 15° % (TO — AO — 12) + (LL — LH) (2)

where LL is the local longitude and LH is the longitude of the local timezone,
both of them in degrees [4](positive for east longitudes and negative for west
longitudes). T'O is the local official time and AO is the correction parameter,
both in hours. Correction parameter is needed for example when clocks are
set ahead by one hour in summer time. In that case AO = 1.

Equation of time There is a small variation in earth rotation that has

not been included in the time that humans use. The variation is annual and

it is in scale of £4° (~ £15 min). The variation is illustrated in figure 3.
Equation of time describes the variation and it can be expressed as

1
E = 229.2°(0.000075 + 0.001868 cos B — 0.032077 sin B
— 0.014615 cos(2B) — 0.04089 sin(2B))

(3)

360°

where B = (n—1)

hour angle that conforms its definition is

and n is the number of a day of a year [3]. Thus the

w = solar time + E (4)

10
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Figure 3: Variation in hour angle compared to solar time.

2.5 Zenith and profile angle from the position of the
sun

In figure 4 there is illustrated horizontal surface and tilted surface. The
angle that tilted surface is tilted compared to horizontal surface is 3. The
orientation of tilted surface is v and it is zero in south, positive from south to
west and negative from south to east. Zenith is the normal of the horizontal
surface. The angle between the direction of beam radiation and zenith is
called zenith angle 6, and the angle between the direction of beam radiation
and horizontal surface is called solar altitude angle a.

The angle of incidence is the angle between the direction of beam radiation
and the normal of tilted surface. It is denoted as 6. The angle of incidence
is related to tilt and orientation angle in a way that can be described with
equation

cos f = sin d sin ¢ cos f — sin d cos ¢ sin 3 cos y + cos d cos ¢ cos 3 cos w

+ cos d sin ¢ sin 3 cos 7y cosw + cos J sin 3 sin 7y sinw

()

where w is the hour angle, ¢ is the declination and ¢ is the local latitude [3].

For horizontal surfaces § = 0. That means that for horizontal surfaces
from equation 5 only first and third terms remains. Thus we get relation
between zenith angle for horizontal surface with other angles as:

cosf, = cos ¢ cosd cosw + sin ¢ sin § (6)

11



Normal to
horizontal surface

Figure 4: Horizontal surface, tilted surface, the sun, zenith angle as 6., sur-
face tilt angle as [3, surface slope/orientation angle as v and solar altitude
angle as oy [3].

In figure 5 there is illustrated profile angle a,, which is also an essential
angle. Other angles in figure 5 are the same as in the figure 4. Profile angle
is related to other angles of figures 4 and 5 in the following way:

tan o
cos(vs — )
where v, is the solar azimuth angle and in equation form

1 (cos 0, sin ¢ — sin5)
Cos

sin @, cos ¢

(7)

tan oy, =

(8)

¥, = sign(w)

and a4 solar altitude angle and as figure 4 demonstrates oy = 90° — 6.,.

2.6 Air Mass

Air mass AM is the unitless measure of the relative path length of solar
radiation through the atmosphere. It has been defined to be one when solar

12
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Figure 5: Profile angle a,, and some other essential angles related to tilted
surface R and the suns position [3].

radiation goes vertically through the atmosphere at sea level. That means
that AM = 1 when sun is at zenith. AM increases when the solar zenith
angle increases. An approximative expression for air mass is as follows [3]:

1

AM =
cos b,

(9)

According to this equation AM goes infinite when 6, — 90°. This is an
unphysical situation and we can expect that equation 9 gives inaccurate
values when the sun is near the horizon. On the other hand irradiation levels
at these moments are low. Thus also the effect of inaccurate AM is low when
calculating overall radiation.

2.7 Ground reflectance

Ground reflects light and when solar collector is tilted some of that light will
end on solar collector. Ground reflectance can be quantified as the relative
amount of light that ground reflects.

Ground reflectance is denoted as p. It is a fraction between reflected
radiation to total radiation. Thus it is ranged between 0 and 1 in the way
that 0 means no reflected radiation at all and 1 means that all radiation
reflects.

If there is no information available about the magnitude of ground re-
flectance, using p = 0.2 for approximation is recommended [2], [3]. Tt is a
good approximation for most cases, but significant variation in the ground

13



reflectance exists when the ground is cowered with snow. A good average
estimation for snow covered ground is p = 0.7 [2], [3].

14



3 Radiation on horizontal surface

3.1 Extraterrestrial radiation on a horizontal surface

The average extraterrestrial irradiation is defined by solar constant which is
1367 W/m?. However, it varies during a year because of the variation of the
distance between the earth and the sun. The variation of the extraterrestrial
irradiation is about £3% during a year [2].

Extraterrestrial irradiation can be expressed as a function of a day of a
year with the following equation [3]

360°n
on — Usc 1 . 1
G G < + 0.033 cos 365 ) (10)

where Gy, is solar constant and n is the number of a day of a year.
For horizontal surface equation 10 is

G, =G, (1 + 0.033 cos 322;) cos b, (11)

This can be considered as irradiation on earth’s surface without the atmo-
sphere. Using equation 6 in equation 11 we get

360n
Go =G| 1 +0.033
( + cos 365

)(cos¢cos§cosw+sin¢sin(5) (12)

In some cases we need to know extraterrestrial radiation on horizontal
surface at certain period of time in a day. An equation for those cases can
be achieved by integrating the equation 12 over w. Integration gives us

12 °
Hy = ﬂGsc <1 +0.033 cos 322;) [Cosgbcos d(sinwy — sinwy)
T
m(wy — wy) (13)
9 —w1) . .
+ TR sin ¢ sin 6]

where w; and wo are limits of time in form of hour angles so that w; < ws
[3]. This equation gives the extraterrestrial radiation on horizontal surface
between times w; and ws.

3.2 Clearness index

In general there are two types of radiation data available. In most cases the
data of solar radiation is in the form of global radiation. Global radiation

15



means total radiation on a horizontal surface. Some solar radiation measure-
ment stations can give global and diffuse radiation components separately.
When there is only global radiation data available estimation of diffuse radi-
ation component needs to be done. A key for estimating the diffuse radiation
is so called clearness index. Clearness index has been defined as

Hy

kp = —
=,

(14)
where H, is total radiation on horizontal surface and H, is extraterrestrial
radiation [3].

Correlation between clearness index kp and Hy/H, has been found in
hourly repeated measurements. Figure 6 illustrates the type of data that has
been measured. This type of data has been received from many studies. The

1.0 -

0.8}

0.6 -
Ha/Hg
04}

0.2

0.0

0.0 1.0

Figure 6: Measured correlation between clearness index and diffuse radiation
divided by total radiation [3].

curve fittings from three different studies are shown in figure 7.
In this thesis we use the curve fitting by Erbs et al. [10] from figure 7.
The analytical expression for this curve is

1.0 — 0.09k¢ for kr < 0.22
Hg ) 0.9511 — 0.1604kr + 4.388k2 (15)
H, —16.0638k3. + 12.366k7 for 0.22 < kpr < 0.80

0.165 for kr > 0.80
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Figure 7: Curve fitting from three different measurements illustrating the
correlation between kp and Hy/H, [3].

4 Radiation on tilted surface

Typical type of radiation data available is the data of radiation on horizontal
surface. On the other hand, horizontal plane is not the plane where highest
annual radiation occurs (equator is an exception). Thus, we need to find a
method to estimate the radiation on tilted surface based on the radiation
data on horizontal surface. The following sections will present some of these
methods.

4.1 Ratio between beam radiation on horizontal sur-
face to beam radiation on tilted surface

When transformation from radiation on horizontal surface to radiation on

tilted surface needs to be done, we need ratio between beam radiation on

tilted surface to beam radiation on horizontal surface. This ratio is denoted
in this thesis as Ry:

Beam radiation on tilted surface

Ry, = 16
*~ Beam radiation on horizontal surface (16)
Using equations 5 and 6 it can be written as

Hy * cos 6

Ry = — 17

b Hy % cosf, (17)
where H, is a direct beam radiation [3]. Thus

cos
Ry, = : 18
b7 cos 0, (18)
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The term cos@ gives negative values when radiation incidences on back
surface of solar collector. When we assume that radiation on back surface is

not exploitable then

Ry — min(0, cos ) (19)

cos 0,

In equation 19 there is cos @, in denominator. The term cosf, — 0 when
6., — 90°. This happens when the sun is rising or setting down. In these
cases I, can have unrealistically high values because of the low denominator
in equation 19. In hourly calculations for those hours, during which the sun
is rising or setting down, reference [3] suggests to use equation:

[ cos§ dw A

Rpave = m =3 (20)
where
A = (sind sin ¢ cos f — sin § cos ¢ sin 3 cos 7)%(%1- — w;)
+ (cos d cos ¢ cos B + cos § sin ¢ sin F cos y)(sin wy; — sin w;) (21)
— (cos d sin Bsin y)(cos w;; — cosw;)
and

gl —w)  (22)
In noon w; is the hour angle of the starting point of the hour under exam-
ination and wy; is the sunset hour angle. In morning w; is the sunrise hour
angle, that is -(sunset hour angle), and w;; is the ending point of the hour
under examination. Sunset hour angle wy can be found from equation:

B = (cos ¢ cos §)(sinwy; — sinw;) + (sin ¢ sin §)

cosws = — tan ¢ tan o (23)

4.2 Radiation components

To make radiation calculations on tilted surface possible we need to split
total radiation into components. Beam and diffuse radiation occur on tilted
surface. Theoretically, light reflected from ground does not end up on hor-
izontal surface but it does end up on tilted surface. Thus, general way to
express radiation on tilted surface in three components is

Hp = HTJ, + Hﬂd + HTJ« (24)

where Hr, is radiation reflected from ground [4].

18



4.3 Isotropic sky

Isotropic sky assumption is a simple way to calculate all three radiation
components (Hrp, Hrg, Hr,) on tilted surface. The main idea of it is that
it assumes diffuse radiation coming equally from all directions of skydome
[3]. For tilted surface the relative visible part of the skydome to the surface
can be expressed as (1 4 cos 3)/2 where 3 is tilt angle of the surface.

Also, ground reflection is assumed to be homogeneous from all directions.
It means that the amount of irradiation you receive is constant regardless of
the direction you look at the ground.

The relative visible part of ground for a tilted surface can be expressed
as (1 — cos 3)/2. Thus equation 24 becomes for isotropic sky as

1+ cos 1 — cos

4.4 Anisotropic sky

In isotropic sky assumption we assumed diffuse radiation coming equally from
all directions of the skydome. It is a good approximation, but true only for
heavily overcast skies. Figure 8 illustrates diffuse radiation distribution over
skydome in a real case. In figure 8 the isotropic sky case would be a straight
horizontal line representing diffuse radiation distribution. From figure 8 it
can be found that the highest diffuse radiation occurs from skydome near
to the sun. It can be easily seen by eye when examining the sky. Also, the
diffuse radiation near the horizon can be higher than elsewhere. This shows
as a small mound at 80° zenith angle in figure 8.

In anisotropic sky assumption we examine the diffuse radiations in com-
ponents. We assume there to be three types of diffuse radiation: isotropic
diffuse which comes from equally all directions of skydome, circumsolar dif-
fuse which comes from small area around the sun and diffuse from the hori-
zon. Also, beam radiation and ground reflected radiation are included in.
The components are illustrated in figure 9.

4.4.1 Perez model

There are few ways to estimate anisotropic sky. Some of them are presented
in [3] and [4]. References [3], [4] and [6] suggest that the best of them is the
so-called Perez model [8]. Perez model is the most accurate in taking account
the different sky conditions. On the other hand, it is also the most complex
one.
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Figure 8: Distribution of diffuse radiation with different zenith angles [3].

Different sky conditions are defined through clearness ¢ so that
Hy+ Hyxsin™!
ot Haoxsin B o sas o 10753
Hy

_ 26
© 1+ 5.535 % 10563 (26)

where H, is a diffuse radiation to the horizontal surface, 6, is a zenith angle
and [ is a tilt angle.

Using clearness € we can calculate circumsolar brightening coefficient F}
and horizontal brightening coefficient F, so that

70,

Fy =max |0, fi1 + fi2A + 180f13 (27)
and
mh,
Fy = for + foaA + 180f23 (28)

Empirically adjusted parameters fi1, fi2, fi3, fo1, foo and fo3 are functions
of € and they can be found in table 5.

Also, other versions of table 5 exist. For example, reference [3]| uses
clearness table from 1988. The table used in this thesis is from 1990 and was
the latest to be found and for that reason was chosen to be used here. The
fact that Quaschning [6] presented this table encouraged to use this version.
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Figure 9: Radiation components in anisotropic sky assumption [3].

Table 5: Parameters for calculating brightening coefficients [8].

e class range of € fu fi2 fi3 fa1 fa2 fa3

1 1.000 - 1.065 -0.008 0.588 -0.062 -0.060 0.072 -0.022
1.065-1.230 0.130 0.683 -0.151 -0.019 0.066 -0.029
1.230 - 1.500 0.330 0.487 -0.221 0.055 -0.064 -0.026
1.500 - 1.950 0.568 0.187 -0.295 0.109 -0.152 -0.014
1.950 - 2.800 0.873 -0.392 -0.362 0.226 -0.462 0.001
2.800 - 4.500 1.132 -1.237 -0.412 0.288 -0.823 0.056
4.500 - 6.200 1.060 -1.600 -0.359 0.264 -1.127 0.131
6.200 - oo 0.687 -0.372 0.250 0.156 -1.377 0.251

00 3 O O = W N

Parameter A in equations 27 and 28 is the atmospheric brightness which

is defined as
Hy

on

A =AM

(29)

where AM is the air mass, H, is the diffuse radiation and H,, the extrater-
restrial normal incidence radiation which can be found from equation 10.

The diffuse radiation component to tilted surface according to Perez
model can be written as

1
Hd,T_Hd[(l_Fl)(%OSB) +F1%+F281H5 (30)
where
a = max|0, cos 0] (31)
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and
b = max]cos 85, cos 6,] (32)

a
Note that — is most of the time same as R.

Now total radiation on tilted surface according to Perez model is

1
Hy = H,Ry+ Hy(1 — Fy) (%OS% + HdFlg
L cond (33)
— COS
4 HyFysinf + ng(T)

It is worth to note that the first term in this equation represents direct
beam radiation, the second term represents isotropic diffuse, the third term
represents circumsolar diffuse, the fourth term represents diffuse from horizon
and the fifth term represents radiation reflected from ground. To make it
easier to refer the components of the function 33 in future we denote the
equation 33 as

Hr = Hry+ Hrgiso + Hrges + Hran. + Hr,y (34)
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5 Self shading

One of the most common shading problems in solar collector systems is so-
called self shading. By self shading we mean solar collectors that are in rows,
that are tilted and are partly shading each others. Figure 10 illustrates this
type of installation.

Figure 10: Example of row installed solar array [16]

According to figure 10 we can expect the shading problems to occur for
beam radiation component to tilted surface when the sun is near to the
horizon. Also we can expect that the part of the skydome the solar collector
sees is restricted by the collector row in front of it. That will reduce the
diffuse radiation component. We can also expect that the radiation reflected
from the ground between the solar collectors is neglectible.

We can eliminate these kind of shading problems by installing solar col-
lectors on horizontal plane. Figure 11 illustrates this type of installation.
However, we do not recommend this practice. Furthermore, we will note
that higher irradiation will be received when the surface is tilted, even if self
shading occurs and also for PV - systems higher energy yields will be received
by tilting the PV - modules. Also, not tilting the solar collectors will cause
higher losses by increased dirt and snow coverage effects.

Geometrical solution Figure 12 will lead us to a geometrical solution
of the self shading problem. We will examine this situation in two dimen-
sions which is a cross-section of rows (see fig. 12). The two dimensional
model is used because we assume that radiation from the ends of the rows is
neglectible. There are three explanations for the assumption.
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Figure 11: Example of an solar array installed on a horizontal plane.
Linkoping’s public library in Sweden [Appendix 2].

Firstly, if solar collectors are properly fitted they are facing south or
near south. This means that direct and circumsolar diffuse end up on solar
collectors when the sun is rising or setting down (see fig. 13). When the sun
is setting down it is near the horizon and radiation is going through to the
high air mass. This leads to low radiation levels during those moments.

Secondly, when radiation is coming from the side of the collector, the angle
of incidence 6 is high (near to 90°). Increasing angle of incidence causes the
decrease of irradiation.

Third and the most remarkable point is the fact that basically all solar
collectors are covered by glass (PV - systems and solar heat collectors). It is
a law of optics that beam of light does not pass the glass at high inclination
angles. Figure 14 gives an example of this.

We can also explain our assumption from another point of view. When
the rows are long and the relative distances between the rows are small, we
can assume the rows to be infinitely long. When the rows are infinitely long
then there is no radiation from the ends of the rows. This leads us to a
situation where two dimensional examination is acceptable. Now on we call
this assumption as the long row assumption.

In the next chapters we will examine shading effects for all five radiation
components from equation 34 separately.
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Figure 12: Geometrical illustration of angles and dimensions we use here [6].
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Figure 13: Illustration of sun position with respect to a properly orientated
solar array when sun is raising or setting down.

5.1 Beam radiation component

Point P; on solar collector in figure 12 does not suffer any shading effect. At
the moment when the sun rises above horizon, point P; is almost immediately
illuminated. When sun keeps rising, direct beam radiation starts reaching
lower and lower points from solar collector until it reaches to the point of F.
During that period of time the amount of radiation that ends up on solar
collector is about the same as if only the area between P, and P, would be
under illumination. In both cases the irradiation is the same. On the other
hand, irradiation is also the same when the whole solar collector is under
illumination half of the time of the period.

In case of some solar collectors like solar heat collectors we can use point
P as a reference point. That means the whole solar collector is illuminated
by beam radiation when sun rises above angle of ay. The case is equally
the same as when the sun is setting down. Beam radiation stops on solar
collector when the sun has been set down under the angle of ap. Generalizing
this, beam radiation reaches on solar collector when profile angle «, is greater
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Figure 14: Effect of angle of incidence against relative transmittance of glass
cover [4]

than ay (see fig 5 and 12).

In case of solar heat collector we can use above assumption. However,
there is a issue with Photovolatic systems. General fact is that partly shaded
PV - panel acts poorly [6]. Typical solar panels are formed from solar cells.
To get adequate voltage several cells in series are installed, typically the
number of cells is about 36 [6]. When one cell in a module has been partly
shaded remarkable reduction of whole module power has been detected. Ref-
erence [6] suggest that when only one cell of the 36 cell module is shaded
only partly (75%), the decrease of module power can be 70%. This means
shading module by 2% decreases module power by 70%. The explanation for
this is shaded cell in series of cells acts like a load. One cell acting as a load
drops module current and thus whole module power.

There is a solution for this sort of problem and the solution is a bypass
diode. When a cell or cells connected behind a bypass diode start acting as
a load, current starts to go through the diode. Figure 15 illustrates module I
- V characteristics when different amount of bypass diodes are installed and
when one cell of the modules of the 36 cells is shaded.

Only when there is a bypass diode for every cell the module loses part of
the power that is almost equal to the part that is lost by shading.

Typically there is one bypass diode for 18-24 cells and almost all solar
modules have only two bypass diodes [6]. This leads to poor acting of module
under shading conditions. When we look at figure 12 we can say that no
shading effect(for beam radiation) occurs when solar altitude angle is above
a. Thus, we suggest that for the modules with two or less bypass diodes
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Bypass diode across 18 cells-~~~
o . Bypass diode across 9 cells ~77
| Bypass diode across 6 cells -~
1.5 -+ Bypass diode across 4 ceils
+ Bypass diode across 2 cells -

1 +Bypass diode across every cell -~~~

Module current in A

Module voltage in V

Figure 15: I -V characteristic for partly shaded PV - solar cell with different
amount of bypass diodes [6].

should use Py as a reference point. Reference [6] suggests to do this for all
PV-systems. Reference point P, could be considered when there is a bypass
diode for every cell in the module.

In practice the angles a and ay from figure 12 are needed for handling
the shading problem. Using symbols from figure 12 the angles are

o= arctan(%) (35)
and '
ay = arctan(%) (36)
where l
U= (37)

[6]. The problem can be solved by assuming that beam radiation on solar
collector occurs when profile angle «, (from equation 7) is higher than s in
general case and « in case of Photovolatic system. Thus, beam radiation on
tilted surface under shading effect is

Hryon = Hry x SEy (38)

where shading effect on beam radiation component SE;, is defined as

| 1 when o, > «
Sk, = { 0 when o, < « (39)
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5.2 Isotropic diffuse radiation component

There is no shading effect on isotropic diffuse radiation component. When
the sun is above horizon isotropic diffuse radiation always occurs on all areas
of solar collector. Thus, there is no need to separate PV - systems from other
solar collectors.

Row installation causes another type of effect. When we examine figure
12 it can be noticed that the area on skydome point F, sees is limited by the
row in front of it. If we use the long row assumption, what the area point F,
sees, is illustrated in figure 16.

Figure 16: Illustration of skydome and the part that tilted and shaded solar
collectors in long row sees.

Diffuse radiation from area B (fig. 16) is out of tilted solar collectors range
even if no shading effect occurs. Areas A and B (fig. 16) of the isotropic sky
can not be seen from point Py (fig. 12). From the average point P, (fig. 12)
can not be seen area %A + B (fig.16) of the isotropic sky. We use the point
P, (fig.12) as a reference point. Point P, sees from isotropic skydome the
area that can be expressed as (1+cos(8+ az))/2. That is relative area when
whole sky is defined to be one. Thus isotropic diffuse radiation component
under above mentioned shading conditions based on equation 33 is

1+ cos(f+ a
Hr gisosh = Ha(1 — Fy) ( (26 2)> (40)

5.3 Circumsolar diffuse radiation component

We treat shading effect on circumsolar diffuse radiation component pretty
much the same as we treat shading effect on beam radiation component.
Only exception is that we use P, (fig. 12) as a reference point also for PV -
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systems as we did for solar collectors in sec 5.1. Point P, is used because it is
the average point on solar collector as it was explained in section 5.1. Also,
it should be noted that in a real situation when the sun is above the horizon
circumsolar diffuse always ends up on whole area of solar collector. In our
mathematical approach we assume circumsolar diffuse coming from the same
direction as beam radiation and for that reason it seems that circumsolar
diffuse end up on whole solar collector when sun’s altitude angle is higher
than a. In a real case circumsolar diffuse comes from the area around the
sun and the intensity of it decreases when going further from the sun on
skydome.

Thus, solution for shading effect on circumsolar diffuse is: circumsolar
diffuse occurs on solar collector when profile angle o, is higher than a, from
figure 12. Thus, circumsolar radiation on tilted surface under shading effect
is

HT,d,cs,sh = HT,d,cs * SECS (41)

where shading effect on circumsolar diffuse radiation component SE. is de-

fined as
| 1 when o, >
SEes = { 0 when o, < az (42)

5.4 Horizontal diffuse radiation component

Because horizontal diffuse radiation comes from the horizon the row of collec-
tors in front of a solar collector blocks the diffuse radiation when we use long
row assumption. Thus horizontal diffuse radiation ends up only on the first
row of solar collectors. We suggest to use a factor 1/N, where N is number of
rows, to correlate the lack of horizontal diffuse radiation on the rows behind
the first one. This gives to the horizontal diffuse radiation component (from
equation 33) a form of

1 1 i
Hrgnzsh = NHTd,hz = HdNFQ sin 3 (43)

5.5 Ground reflected radiation component

It is obvious that for the first row of solar collectors ground reflection occurs
in a normal way. For other rows there is not much of the ground reflect
because a row in front of it shadows the ground. Effect of ground reflecting
on tilted surface is in general case neglectible [4]. Effect on rows behind
the first one is much smaller. Thus, the rows behind the first one could be
considered dropping out entirely of the examination. Assuming the ground
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reflecting only for the first row, based on equation 33 we get ground reflected
radiation on tilted surface under shading conditions as

1 1 — cos
HT,r,sh = HQNP(TB) (44)

where N is the number of rows.

5.6 Total radiation on tilted surface under shading ef-
fect

The total radiation on tilted surface when self shading effect occurs can now
be summarized into one equation:

+ HdFl%SECS

1
Hrp o, = HyRySEy + Hg(1 — F1)< + cos(8 + 062))

’ (45)
1 , 1 [1—cosp
—|—Hd—NF2 smﬁ—i—Hg—Np(—z )

For simplicity in future, different terms in previous equation are expressed
as
Hrpsp = Hrp s + Hrgisosh + Hrdes,sh + Hrdanzsh + Hrorsh (46)
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6 Effect of glass cover and dust

This far we have been pointing out the calculation methods to calculate
radiation on some surface. The surface could be a plank of wood, a plasma
television or a solar collector. In case of solar collectors we must bring out a
really important point: almost all solar collectors, whether they are PV - cells
or solar heat collectors, are covered by glass or some other material of this
type. The amount of radiation which passes the glass is strongly dependent
on the angle of incidence (see fig 14). Effect of the angle of incidence to the
relative transmittance can be expressed as

FT(0) =1- b0< L _ 1) (47)

cos

where F'T is the relative transmittance so that F'T" for normal orientated
beam (0 = 0) is 1, 6 is angle of incidence and by is a constant that is related
to the characteristics of the surface of the solar collector [4]. When by is a
unknown then general value by = 0.07 can be used [4].

Also dust has an effect on transmittance of solar collectors surface and it
is really realistic to assume that a solar collector which is on use is covered
with dust. Dust has two kind of effects on transmittance: The other effect
is relative to the degree of dirtiness of solar collector and the another effect
depends on dirtiness level of solar collector and angle of incidence.

Parameter degree of dirtiness can be expressed as

Transmittance of dirt surface
Tdirt (O) /Tclean (O)

— 48

Transmittance of clean surface (48)
where zero stands for # = 0. Thus Ty;+(0) is a normal orientated transmit-
tance for a dirt surface and T}eq,(0) is @ normal orientated transmittance for
a clean surface. Some classifications for the degree of dirtiness can be found
from table 6.

Table 6: Empirically adjusted parameters to take into account the effect of
glass cover and dust [4].

Dirtiness  Tyir¢(0)/Teiean(0)  ay Cr

Clean 1 0.17 -0.069
Low 0.98 0.20 -0.054
Medium 0.97 0.21 -0.049
High 0.92 0.27 -0.023

Degree of dirtiness and angle of incidence effect on relative transmittance
of surface of solar collector can be expressed for beam radiation component
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as

( coSs 9) < 1 )
exp| — —exp| — —
FT, ar ar (49)

where parameter a, is related to degree of dirtiness and can be found in table
6. Because we assume circumsolar diffuse radiation component coming from
the same direction as the beam radiation component, we use equation 49
also for estimating dirtiness and glass cover effect on circumsolar radiation
component. Thus FT ., = FTy,.

For isotropic diffuse radiation component relative transmittance can be
expressed as

m .
174 T — f— —sinf
Fszl—exp{——[—(sinﬁ—i— 180 )

. 37T7T 14 cosf (50)
. ﬂ—ﬁl—go—sinﬁ 2
—i—cT(smﬂ—i— T+ cos § )”

and for ground reflected radiation component relative transmittance can be
expressed as

T .

174 f— —sin

FTrzl—exp{——[3—<sinﬂ+ 180 )
T

. 1 —cosp
8- _sinf\ 2
. 180
+cr<smﬁ—|— T~ )H

(51)

where dirtiness level related constants a, and ¢, can be found from table 6.

Equations 49, 50 and 51 are from reference [11]. Unfortunately, relative
transmittance for horizontal diffuse radiation component was not suggested.
Our suggestion for upper limit for relative transmittance for horizontal diffuse
radiation is to modify the equation 49 so that

cos<9o—/3>) _eXp(_ i)

(-2)
1 —exp| — —
Qy

The equation is in the above form because horizontal diffuse radiation is
parallel with horizon and thus the smallest angle of incidence it can come

exp ( -
FTh,(maz) =1 —
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across with tilted surface is 90° — 3. Considering the neglectible role of Hy .
in Hr we suggest that FTy,(max) &~ FTy,.

Now the total radiation on tilted surface taking account the effect of glass
cover and dust is

Tdirt(o)
Tclean<0)
+ Hrgp.F Ty, + Hr  FT,)

Hppr = (HrpFTy + HrgisoF' Ty + HrgesFTes

(53)

For simplicity in future we label components from previous equation with
following subscripts

Hrpr = Hrypr + Hrgisorr + Hrges,pr + Hrgpe pr + Hrp pr (54)
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7 Photovoltaic generation

So far we have got the tools to calculate irradiation on tilted surface and
irradiation on a solar collector, which has been covered by glass and dust.
With these tools we can calculate optimum tilt and orientation angle for
solar collector in general. In case of photovoltaic systems the ability of PV-
system to transfer radiation into electricity needs to be taken into account.
In following sections we present methods for that.

7.1 One diode equivalent circuit model

Solar cells have p-n-junction and it can be considered as a kind of diode.
When there is no radiation on a solar cell it can be described as a diode.
Electrical behavior of solar cell, which is under illumination conditions, can
be described with the circuit in fig 17 [6]. Current Ipj is so called photo
current and it is dependent on radiation.

N —
I
Vi Vv
)
I v
2 = '}

Figure 17: One diode circuit equivalent solar cell that is under illumination

[6]

In practical case charge carriers suffer a voltage drop through the p-n-
junction of a semiconductor. The voltage drop can be described with the
series resistance Ry in figure 18 . Also, there is a small current leak involved
in edges of the solar cell. That can be described with parallel resistance R,
in figure 18.

Using Kirchhoff’s first rule on figure 18 circuit we get

O=1Ipp—Ip—1Ip—1 (55)

Using symbols from figure 18 diode current Ip can be expressed as Ip =
Is(exp(Vp/mV;) — 1) where Ig is the diode’s saturation current, m is the
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Figure 18: One diode equivalent circuit with parallel and series resistances

[6].

diode factor and V; is the thermal voltage [6] which can be calculated using
equation V; = kT'/e, where k is the Boltzmann constant, e is the elementary
charge and T is temperature in Kelvins [4]. It can be seen from figure 18 that
the parallel current can be expressed as Ip = Vp/Rp and Vp = V + I Rg.
Thus the equation 55 comes out in a form of

I I
OI[ph—[S(eXp<V;;—‘/‘RS>—1>—V%P‘RS—[ (56)
t

This equation is a general form that describes pretty well electrical behavior
of a solar cell. Unfortunately, it is a little troublesome to use because of it’s
implicit form and in practice iteration methods are needed for solving it.

Parallel resistance can not be solved using only the data typically pre-
sented in manufacture’s data sheet. On the other hand, we know that parallel
resistance is relatively high (size scale of ohms) compared to series resistance
(size scale of milliohms) [6]. Thus, the effect of parallel current is negligible
[4].

We also know that photo current is approximately equal to short circuit
current, Isc ~ Ip, [4], [6].

These assumptions will give to equation 56 a form of

V + IR
[ =1Igc— ]S<exp (%) - 1) (57)
t

When cell’s current is zero, cell is operating under open circuit condition.
Thus, we get open circuit voltage from equation 57 so that

I
Voo = mV, m(% + 1) (58)
S
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Solving saturation current from equation 58 we get

Isc

Voc
exp (mVT) —1

Adding equation 59 in equation 57 we get

(V+]RS)
exp| ——— | — 1

exp @ -1
mVT

Constant m in equation 60 is a diode factor. Here we use as a diode factor
the ideal diode factor that is m = 1. That is adequate for describing the
I-V behavior of solar cell even if it slightly overestimates the I and the V [4].
This being the case

Is =

(59)

I =1Isc—1Isc

I —
%150|:1—€Xp(v+ T‘)Rij/ VOC)‘| (60)
t

v (61)
This equation describes I-V behavior of a solar cell [4]. Comparing to equa-
tion 56 the equation 61 is still implicit and thus cumbersome to use but on
the other hand all parameters in it can be approximated using information
of solar cells from manufacturer data sheet and information about radiation
and weather conditions [4].

In many cases solar cell’s open circuit voltage Vp¢, short circuit current
loc, operation voltage at the maximum power point Vy;pp and operation
current at the maximum power point [y;pp are given under standard test
conditions (STC) by manufacture’s data sheet. Series resistance Rg is tem-
perature dependent but its temperature dependence is neglectible [6]. Refer-
ence [4] suggest that Rg is unaffected by the operation conditions. Thus we

can estimate Rg from equation 61 in all radiation and weather conditions to
be

I —
szscll—eXp(v+ RS VOC>:|

Voc,stc — Varste + Vi ln (1 - M)
R — SC,STC (62)
Iy ste

where subscript STC refers to data at standard test conditions, which can
be found from manufacture’s data sheet. Thermal voltage V; can be found
by using (273.15 + 25) K as a temperature 7' which is temperature under

standard test conditions.
To define I-V characteristics of solar cells using equation 61, the parame-
ters Voo and Ig¢ are also needed. Methods to find them under real operation

conditions are presented in the following sections.
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7.2 Short circuit current /gc under real operation con-
ditions

Short circuit current is dependent on cell temperature. Increase in cell tem-
perature causes increase in short circuit current. Dependence can be ex-
pressed with temperature coefficient value for current a; which usually can
be found from manufacture’s data sheet. The temperature dependence for
current (TDy) can be expressed with following equation

TDI =1+ C([(Tc - TSTC) (63)

where T, is a cell temperature and Tsp¢ is the temperature at standard test
conditions, that is 25°C' [6]. Typical value-range for a; is between 1073 /°C
and 1074/°C.

Short circuit current is also dependent on irradiation. The dependence is
linear as figure 19 demonstrates.

Voc

Open circuil vollage
Short circuit current

Ige

p-| Radiation

Figure 19: Typical Is¢ and Ve response of a solar cell against radiation [5].

With adequate accuracy linear dependence can be expressed as

Ge
Isc = Iscsrc (G;i) (64)
T

where G5y is effective irradiation on solar array, Ggr¢ is irradiation at stan-
dard test conditions, that is 1000 W/m? and Isc src short circuit current at
standard test conditions, that can be found from manufacturers data sheet
[9].

In reference [12] is a presentation that takes into account the effect of
solar cell’s spectral response in short circuit current. In this presentation
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Geyr from equation 64 can be replaced with the following equation

Gepr = Gofy + Gafa+ G fr (65)
where f;, f; and f, can be found from equation

Empirically adjusted parameters a, b and ¢ take into account the different
irradiation components. For monocrystalline solar cell the parameters can
be found from table 7, for polycrystalline solar cell the parameters can be
found from table 8 and for amorphous silicon solar cells the parameters can
be found from table 9.

Table 7: Empirical factors to estimate spectral response of a monocrystalline
solar cell [12].

Hy Hq H,
a —3.13x107" —882x107' —244%107"
b 524%107° —2.04%10"% 1.29%107°
c 1.029 0.764 0.970

Table 8: Empirical factors to estimate spectral response of a polycrystalline
solar cell [12].

Hy Hy H,
a —3.11%x107" —9.29%107" —2.70%10"
b 626%x107% —192%1072 1.58 %1072
cC 1.029 0.764 0.970

Table 9: Empirical factors to estimate spectral response of a amorphous
silicon solar cell [12].

H, Hg H,
a —222%107! —7.28%107t —2.19x% 10!
b 9201072 —1.83%1072 1.79%1072
C 1.024 0.840 0.989

Summarizing the temperature effect and the spectral effect in equation
64 we get

(67)

Gofo + Gafa+ G, f;
Isc = Iscsrell + ar(T. — Tsre)] ( vfo afa J >

Gsrc
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7.3 Open circuit voltage under real operation condi-
tions

Open circuit voltage is temperature dependent. Increase in cell’s temperature
causes a decrease in cell’s open circuit voltage. The temperature dependency
(TDy) can be expressed as

TDV =1+ Oév(Tc - TSTC’) (68)

where ay is temperature coefficient for voltage and Tsr¢ is the temperature
at standard test conditions, that is 25°C' [6]. The temperature coefficient ay
can be found from manufacturer’s data sheet. Typical value-range for ay in
case of silicon solar cell is between —3 x 1073 /°C and —5 * 103/°C [6].

Irradiation level has also effect on open circuit voltage. It seems that
higher irradiation causes higher open circuit voltage. Unlike in case of the
short circuit current the dependence is not linear. Using the equation 64
and by making the assumptions that Iscsre/Is > 1, we can derive from
equation 58 irradiation effect on open circuit voltage. The derivation has
been done in reference [9] and the result is

G.
Voc = Voo,stc + mV; IH(G i ) (69)
src

where G,z is an effective irradiation. This logarithmic dependence of irradi-
ation is derived from equations based on one diode equivalent circuit model.
Even though one diode model is the best we can have if we want to use
input data only from the manufacture’s data site, its weakness is solar cells
behavior under low irradiation conditions. References [4] and [9] report that
irradiation level dropping under 200 ¥//m? can cause significant drop in open
circuit voltage.

At low irradiation conditions recombination rate in p-n junction starts to
play a significant role [9]. If photo-current drops near to the recombination
current, the open circuit voltage suffers a significant drop. Figure 19 illus-
trates the open circuit voltage behavior at different irradiation levels. One
diode model does not take into account the open circuit voltage drop at low
irradiation levels.

Reference [9] suggest to add second logarithmic term in equation 69 to
fix the low irradiation behavior problem in one diode model. Unfortunately,
the logarithmic term includes two parameters which need to be found out
empirically. In essence of this study we can not use the term. Reference
[4] and reference therein [18] suggest a similar type of two-logarithmic term
that also includes two unknown parameters which need to be found out
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empirically. In this case generally adequate values for these parameters were
given and for that reason we use the two-logarithm term in this thesis. This
being the case, irradiation level has an effect (IE) on open circuit voltage
that can be described as

Geff) < Geyy )}

IE=|1+ ln( In{ —— 70
{ poc Goc Gere (70)
where Gy is effective irradiation on solar collector and empirically adjusted
parameters poc and Goc can be approximated to be as —0.04 and Ggrc

respectively. Figure 20 illustrates the relative effect on open circuit voltage
with respect of irradiation.

IE

T2 f e ............. ............ ‘ ......... __—VDI:_

IE ¢ Mormalized open circuit voltage

il 200 400 600 Goa 1000 1200

Irradiation in Wem®

Figure 20: Effect of irradiation on normalized open circuit voltage in case of
equation 69 using m = 1 (upper curvature) and in case of equation 70 (lower
curvature).

Now we have the tools to calculate open circuit voltage dependence by
using temperature and irradiation. The equation is

VOC = VOC,STC’ * TDV * [E

= Vocsrcll + av (1. — Tsrc)) [1 + poc [hl( Cery )] 2] =

GSTC

where Voc grc is solar modules open circuit voltage at standard test condi-
tions which can be found from manufactures data sheet.
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7.4 Cell temperature

Information about cell temperature is needed for calculating short circuit
current Is¢, open circuit voltage Vpe and thermal voltage V;. Some methods
for finding cell temperature are presented next.

7.4.1 Using NOCT

Ambient temperature and irradiation have effect on cell temperature. The
effect can be described with following equation

Tenocr = Ty + CiGeyr (72)

where T yocr is the cell temperature, T, is the ambient temperature, G.s¢
is the effective irradiation on surface and constant C; is
o NOCT(°C) —20

T 800W/m?

(73)

where NOC'T is normal operating cell temperature and generally can be
found from manufacturer’s data sheet [4]. Typical value is in range of 42°C
to 46°C. When NOCT is unknown approximation C; = 0.030°C'/(W/m?)
is reasonable [4]. When using NOCT value from manufacturer’s data sheet
it is expected that air can flow from the front and the back side of the solar
module. If only partial flow from back side is allowed, NOCT can rise 17°C
and if back side is fully restricted from airflow, like in the case of some roof
installations, NOCT can rise 35°C.

7.4.2 Using wind speed

Wind speed has also effect on cell temperature. Luque et al. [4] referring to
Ref. [19] suggest that it can be expressed as

G
Tc,wind = Tm + el AT (74)
Gsre
where T,, is back surface temperature of solar module and can be expressed
as

G.
T =Ty + =Ly exp(b * ug) + To] (75)
Gsre

where ug is the wind speed. Empirically adjusted parameters AT, Ty, T3,
and b can be found from table 10.
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Table 10: Empirically adjusted parameters for calculating effect of windspeed
on cell temperature [4].
Type T1(°C) Tx(°C) b AT (°C)
Glass/cell/glass  25.0 82  -0.112 2
Glass/cell/tedlar ~ 19.6 11.6  -0.223 3

7.5 Power generated

Figure 21 illustrates typical V-I behavior of a solar cell. When voltage is
zero solar cell operates at its maximum current, that is Isc. When current
is zero solar cell operates at its maximum voltage, that is V. Short circuit
current Isc and open circuit voltage Voo varies depending on the type and
the quality of the solar cell and also by the aspects mentioned in sections 7.2
and 7.3. Solar cell’s parallel resistance Rp and series resistance Rg have effect
on curvature sharpness but shape of the curvature is pretty much standard

6].

current

voltage Voo

Figure 21: Typical current voltage behavior of a solar cell [7].

Equation 61 gives the type of solutions that figure 21 present. Generally,
we know that electrical power is a product of current and voltage, P = I'V.
In case of a solar cell how can we know which I in range of 0 to Isc and
which V' in range of 0 to Vo to choose to calculate the power? We can find
the answer for the question by investigating the inventer system under which
PV-system is working.

If inventer system is so called buck converter it works at constant voltage
load (see fig. 22) [6]. In this case solar sells operation voltage V' can be
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chosen to be same as inverters voltage load. In case of figure 22 that would
be Vi. Now operating current for that certain voltage can be calculated using
equation 61 and further more the operating power.

35 Vy=138V
E=1000 W/m? g & 759C
9 sl ]
9 =25°C
< 25
£
=
e 2
3
O
o 1.5
3 E =400 W/m? 9 =25°C
g
1
0.5
0 ;
0 5 10 15 20 25

Module voltage in V
Figure 22: Illustration of buck converter’s constant voltage load [6].

More common and definitely better inventer type is the so called max-
imum power point tracker. MPP tracker finds and operates at the voltage
where product of IV generates its maximum value [6]. The point is called
as maximum power point, MPP.

Solar cell V-I behavior and product of I and V are presented in figure 23.
In case of figure 23 MPP tracker type of inventer would operate at voltage
that is Vi pp. That certain operation voltage is called maximum power
point voltage and we can find maximum power point current Iy;pp by using
equation 61. Product of Iy;pp and Vy;pp gives the maximum power point
power Py pp which we assume to be the solar cells operation power. We
can generalize this in the following way: When assuming PV-system working
under MPP tracer type of inventer we can define system power Py;pp using
the equation 61 in a following way

V+I1Rs — Vpoeo
Vi

I = ISC |:1 —GXp(

P=1V
PMpp = HlaX(P)

(76)
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Figure 23: Solar cell’s V-I and V-P behavior [6].
8 Results

8.1 Case Pitajanmaki

In this section I have calculated the theoretical yield of solar array planned
in Pitdjanmaki. At the end of this section the yield is calculated for a range
of tilt and orientation angles to find out the tilt and orientation angles that
lead to the greatest yield.

8.1.1 Example calculation: radiation on tilted surface

To illustrate the calculation method described in this thesis, the day of
07.08.2007 is chosen to be an example day. To receive final results, all the
days from the three year data are calculated similarly like the example day.
Day 07.08.2007 have been chosen randomly just to illustrate the steps of the
whole calculation.

The day number for this example day is n = 189 and thus the declination
for this day using equation 1 is § = 23.448°. The direction of our example
solar collector was chosen so that its orientation angle v = 20° and its tilt
angle § = 30°. The organization which is planning to build up the solar
array informed us that collectors are needed to be orientated 20° from south
to west. For this reason the orientation angle for the example calculation
was chosen to be v = 20°. On the other hand, the sales manager of Sulwind
Gylling Oy was informed by an expert that the optimum tilt angle for this
array might be 30°. For this reason the tilt angle for this example calculation
was chosen to be 5 = 30°.
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The hours of the example day are presented in column 7'O in table 11 so
that given hour is a starting point of the measured hour. For example hour
14 represents data which is measured from 14:00 to 15:00.

Global radiation, diffuse radiation, average ambient temperature and av-
erage wind speed for the given hour are in columns H,, Hy, T, and ug,
respectively. These parameters are from the data of FMI and thus radiation
parameters are for horizontal surface. Beam radiations are calculated as the
difference between global and diffuse radiations, H, = H, — Hy.

Hour angles are in column w; and they were calculated using equation
4. Subscript 1 tells that the given hour angle is the starting point of the
measured hour. Some equations require ws which is the ending point of
the measured hour. However, it can simply be calculated as follows: wy =
wi + 15°. Solving ws for the last hour of the day from the equation, gives
an incorrect value. However, we ignore this because the last hour of the day
is at midnight and at that time no radiation occurs. Some of the equations
require parameter w and the middle points of the measured hours are chosen
as values for these parameters. Thus w = w; + 7.5°.

Extraterrestrial radiations on horizontal surface for each hour are cal-
culated from equation 13 and are in column H, and the clearness indices
are calculated using equation 14 and are in column k7. Unsteady weather
conditions of our example summer day can be seen in the clearness indices.
The values higher than 0.8 represent clear sky, the values below 0.22 rep-
resent heavily over-casted sky and the values between these two represent
the intermediate sky conditions. Extraterrestrial radiations are negative at
solar night hours and they give a negative value for clearness indices at solar
night hours. Negative clearness indices are not listed in table 11 and they
are replaced with zeros.

If for some reason Hgopar,nor > Ho then clearness index gets a value higher
than one. These are unphysical situations and in these cases kr are chosen to
be one. Hour 20 in table 11 represents this kind of situation. In overall data
the situation Hgoparnor > Ho happens only during sunset and sunrise hours.
At these hours radiation is relatively small and thus the effect of uncertain
clearness index is neglectible.

In columns cos @ and cos 6, are values which are solved from equations 5
and 6, using values from tables 1 and 11 and parameters 0 = 23.448°, 5 = 30°
and v = 20° . Values in column R} were calculated using equation 19 except
for sunrise and sunset hours using equation 20.

Clearness € was calculated using cosf, in equation 26. Atmospheric
brightness A was calculated using equation 29 using equations 9 and 10.
Clearness and atmospheric brightness are in columns € and A. Using clear-
ness € the correct values were found for brightness coefficients fi1, fi2, fis,

45



fa1, foo and fo3 from table 5. Values in columns F; and Fy of table 11 were
calculated using equations 27 and 28 with A, fi1, fi2, fi3, fo1, fo2 and fo3.

Table 12 displays radiation components and total radiation on tilted sur-
face for each hour using values from table 11 and a value of p = 0.2 as ground
reflectance. Results were solved using equation 33. Ground reflectances for
other days were chosen so that p = 0.2 for average thermal summer and
p = 0.7 for average thermal winter according to table 1.

When we examine columns Hp, and Hy in table 12 we can note that
Hr,:s are about the 10% times smaller than Hy:s. That confirms the in-
significant role of Hp, in Hy and at the same time it reveals that using
general values from literature as ground reflectance p instead of estimating
the precise one for the current location makes no difference in overall results.

8.1.2 Example calculation: effect of shading, glass cover and dust

The effect of shading is shown in columns SE;, and SE. of table 13. If the
profile angle «, is lower than the reference angle, that is « in the case of beam
radiation and «s in the case of circumsolar diffuse (see fig 12), at the starting
point of the measured hour w; and at the end of the measured hour wy then
the shading effect (SE) equals zero. The shading effect equals zero also when
the sun is underneath the horizon during the whole measured hour. If the
profile angle is greater than reference altitude during the measured hour then
the shading effect (SE) equals one.

When the profile angle has gone past the reference angle during the mea-
sured hour the shading effect has been chosen to be the relative time that
the profile angle has been higher than the reference angle during the hour of
issue. In case of beam radiation SE;, = (w, — w1)/(w2 — wy) when the sun is
setting down and SE;, = (w2 — w,)/(ws — wy) when the sun is rising. In case
of circumsolar radiation SE.s = (wp2 —w1)/(w2 —wi) when the sun is setting
down and SE = (ws — wpz)/(w2 — wy) when the sun is rising. The so called
shading moment angle w, is the hour angle for the moment when the profile
angle meets the reference angle o and wys is the hour angle for the moment
when the profile angle meets the reference angle as. The shading moment
angles w, and wy, o are estimated from equation 7 iteratively using equations
1, 6 and 8.

The profile angles for measured hour can be found from equation 7 and at
the starting points of measured hours they are in the column «,; and at the
ending points of measured hours in the column oy, 5 in table 13. Reference
altitudes according to equations 35 and 36 are o = 13.2° and ay = 5.56° in
the case of one meter high solar collector, tilted at § = 30° with the row
distance of three meters.
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Table 12: Radiation components to tilted surface (8 = 30° and v = 20°)
on 7:th August 2007, using as a ground reflectance p = 0.2. All H:s are in
kJ/m?.

TO HT,b HT,z'so HT,cs HT,hz HT,r HT

0 0 0 0 0 0 0
1 0 0 0 0 0 0
2 0 9 0 1 0 10
3 0 20 0 -1 1 50
4 0 104 0 -5 2 101
5 1 243 0 -10 4 238
6 3 360 7 -14 5 362
7 7 500 25 -19 8§ 521
8 18 783 108 -27 13 895
9 13 637 95 -22 10 692
10 91 1089 289 -34 20 1456
11 823 786 589 10 27 2235

12 195 636 192 -10 13 1026
13 1713 452 607 47 30 2851
14 2386 353 464 52 34 3290
15 627 410 271 19 15 1342
16 1236 503 313 21 24 2098

17 822 299 125 27 16 1290
18 143 156 45 14 6 363
19 0 73 0 -2 1 72
20 0 16 0 -33 0 0
21 0 0 0 0 0 0
22 0 0 0 0 0 0
23 0 0 0 0 0 0

Relative transmittances for isotropic diffuse, horizontal diffuse and ground
reflectance are functions of § and dirtiness level from table 6. In this case
dirtiness level is chosen to be Medium and tilt angle 3 = 30°. Thus, rela-
tive transmittances for above mentioned radiation components are FT;,, =
0.9315, FTy, = 0.9154 and FT, = 0.7163. Relative transmittances for beam
radiation components and circumsolar radiation components are the same
FT,, = FT., which is explained in section 6. The parameters FT}, and FT
are functions of cos# and thus they vary at every hour. Values for FT}, and
FT. are calculated using equation 49 and are in the column FTL&FT. of
table 13.
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When examining the table 13 it seems like SE;, and SE. have no effect
because FT}, and FT s are nonzero only when SE = 1, which is true for this
given day and given tilt and orientation angle. For example a higher tilt
angle would give less zeros in F'T column and more zeros in SE columns, and
a lower tilt angle would give less zeros in SE columns and more zeros in FT
column. In other words, as the chosen tilt angle is near to the optimum tilt
angle(we will find out that later) FE and SE get nonzero values pretty much
at the same hours.

Table 13: Values that describe effect of shading, glass cover and dust. The
parameters oy, ; and «, 2 are in degrees.

TO ap 1 Qp 2 SEb SECS FTb&FTCS

0 7.28  5.22 0 0 0
1 522  1.74 0 0 0
2 1.74  3.70 0 0 0
3 3.70  12.18 0 0.738 0
4 1218 25.66 0.907 1 0
5  25.66 46.22 1 1 0.219
6 46.22 T71.67 1 1 0.713
7 71.67 86.23 1 1 0.896
8 86.23 T71.34 1 1 0.962
9 T71.34 61.97 1 1 0.986
10 61.97 55.98 1 1 0.995
11 55.98 52.14 1 1 0.999
12 52.14 49.79 1 1 0.999
13 49.79 48.74 1 1 0.997
14 48.74 49.17 1 1 0.991
15 49.17 51.96 1 1 0.975
16 51.96 60.04 1 1 0.932
17 60.04 84.83 1 1 0.812
18 84.83 38.43 1 1 0.485
19 3843 6.55 0.674 1 0
20 655 3.65 0 0.061 0
21 3.65 7.20 0 0 0
22 720 8.03 0 0 0
23 8.03 803 0 0 0

Table 14 shows radiation components and total radiation on tilted solar
collector for each hour when taking into account shading effect, glass cover
and dust. Results were solved from equations 45 and 53 using values from
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previous tables in this section.

Table 14: Effective radiation components on tilted solar collector. H:s are in

kJ/m?.

TO Hrpshrr Hrisoshrr Hresshrr Hrpeshrr Hrpsnrr  Hrsnrr

0 0 0 0 0 0 0
1 0 0 0 0 0 0
2 0.0 7.8 0.0 0.0 0.0 7.8
3 0.0 44.2 0.0 0.0 0.0 44.2
4 0.0 90.9 0.0 -0.1 0.0 90.9
) 0.1 213.6 0.1 -0.2 0.0 213.7
6 1.9 316.5 4.9 -0.3 0.1 323.2
7 6.3 438.8 22.1 -0.3 0.1 467.0
8 17.2 687.4 100.6 -0.5 0.2 805.0
9 12.5 559.0 22.7 -0.4 0.1 623.9
10 88.2 956.4 278.8 -0.6 0.3 1323.0
11 797.0 690.4 570.7 0.2 0.4 2058.6
12 188.9 558.4 185.7 -0.2 0.2 933.1
13 1657.7 397.0 587.4 0.8 0.4 2643.4
14 2293.9 309.8 446.4 0.9 0.5 3051.5
15 593.3 359.8 255.8 0.3 0.2 1209.4
16 1116.8 442.1 283.0 0.4 0.3 1842.6
17 647.7 262.8 98.7 0.5 0.2 1009.9
18 67.0 137.0 21.0 0.2 0.1 225.3
19 0.0 64.4 0.0 0.0 0.0 64.4
20 0.0 13.9 0.0 -0.6 0.0 13.3
21 0 0 0 0 0 0
22 0 0 0 0 0 0
23 0 0 0 0 0 0

8.1.3 Example calculation: photovoltaic generation

To find photovoltaic yield we need to calculate the open circuit voltage and
short circuit current at operating point. Isc and Vpe can be found from
equations 67 and 71 but they require parameters Gerr/Gsrc, where Gy is
an effective irradiation on solar collector and Ggrc an irradiation at standard
test conditions, which is 1000 W/m?2. Effective irradiation on solar collector
during one hour is averagely same as effective radiation on solar collector

50



during one hour divided by 3600s, G.rs = Hesr/3600s. In our case effective
radiation on solar collector is Hy 4, pr from table 14 and thus G.sr/Gsre =
(Hess/36005)/Gsre = Hrsppr/(1000 W/m? % 3600 s). These values are in
table 15 in column G.sr/Gsre.

To calculate Voo and Igc we also need to know the cell temperature.
Cell temperatures were calculated using two different theories. Cell tem-
peratures from equation 72 were solved using NOT'C = 46°C' (table 2),
Gefs = Hrspnpr/3600 s (table 14) and T, (table 11) values. Cell tempera-
tures are listed in column T; yocr in table 15. Using NOCT value straight
from manufacturers data is in this case reasonable because the whole solar
array is planned to be build on stands and thus air can flow freely on both
sides of the solar collectors.

Cell temperatures from equation 74 are listed in column 7, ,,;nq. Ambient
temperatures T, here are also from table 11, same as wind speeds ug. Rest of
the required values can be found from table 10 and table 15. Back surface of
the Swedmodule GPV200 solar module is made of Tedlar (see table 2) [Ap-
pendix 2]. Thus we can use values for Glass/cell/tedlar in table 10. Averages
of these cell temperatures found in two different ways are in column 7. in
table 15. These values are used as cell temperature in further calculations.

Operating open circuit voltages are calculated using equation 71. Values
Vooste = 36.6 V, ay = —0.0034/K and Tsre = 25°C were taken from
table 2. The parameter poc = —0.04 as it has been described in section 7.3.
Results are in column V¢ of table 15. Equation 71 gives negative values for
Voc at really low radiation conditions which happens when G.sr/Gsre S
0.007. Those values have been chosen to be zero because it is unrealistic to
assume solar array acting as a energy consumer because of low irradiation.

Operating short circuit currents calculated using equation 67 are in col-
umn Ig¢ of table 15. Equation 67 requires values for Isc sre, oy and Tsre
and the values can be found from table 2. Values for 7T, can be found
from table 15 and values for H,, H; and H, can be found from table 14
so that H, = HT,b,sh,FTa Hy = HT,iso,sh,FT + HT,cs,sh,FT + HT,hz,sh,FT and
H, = Hrp,snpr. Equation 67 also requires values fp,f; and f,. They can
be found from equation 66 using the data of table 8 since the type of solar
module system in issue is polycrystalline. Equation 66 also requires values
for clearness indices kr. They can be found from table 11.

Before we can calculate the operation powers of solar module we need one
more parameter and that is the series resistance of solar module. That can be
found from equation 62 using values from table 2. When calculating Rg from
equation 62 it has to be remembered that there is 60 solar cells in the GPV200
module. The assumption is that all solar cells in the GPV200 module are in
series and thus we use as a diode factor m = 60 - (diode factor). We do not
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have the information about diode factor of solar cell in the GPV200 module.
On the other hand, reference [4] claims that it is reasonable to use diode
factor = ideal diode factor = 1 in this kind of calculations. Thus m = 60
and using this we receive the result Rg = 0.515 Q [4].

Maximum operating powers of solar module were solved from equation
76 iteratively and they are listed in table 15 in column Py, pp. If we compare
this column to column H, from table 11 we note that only radiation in scale
of 100 kJ/m? in hour can cause reasonable power output from PV-system.
Maximum Watt-peak power which is same as the operating power at standard
test conditions can be found from manufacturers data [Appendix 2] and it
is 203.3 W. All operating powers in column P,;pp are much smaller than
watt peak power which describes the feebleness of real operating conditions
compared to standard test condition.

As it was planned to have the total of 700 modules in the whole solar
power plant system, the total energy output for each hour is Ejgy, = 700 -
Pyrpp - 3600 s. Those values are listed in the column Ej,,, of table 15.

Now we can calculate the total energy production for whole day (07.08.2007)
and that is Eguy = > a_ Bnouwr = 2.276 G.J.

8.1.4 Final result: tilt and orientation angle effect on yield

There was the total of 1096 days in the data from Finnish Meteorological
Institute (years 2007-2009). Matlab software [15] was used to calculate Egq,
for all of the days, in the same way as it has been described previously in this
section. The total energy production for all the three year is FEogg7_2009 =
chlng:l Fiay = 1.489 T'J. This result was received using the tilt angle 8 = 30°
and the orientation angle v = 20°. Thus we define labeling Foqo7_2000(5 =
30°,v =20°) = 1.489 T'J.

When doing these calculation all over again with different tilt angles,
in range of 8 = [0,90°] and with different orientations, in range of v =
[—90°,90°] we receive Fagor—_2000(3,7). The result can be described best with
following 3D graph in figure 24.

Top of the mountain is 1.507 T'J high and its coordinates are g = 28.6°
and v = 0.1°.

The starting point requirement for orientation was that the rows needed
to be orientated in a direction of v = 20°. Cross-section from figure 24 at
point v = 20° is illustrated in figure 25. The top of cross-section is at the
height of 1.489 T'J and it can be received with tilt angle § = 28.5°.
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Table 15: Parameters to calculate total energy output of PV array and total
energy output of PV array for each hour. T, yocr, T wina and T, are in °C'.
Voo isin V, Isc isin A, Pypp is in W and Ej,, is in M J.

TO Ger/Gsre Tenvoor Tewina  Te Voo Isc Pupp  Ehour

0 0 15.3 15.3 15.3 0 0 0 0
1 0 15.3 15.3 15.3 0 0 0 0
2 0.002 15.2 15.2 15.2 0 0.00 0 0
3 0.012 15.7 156 156 85 0.11 0.5 1.3
4 0.025 15.9 15.7 158 17.3 0.24 2.9 7.3
) 0.059 17.1 169 17.0 25.6 0.55 109 275
6 0.090 18.3 17.8 18.1 28.8 0.83 18.8 474
7 0.130 20.0 19.3 19.7 31.0 1.18 29.1 733
8 0.224 24.3 22.8 23.5 335 1.88 49.9 125.6
9 0.173 22.6 21.8 222 324 159  40.8 102.9
10 0.368 30.0 28,5 293 346 285 774 195.0
11 0.572 38.6 35.0 371 347 421 111.2 280.2
12 0.259 26.3 244 254 339 227  60.7 152.8
13 0.734 42.7 39.8 412 344 526 1352 340.8
14 0.848 48.7 43.7 46.2 339 5.82 144.8 365.0
15 0.336 30.5 273 289 344 265 71.6 180.4
16 0.512 36.7 33.3 35,0 34.7 3.28 88.4 2228
17 0.281 28.9 26.3 276 339 1.88 50.7 127.7
18 0.063 20.3 19.8 20.0 25.8 0.46 9.1 230
19 0.018 17.5 173 174 13.2 0.14 1.2 3.1
20 0.004 16.1 16.1 16.1 0 8.34 0 0
21 0 15.5 15.5 155 0 0 0 0
22 0 15.3 15.3 15.3 0 0 0 0
23 0 14.8 14.8 14.8 0 0 0 0

8.2 Case Viitasaari

Similar calculations were done for the Viitasaari solar array. The exceptions
in the calculation methods compared to previous section are brought out
in this section. The day of 01.09.2008 (n=254) was chosen as a day to
demonstrate calculation methods. The results in sector of radiation are in
table 16. Data in columns 7’0 and H,(L) was taken straight from University
of Jyviskyld database. The values for radiation in column H,(L) are in units
of Langley. They are converted to kJ/m? by factor 41.840 kJ/Langley - m>.
The results are in column H, of table 16.

The hour angles were calculated using equation 4 and the summer time
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Figure 24: Function of Fag7_2000(,7) for Pitdjanmaki.

was taken into account so that AO = 1 and the winter time so that AO = 0.
The hour angles are in column w; representing the starting point of the
measured hour.

The main difference between calculations for Pitdjanmaki and Viitasaari
is that there is no diffuse radiation data available from Viitasaari. Thus, we
do not know the difference between diffuse and beam radiation on horizontal
surface. With our initial values we can calculate extraterrestrial radiation
on horizontal surface using equation 13 and with that information clearness
index using equation 14. Those parameters are in columns H, and kp re-
spectively.

Negative H, values represent extraterrestrial radiation when sun’s posi-
tion is underneath horizon. Those values give negative clearness indices. In
the sense of clearness index definition these values are not realistic. Thus,
all clearness indices are limited so that 0 < k7 < 1. In overall data these
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Figure 25: Function of Fagg7_2000(3,7 = 20°) for Pitajanmaki.

exceptions occur sometimes in the first and last measured hour of the day. In
those cases the sun was theoretically beneath the horizon but measurement
system was still receiving some radiation. In this kind of situation choos-
ing kr to be zero is reasonable since k; = 0 means that all measured global
radiation is considered to be as diffuse radiation in calculations (see fig 6).

By using clearness index kr we estimated diffuse radiation on horizontal
surface using equation 15. Results are in column H; of table 16. Beam
radiations on horizontal surface are H, = H, — H; and they are in column
Hb-

Figure 26 is here to demonstrate the way equation 15 works. All four
curvatures were drawn using data from table 16. Clearly the morning was
clear and the noon was cloudy during the example day. In the morning
global radiation is near to extraterrestrial radiation and at noon it is much
below the extraterrestrial radiation. Because in the morning there is a lot of
global radiation equation 15 expects there to be a lot of beam radiation. At
noon there is little global radiation compared to extraterrestrial radiation so
equation 15 expects it all to be almost entirely diffuse radiation.

Because solar array in Viitasaari is tilted at § = 5° and orientated at
~v = 0 we use these values to calculate radiation components on tilted surface
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Table 16: Horizontal radiation components from Viitasaari at 10.09.2008.
H:s are in kJ/m? except H,(L) which is in Langley.

TO w1 Hg(L) Hg HD kT Hd Hb
0 -198.35 0 0 -1865 0 0 0
1 -183.35 0 0 -1898 0 0 0
2 -168.35 0 0 -1783 0 0 0
3 -153.35 0 0 -1526 0 0 0
4 -138.35 0 0 -1146 0 0 0
5 -123.35 0 0 -667 0 0 0
6 -108.35 0.93 39 -124 0 39 0
7 -93.35 6.36 266 448 0.595 120 146
8 -78.35 14.56 609 1008 0.604 262 347
9 -63.35  23.30 975 1520 0.641 342 633

10 -48.35 29.95 1253 1948 0.643 435 818
11 -33.35 39.33 1646 2263 0.727 339 1306
12 -18.35 50.39 2108 2443 0.863 348 1760
13 -3.35 2390 1000 2476 0.404 834 166
14 11.65 1526 638 2361 0.270 616 22
15 26.65 13.19 552 2104 0.262 535 17
16 41.65 1426 597 1724 0.346 542 25
17 56.65 12.29 514 1245 0.413 422 92
18 71.65 8.63 361 702 0.514 227 134
19 86.65 2.30 96 130 0.738 19 78

20 101.65 0.07 3 -430 0 3 0
21 116.65 0 0 -942 0 0 0
22 131.65 0 0 -1370 0 0 0
23 146.65 0 0 -1685 0 0 0

on our example day. Results can be seen from table 17. The value of p = 0.2
was used as ground reflectance. In overall data a ground reflectance p = 0.2
was used when the day was at thermal summer and p = 0.7 when the day
was at thermal winter according to table 3.

To calculate relative transmittances dirtiness level high from table 6 were
used. It has been chosen high because no proper service was established to
Viitasaari solar array. Relative transmittances for the beam and the cir-
cumsolar radiation components are in column FTy, of table 17. For chosen
tilt angle relative transmittances for isotropic diffuse, horizontal diffuse and
ground reflectance are FTi,, = 0.896, FT, = 0.283 and FT, = 0.166 respec-
tively.
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Figure 26: Extraterrestrial, global, beam and diffuse radiation on day
10.09.2008 from Viitasaari

In Viitasaari case no shading effect occurs. The whole solar array is on a
flat plane which eliminates the self shading. There is a lake in the front of
the solar array which causes no shading effect either. Effective radiation on
solar array was calculated by taking only into account the effect of the glass
cover and the dust. The results are in column Hp g of table 18.

In columns 7, and ug of table 18 are the average ambient temperatures
and wind speeds from the data base of the University of Jyvaskyla. Those
values and the values from tables 4, 9 and 17 were used to calculate the
operating open circuit voltage and short circuit current, which can be found
in columns Vpo and Isc. NOCT value to calculate cell temperature was
not found in the manufacturer’s data sheet. Thus, we use the average one
which is 44°C' especially because air can flow on the both sides of solar
modules. Maximum power point powers are in column Py;pp. There is a
total 154 modules installed in solar array. The number of modules was used
to calculate energy produced by whole solar array during the measured hours.
Results are in column FEj,,,,.
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Table 17: Radiation components on tilted surface (f = 5° and v = 0) and
relative transmittance for beam and circumsolar diffuse radiation components
for Viitasaari at 10.09.2008. H:s are in kJ/m?

TO HT,b HT,iso HT,cs HT,hz HT,T HT F‘Tb

0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0
) 0 0 0 0 0 0 0
6 0.0 3838 0.0 -04 0.0 38.5 0.000
7 150.2  97.0 23.6 1.6 0.1 2724 0.303
8 383.9 188.8  80.7 25 02 656.1 0.587
9 7129 226.1 1304 5.2 04 10749 0.748
10 9294 2749 181.0 4.7 05 1390.6 0.836

11 1489.3 1929 166.7 70 0.6 1856.6 0.882
12 2011.0 188.2 182.0 7.3 0.8 2389.2 0.903
13 189.3 663.5 193.7 -2.0 0.4 1045.0 0.907
14 25.1 566.5 558 -3.5 0.2 644.2 0.894
15 194 4956 435 -3.1 0.2 555.7 0.860
16 61.9 4534 993 -16 0.2 613.2 0.794
17 103.3 329.3 102.7 0.0 0.2 53355 0.671
18 1447 1744  56.4 1.5 0.1 377.2 0.450
19 674 14.1 1.0 0.6 0.0 83.0 0.067

20 0.0 2.9 0.0 0.0 0.0 2.9 0.000
21 0 0 0 0 0 0 0
22 0 0 0 0 0 0 0
23 0 0 0 0 0 0 0

Sum of the energies of all hours during the years 2006-2008 is Eanp6_200s (5 =
5,v=10)=38.08 GJ.

By doing the calculations with different tilt angles in range of 5 = [0, 90]
and with different orientation angles in range of v = [—90,90] we receive
FE2006—200s(3,7) and the result can be seen in figure 27. The highest energy
can be received with tilt angle 3 = 46.4° and orientation angle v = —4.3°
and that is Egooﬁ_goog(ﬁ = 464,’7 = —43) =47.76 GJ.
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Table 18: Effective radiation on tilted surface and photovoltaic generation
from Viitasaari at 10.09.2008 when 8 = 5° and v = 0. Hppr is in kJ/m?,
T, isin °C, ug is in m/s, Voo is in V| Isc is in A, Pypp is in W and Ejyy,
isin kJ.

TO Hrpr T, us Voc Isc Pupp Ehour
0 0 812 4.29 0 0 0 0
1 0 7.72 4.37 0 0 0 0
2 0 7.16 4.07 0 0 0 0
3 0 7.07 4.16 0 0 0 0
4 0 6.82 4.07 0 0 0 0
5 0 659 3.82 0 0 0 0
6 32 632 4.09 55 0.03 0.1 30
7 129  6.23 4.85 289 0.03 0.7 401
8 407 6.66 493 41.7 0.11 3.7 2068
9 768 7.61 4.64 46.0 0.21 7.7 4286
10 1082 &8.76 3.88 47.3 0.30 11.0 6085

11 1505  9.68 5.47 482 0.42 14.9 8271
12 1980 10.40 5.77 483 0.54 18.3 10144
13 866 10.26 5.31 46.2 0.26 9.3 5160
14 533 10.37 4.62 43.3 0.17 2.9 3294
15 458 10.32 449 422 0.15 5.0 2770
16 491 10.38 3.90 42.7 0.15 5.1 2823
17 399 1041 454 41.0 0.12 3.8 2094
18 227 9.84 5.09 35.6 0.06 1.7 952

19 16 9.08 5.25 0.0 0.00 0.0 0
20 2 794 469 0.0 0.00 0.0 0
21 0 747 3.71 0 0 0 0
22 0 752 3.46 0 0 0 0
23 0 735 3.30 0 0 0 0

9 Discussion

Energy produced The whole solar array at Viitasaari produced 18.18 G'J
of energy during the years 2006-2008. That was measured by the inventer
system. The measured value is dramatically lower than our estimated value
FEa006—2008(8 = 5,7 = 0) = 38.08 GJ. According to Ref. [13] one of the
reasons for causing this difference is the oversized inverter system. Besides,
the inventer efficiency was not calculated in this thesis. However, we believe
that the biggest reason for the poor energy production might be that the
solar array had not been serviced at all. Six modules have cracked during its
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Figure 27: Function of Fags_200s(3,7y) for Viitasaari

operation time. One cracked module in the series of modules will destroy the
whole series power output. Delayed correction has probably been reducing
the total energy produced. Also cracked modules have not been replaced
but they have been connected out from series. That naturally reduces the
number of modules in whole solar array.

Still, the biggest service issue might be the snow. Typically snow melts
and glides away off the solar module when solar radiation warms up the dark
surface of solar module. This solar array is transparent and lowly tilted, and
both of these characteristics lower the melting and gliding effect. In addition
there has been no effort to remove the snow from solar array.

Nowadays Pitdjanmaéaki solar power plant is functional. Actual size of solar
power plant is slightly bigger than the one estimated in this work. Reference
[17] reported that in Pitdjainméki power plant there are 870 collector in array
so that rated power is 181 kWp. Approximate energy production per year
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was reported to be 160 000kWh which is 1.728 T'J for three years. Power
plant size in this thesis was estimated to be 700 collectors with rated power of

140 EWp. Our estimation for the three years energy production with optimal
tilt angle was 1.489 T'J.

Tilt and orientation angle Typically optimum tilt angle was informed to
be Latitude £ 10° or from Latitude to Latitude — 10° in many references for
example like in ref. [3] and [5]. According to this information the optimum
tilt angle for Pitajanmaki would be 60° or 50° and for Viitasaari 63° or 53°.
Both are higher that the estimated ones in this work.

The most sophisticated way to estimate optimum tilt angle for fitted solar
collector was found from [4]. They present function

Bopt = 3.7+ 0.69¢ (77)

This function has been received by estimating optimum tilt angles for solar
collectors for various geographical locations and creating curve-fitting as a
function of ¢. The function will give optimum tilt angle for Pitdjanméki as
Bopt = 3.7+ 0.69 x 60.12° ~ 45° and for Viitasaari as B, = 3.7 + 0.69 *
63.07° &~ 47°. In this work the estimated optimum tilt angle for Pitdjanmaki
is Bopt = 28.6° and for Viitasaari is Bopr = 46.4°.

In case Pitajanmaki there was shading occurring and in case Viitasaari
there was not. Thus it seems like equation 77 gives a good approximation
about optimum tilt angle when shading effect is not involved. When shading
effect is involved then equation 77 is more or less useless.

Accuracy of equation 77 is only two digits. For this reason it might be a
good tool for estimating optimum tilt angle for household scale installations.
For power plant scale installations, which was the case in Pitajanmaki, more
precise and detailed estimations like one presented in this work are required.

In both cases of Pitdjanmaki and Viitasaari maximum energy producing
tilt angles By = 28.6° and (3, = 46.4° are lower than local latitudes ¢ =
60.12° and ¢ = 63.07°. This is because more isotropic diffuse irradiation can
be received on surface with lower tilt angle. On the other hand, lowering the
tilt angle from latitude angle reduces beam irradiation, circumsolar diffuse
irradiation, horizontal diffuse irradiation and ground reflected irradiation on
surface. Because of that 0 < (B, < ¢.

Maximum energy producing tilt angle for Pitajanmaéaki is much smaller
than maximum energy producing tilt angle for Viitasaari even when there is
no significant difference between latitudes. This is due to the shading effect
which occurs at Pitdjanmaki. The higher the tilt angle of the rows of solar
modules the higher the effect of shading they cause on each other. This can
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be also noted when comparing shapes of the curvatures from figures 24 and
27. In case of figure 24 a strong reduction of total energy output can be
noted when 3 > 28.6°. Actually, in the case of row installation, it seems that
rows that are not tilted give reasonable energy output. That is E(5 = 0,7)
in figure 24. Still it is not reasonable to leave solar collectors without tilting
because tilting the solar collector to the right tilt angle gives higher energy
output and reduces problems with dirt and snow.

The orientation that gives the maximum energy is towards the south in
Pitajanmaki case and slightly from south to east in Viitasaari case. East
is the direction where the sun rises up. Thus, the negative v favors the
morning radiation more than the noon radiation. The reason for that can
be understood easily when we examine the measured global radiation data
from Viitasaari. The total global radiation during the years 2006-2008 at
Viitasaari was 8.338 G.J/m?. Total 4.248 G.J/m? of that was radiated at
solar morning (w < 0) and 4.091 GJ/m? was radiated at solar noon (w > 0).

Effect of over-tilting FEffect of over tilting is illustrated in figure 28. Over-
tilting the solar collector can get slightly higher radiation yields for winter
months. The price for over-tilting is the strong reduction of total radiation
yield due to the reduction of yields of high irradiation summer months. Thus,
it is a decision of solar array builders whether they try to make annual energy
yield distribution smoother at the expense of total yield reduction. Doing
smoother annual energy yield distribution could be reasonable in the case
of solar heat collectors but probably not in the case of grid connected PV-
systems.

How different components of this work have effect on optimum tilt
angle In Pitajanmaki case if we investigate what would be the optimum tilt
angle taking account only the radiation on tilted surface then 3, = 43.3°.
This result has been received using theories from section 4 and finding out the
tilt angle that causes the highest radiation on tilted surface. When shading
theories from section 5 are added to previous we receive [3,, = 28.1°. With
this tilt angle the highest radiation will be received on surface when it is
shaded in such a way that is described in section 1. If the effect of glass
cover and dust theories from section 6 are added with all the previous then
Bopt = 30.9°. And finally when Photovoltaic generation from section 7 is
taken account we receive the final result about optimum tilt angle and that
is Bopt = 28.6°.

So what is happening? Using only radiation the result is G, = 43.3°.
This is pretty reasonable in many ways. All the narrow theories like equation
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Figure 28: Effect of over-tilting. Left/lighter bars describe average monthly
effective radiation distribution in case of Viitasaari when 8 = (3., = 46.4°
and v = Yo = —4.3°, right/darker bars describe average monthly effective
radiation distribution in case of Viitasaari when 3 = 80.0° and v = Yo =
—4.3°

77 are predicting something like this.

When shading effect is included the result changes dramatically to Bop: =
28.1°. The result is much lower optimum tilt angle. Reason for this is that
higher tilt angle in rows causes higher shading effect. Because of this the
shading effect theory favors lower tilt angles like (3,,, = 28.1°.

When the effect of glass cover and dust has been taken account then
the result rises again (G, = 30.9°). Glass is the most transparent for illu-
mination when the illumination meets the glass with low inclination angle.
Averagely inclination angles are lowest when solar collector is tilted to lati-
tude. In Pitajanmaki case that is 60.12°. For this reason the Effect of glass
cover and dust theory change the optimum tilt angle a slightly towards to
latitude value.

When photovoltaic generation has been taken into account then optimum
tilt angle value drops again (3, = 28.6°). This can be explained with the fact
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that how solar cell responds on different irradiation levels. Solar cell operates
poorly when irradiation level is below 200W/m?. During the morning and
late noon this sort of irradiation level is more common than in middle of the
day. On the other hand collectors that are tilted with high tilt angle receive
better morning and late noon irradiation and collectors which are tilted with
low tilt angle receive better high level middle day irradiation.
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10 Conclusions

Radiation mostly defines the final yield of solar array. If there is no radiation
there is no yield and if there is a lot of radiation then a big yield is available.
Thus, we expect that calculations about radiation on tilted surface plays the
biggest role in our estimation. This is why the most accurate calculation
method available today to calculate radiation on tilted surface was chosen to
be used here. The method used here is the Perez model that splits radiation
in five components and is based on anisotropic sky assumption.

In tentative calculations that were done for Sunwind Gylling Oy before
this thesis work, the biggest yearly radiation on tilted surface producing tilt
angle # was calculated using isotropic sky assumption, equation 25 and data
of year 2009 from Helsinki Kumpula. The shading effect was assumed to
be shading effect for solar collector (not PV-system). The highest energy
producing tilt angle was (3,,; = 15.0° when orientation was chosen to be
v = 20.

Isotropic sky assumption overestimates the isotropic diffuse radiation
component because it assumes all diffuse radiation to be isotropic. Isotropic
diffuse radiates equally from all over the skydome, and therefore it favors the
surfaces with low tilt angles like 3,,; = 15.0°. Perez model reduces the weight
of isotropic diffuse and spreads it more reasonably between three different
diffuse radiation components. The result is higher maximum energy yield
producing tilt angle like 3,,: = 28.6°.

Shading effect needs to be taken into consideration if it occurs. Proof
for that is two dramatically deviating optimum tilt angles from Helsinki
Pitdjanmaki (G, = 28.6°) and from Viitasaari (G, = 46.4°). Effect of
shading limits the directions where radiation is coming from, thus the es-
timations were done taking account only the available radiation at shaded
circumstances.

Almost all solar collectors are covered by glass or by materials that be-
have like glass under illumination. Taking into account every collector’s glass
cover characteristics is complex. We believe that the method used here which
reduces radiation with high inclination angles is proper in all cases. It de-
scribes well the typical characteristics of angle dependent transparency of
glass that is covered by dust. The effect of the method to the final result is
that it favors the tilt and orientation angles which give the low inclination
angles to the high radiation hours.

In case of PV-systems the electrical behavior of solar cell is taken into
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account. That is because PV-system is not functional at extremely low ir-
radiation conditions, and on the other hand it gives some estimation about
yield of planned solar array. One ideal diode model, was used in our calcu-
lations because we wanted to do calculations using the data only described
typically in manufacturers data. One ideal diode model overestimates the
power produced by solar cell [4]. That should be taken into account when
considering our results about final yields for solar arrays. Calculating maxi-
mum energy producing tilt and orientation angle, the energy production level
has no effect because its a relative (less solar modules in a system causes less
produced energy, but it has no effect on 3,,; and v,,). The electrical charac-
teristics of solar cell have effect on 3, and v, because it stresses radiation
hours and radiation components that lead to the greatest energy production
and does not stress low irradiation level conditions when PV-system is hardly
functional at all. One ideal diode model takes into account the typical elec-
trical characteristics of solar cell, especially when we consider the behavior of
short circuit current and open circuit voltage under real operation conditions.

The measurement data for the three years was used in both cases of
Pitajanmaki and Viitasaari. To calculate the maximum energy producing
tilt and orientation angles, the three year measurement data produces a
reasonable approximation about radiation and weather conditions compared
to average. Although, its an undeniable fact that more years would give
better approximation. Those three years were sectioned in hours and all
hours were separately examined as follows: how much radiation would occur
on a tilted surface, how much radiation would be lost caused by shading,
how much radiation would go through dirt cover and glass, and finally how
much energy would the PV-system produce from that radiation in existing
weather conditions. Thus, we believe that our method is adequately accurate
to calculate an (3, and 7y, for any solar array.
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Nomenclature

Symbol Name

AM Air mass [unitless]

H, Beam radiation [J/m?]

Hy Diffuse radiation [J/m?]

H, Global radiation [J/m?]

Hr Radiation on tilted surface [.J/m?]

Ise Short circuit current [A]

Iypp Maximum power point current [A]

LH Longitude of local timezone [deg.]

LL Local longitude [deg.]

NOCT Normal operating cell temperature [Celsius deg.]
Voo Open circuit voltage [V]

Viupp  Maximum power point voltage [V]

m Diode factor [unitless]

n Number of day of the year [unitless]

A Atmospheric brightness [unitless]

oy Temperature coefficient for current [1/K]
a, Profile angle [deg.]

Qg Solar altitude angle [deg.]

ay Temperature coefficient for voltage [1/K]
g Tilt angle of solar collector [deg.]

¥ Surface orientation angle [deg.]

Vs Solar azimuth angle [deg.]

J Declination [deg.]

€ Clearness [unitless]

6 The angle of incidence on tilted surface [deg.]
6. Zenith angle [deg.]

p Ground reflectance [unitless]

o) Local latitude [deg.]

w Hour angle [deg.]

Wy Starting time of measured hour [deg.]

wo Ending time of measured hour [deg.]




SWEDMODULE GPV200-GPV230

Polycrystalline Solar Power Modules

TOP SWEDISH QUALITY

Swedish technology you can trust is one of the cornerstones
in Géllivare PhotoVoltaic's philosophy. The SwedModule
product range is produced using only high quality raw
materials from leading suppliers. The SwedModule is ideal for
individual houses or buildings, on facades or rooftops but also
for large scale solar power systems.

DESIGN OF THE SWEDMODULE

The cells are encased in high transmission low-iron tempered
glass, multi-layers of ethylene vinyl acetate (EVA) as well

as Tedlar film. This provides the modules with top-quality
protection against external environmental effects. GPV's Solar
Power Modules also have bypass diodes to minimise power
loss in case of shading and protect against hot spot effect.

QUALITY CONTROL

During the production process the modules pass through
several quality control check points and they are carefully
checked and tested prior to delivery. The final test takes place
in a solar simulator, where the modules are tested under
Standard Test Conditions (STC 1000W/mz2). Every modules
serial number and its test data are stored in our database.

Gallivare

PhotoVoltaic

SwedModule's on Linkdping's public library. The system is installed by Switchpower.

FLEXIBILITY

We have the advantage to have a flexible production facility
where we strive to meet our customer's needs. Choose from
white, black or transparent tedlar. Silver or black frame or no
frame at all. Please contact us for more information and ask
for a quotation for a product especially designed for you.

WARRANTY

GPV offer a product guarantee of 10 years
and a 25 year performance guarantee for
an 80 % power output on all standard
products.

In order to further guarantee the quality of
our products we are certified in accordance
with:

e ENIEC61215

(design qualification and type approval)

e ENIEC 61730 (safety qualification)
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e |EC 61701 (salt mist corrosion test)
e SS-EN IS0 9001:2000 (Quality Management System)

e SS-ENISO 14001:2004
(Environmental Management System)
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POWER SPECIFICATIONS
Performance under standard test conditions
1000 W/mz2, 25°C, 1.5 AM
GPV200 GPV205 GPV210 GPV215 GPV220 GPV225 GPV230

Average max. power (P ) 203.3 Wp 207.2 Wp 212.6 Wp 217.4 Wp 222.7 Wp 226.2 Wp 233.5 Wp

max

EVA -

TEDLAR

Performance at
800W/m2, NOCT, AM1.5

GPV200 GPV205 GPV210 GPV215 GPV220 GPV225 GPV230

Average max. power (P ) 145.4 Wp 148.1 Wp 152.0 Wp 155.4 Wp 159.2 Wp 161.7 Wp 166.9 Wp

max’

Open circuit voltage (V. ) 366V 366V 367V 368V 368V 368V 368V

Open circuit voltage (V. ) 331V 331V 332V 333V 333V 333V 333V

oc

Max. power voltage (V) 290V 291V 292V 293V 293V 293V 293V

mpp

Max. power voltage (V 260V 261V 262V 263V 263V 263V 263V

"‘PP)

Short circuit current () 758A 767A 784A 797A 813A 825A 851A

Short circuit current (1) 6.26A 634A 648A 659A 672A 682A 7.03A

Max. power current (I ) 701A  712A  728A 742A 760A 772A 797A

mpp’

) 559A 568A 581A 592A 606A 6.16A 636A

Max. power current (I

Module efficiency 12,1% 12,4% 12,7% 130% 133% 13,5% 13,9%

THERMAL CHARACTERISTICS

NOCT ~ 46°C
TCI_  0.0349%/K
TCV,  -0349%]/K

SYSTEM INTEGRATION PARAMETERS

Maximum system voltage: SC II 1000 V.
Maximum reverse current: Do not apply external voltages
larger than V. to the module

Gallivare PhotoVoltaic AB reserves the right to make specification changes without
prior notice. Please contact your nearest stockist/distributor or visit our website to
obtain the latest specification sheet.

Giillivare PhotoVoltaic AB Féretagscentrum, Box 840, SE-982 28 Giillivare, Sweden
T+46 970158 30 F+46 970158 98 info@gpv-solar.com  www.gpv-solar.com

GPV - A MEMBER OF THE BOREVIND GROUP

All values with a tolerance of +3 %

Minor reduction in efficiency under partial load conditions
at 25°C: at 200W/mz2, 95% (+ 3 %) of the STC efficiency

(1000 W/m2) is achieved.

PHYSICAL SPECIFICATIONS

Cell type Polycrystalline

Cell dimension (+/- 0,5mm) 156mm x 156mm

Cells per module 60
22 kg
1675 mm x 1001 mm x 34 mm

Module weight

Module size (+/- 2mm) (Lx H x W)

Frame Anodized aluminium

Gallivare = 2%,

PhotoVoltaic *



ASI THRU® thin-film
solar module, semitransparent

ASITHRU-30-5G semitransparent 36 V),

Module type key:
$G = laminated safety glass

16 mm

<«
22 mm

"\

Lateral mounting clearance from  MC®-plug connectors
the connection button

ASITRHU-30-SG solar modules are designed on the
basis of silicium thin-film technology as ASI® tandem
cells on a glass substrate.

The frameless ASI THRU® solar module consists of a
glass front pane with ASI® tandem cells, PVB foil and
a heat strengthened backing glass.

ASI THRU® solar modules demonstrably produce
maximum energy yields. ASI THRU® solar modules
combine the features of solar electricity generation,
shadowing glare reduction, transparency and sound
glass construction in a single element.

¢ More energy

e General approval for use in overhead
glass construction

e Favorable price per units of surface area

® Multi-purpose module

Frameless ASIOPAK-30-SG modules are ideally suited for
installation in standard facades and roof profile systems.

The structural characteristics of the glass module meet
nearly all of the installation requirements specified in
DIN 1055. In order to ensure compliance with guide-
lines for overhead glass construction, PVB is used as a
laminating foil. A general approval for use in overhead
glass construction has been issued by the Deutsches
Institut fur Bautechnik (DIBt-the German Institute of
Architectural Engineering).

The modules are factory equipped with plug connectors
and can be connected quickly and safely in series.

The specific characteristics of ASI THRU® solar modules
eliminate the need for bypass diodes.

New solar architecture: brilliant, colorless transparency

SCHOITT Solar

ASITHRU-30-SG



Electrical data

Initial nominal power 33 Wp
m Nominal power* Prom 27 Wp
Voltage at maximum-power point* Urnpp 36 V
Current at maximum-power point* Y 0.75 A
Short-circuit current* ls 1.02 A
Open-circuit voltage* Uqc 49V

The quoted figures are subject to a production tolerance of + 10%.
* These data represent stabilized electrical module performance at standart test conditions (STC — 1000 W/m?, spectrum AM 1.5,
25 °C cell temperature). The nominal power may be initially approx. 18% higher than the quoted stabilized power data.

Dimensions and weights
Dimensions

Weight

Characteristic data
Solar cell type
Appearance

E =

Semitransparency
Electrical connection

Cell temperature coefficients

°C

e}

Referred to short-circuit current

Limits

Maximum system voltage

Module glass thickness / module thickness with connection button
Four-sided non-photoactive margin for clamp mounting

Referred to nominal power
Referred to open-circuit voltage

1000 x 600 mm?
10 mm / 22 mm
16 mm
14 kg

thin-film amorphous silicon in ASI® tandem cells

uniformly dark-brown

about 10 % transmission, colour-neutral

double insulated cable (Huber & Suhner), 2.5 mm? cross-section,
100 cm length per polarity, MC®-plug connectors

>

3

T P) 20.2% /K 53

T (Up) -0.33% /K 25

T (1) +0.08% / K 63
The temperature dependence of the power output is particularly low for ASI THRU®-solar modules. ;ﬁg
3
1000 Ve o&?

-40°C... +85°C

Temperature arrange

> ¢

Maximum surface load

e two-sided clamping along length: 3200 N/m?
e four-sided clamping: 4600 N/m?

Specifications subject to change without notice.

Qualification

*

1[A] 36 V, semitransparent

IEC 61646 certified
CE conformity
Safety Class Il

0
1000 Wm?, 25 °C

770 Wm2, 70 °C
0.8

750 Wm2, 25 °C
0.6

500 Wm2, 25 °
0.4 m, 26 °C

2 o
0.2 300 Wm?, 25 °C

Current/voltage characteristics
at different solar irradiation
levels and module temperatures.

Certified by DQS according to
DIN EN ISO 9001:2000 - Reg.-No. 2184
DIN EN ISO 14001:1996 - Reg.-No. 2184

MANAGMENT SYSTEM

RWE SCHOTT Solar GmbH
Hermann-Oberth-Str. 11
85640 Putzbrunn, Germany
P +49(0)89/46264-100

F +49(0)89/46264-111

E phototronics-sales@rweschottsolar.com

I www.rweschottsolar.com
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SCHOITT Solar
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