Q

Characterisation of a solar roof tile (SunSlates™

With focus on local applicability and conditions
Karel Frederick Rautenbach

Project report presented in partial fulfilment loé trequirements for the degree of Maste
Engineering at the University of Stellenbo

December 2008



Characterisation of a solar roof tile (SunSlates™)

With focus on local applicability and conditions

Masters of Engineering Project

Karel Frederick Rautenbach
Department of Mechanical Engineering
Faculty of Engineering

Stellenbosch University

Supervisor: R Swanepoel

Co-Supervisor: R Meyer

Final Report

December 2008

——
| —



Executive Summary

Three SunSlates™ where investigated to predigpénrmance of a fully installed system.

The three slates were mounted on a fixed tilt 6f BQt with different orientations. The tilt is
close to latitude of the Stellenbosch site, whicB3.92°. The one faces due east, another due
west and last due north. This is to determine ffexiethat orientation has on the energy from
the SunSlates™.

Another slate, also facing north, was mounted omadjnstable framework. The framework
was used to adjust the tilt angle of the slate otfientation of the slate was constantly north.
This slate was used to determine the effect obtiltthe total daily energy produced by the

slate.

To determine the performance of the slates dailyasuements of temperature, solar
insolation and wind was taken. These where usedntestigate the effects on the
SunSlates™.

During the test period, which scheduled from Sepimnio November, the results show a
difference, smaller than commonly believed, in tladly and annual energy delivered from
the differently orientated slates. The slates fg@@ast and west, however, have similar energy
outputs, even though the power profiles differ. Tlogth facing slate has the highest annual

energy output, as expected.

It was found that during the months of summer, Maler to January, the optimal tilted slate
(Slate tilted to have a incidence angle of 0° freotar rays at noon) had a slightly lower
energy output, but higher maximum power outputdasr than the 30 degree tilted slate. This
is in contrast to the energy output predictionstfer winter months where in the winter the

energy can be as much as double that of the 3@eded slate.

The thorough testing and expert installation of $wnSlates™ is essential. From the case
study it can be seen that some problems duringliagon, possibly a single faulty slate or

shadowing, can cause a complete system to loseoB@%oefficiency.
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Nomenclature

PV - Photovoltaics
BIPV - Building integrated photovoltaics

W/m? - Watts per square meter

lsc - Short-circuit current (Ampere)
lo - Rated short-circuit current (at 25° C) (Ampere)
AT - Change in temperature

Voc - Open-Circuit voltage (Volts)

Vo - Voltage at reference temperature (at 25° C) @Jolt
a, B - temperature coefficients

Pmax - maximum possible power with change in tempeeafWwatts)
Po - Rated power at reference temperature (\Watts)
loh - Photo current (Ampere)

Inax - Rated current (same ag)l (Ampere)

s, ¢ - Incident angle

A/D - Analogue to Digital converter

STC - Standard test conditions

MPP - Maximum power point

MPPT - Maximum power point tracker

ST - Standard Time

LST - Local solar time

AM - Air Mass

NREL - National Renewable Energy Laboratory (Aroayi
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Io - Direct insolation on perpendicular surface (\f/m
le - Global insolation on perpendicular surface (\j/m
d - Declination angle

kWh - kilo Watt hour, measure of energy

Q - Ohm, measure of resistance

Ry - Resistor number x

Vin - Control voltage from A/D

Vv - Measured voltage from PV panel
\A - Amplified voltage from op-amp

Ty, T2 - Transistors (T— 2N2222 and 71— Tip41C)

C - Capacitor
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1 Introduction
World Energy Outlook

Energy is one of the buzz words in the world tod&dth increasing discussion about the oll
peak and other fossil fuel production problems pbeare looking into different ways to keep to
their home comforts without having to pay the ilas®d fees for these comforts. The world
energy council (WEC) has been busy since the mRD’$9publishing statistical year-books.

These year books were an attempt to publish intiemel statistics of power resources (World
Energy Council 2007, 2007). The 2007 survey is prity concerned with energy reserves and
the future outlook of energy usage. The 2007 enezgyrt sketches a positive future for fossil
fuel reserves, contrary to the other published ape the light of this the environmental

reasons for energy saving should be considered wigoeously.

The rise in energy costs as well as a new enviroteheawareness has awakened the
attractiveness of renewable resources. The renewabérgy market has seen tremendous
growth in the last few years and promises to bealgnvestment for future developments. The
biggest growth in the group of renewable resoult@s been the production of photovoltaic
modules. This industry has grown about 50% per f@athe last 5 years. This growth has the
positive effect of decreasing the cost per watt tfer produced PV panels, stimulating the

acceptance of this technology by the general pugitiarth Policy Institute, 2007)
PV in world markets

PV has been used in more extensively in Europe ithéme rest of the world, with Japan, USA
and China entering the market recently. China loaslmpecome one of the main PV producers in
the world. One of the reasons for the acceptand@\bfn Europe, which does not have ideal
conditions for PV, has been mainly due to feedaniffs resulting in the creative and practical
use of PV by integrating it into a building. This ¢alled Building Integrated Photovoltaics
(BIPV).

Building integrated PV

BIPV has been developed and used in some Europeantries, Germany and Sweden
especially, with great success. BIPV describesutdee of PV panels and other products being
used during construction of a building and formipgyt of the building itself and not being
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retrofitted to the building as in the past. Thisame that the panels have multiple usages, w

reduces the lifetime costs of the pai

Figure 1-1 BIPV Examples, buildings in Germany

BIPV has the potential to become one of the maiesusf PV next to utility scale pow
generation. It can be used dynamically in almost lamilding design. This report investigas
one of the BIPMnnovations to evaluate its use in the South Africantexi

South African outlook

Currently South Africa has no incenti, like feed in tariffs or tax breaks) place for any forn
of renewable energy technology. This is orf the main barriers in th widespread use of
photovoltaic systems. Currently the main commereiaérgy distributor in South Africa
ESKOM. The cost of ESKOM generated electricity mother barrier to PV usage. Due to
low grid electricity costs th@ayback timeon PV systerm are substantial and not warrant

investment.

The current electricityproblems in South Africa may be an advantage forsi&tems. ESKON
has reached their peak generation capacity anddbetry is plagued witimandatory power
cuts. This has placed aassive strain on the growth of the economy. ESKQ8l gone as far ¢

placing a moratorium on new developments which reidjuire electricity from ESKON

Due to the electricitgrisis in South Africa investigatis arebeing made into renewakenergy
resources. The most abundant of these resoiis solar energy. South Africa has one of
highest annual solar insolatitevels in the world, making it an appropriate coyrior all solar
technologies. The following map from the renewadhergy datease illustrates the spread
solar insolationin South Africa. It should be noted that the North€apeProvince has the
highest insolatioevels in South Africi (ESKOM, 2006)
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South African Renewable Energy Resource Database - Annual Solar Radiation

Annizal ghobal (direct plus diffuse)
sofar radiation received on a
level surface.

&Y
ESKOM CORFORATE  MINERALS AND

csR TECHNOLOGY ENERGY

Figure 1-2: S.A. Annual Solar Radiation (ESKOM, 200%
Regardless of the fact that South Africa has amdant solar resource, the PV market has never
grown more than rural or far off-grid applicatioi$is is due to the relative high costs of PV

systems, as mentioned before.

Market trends, however, have shown that the pricB\6 modules is coming down and grid
parity has been reached in some countries, likenSpal California. If this trend continues and
the electricity crisis in South Africa has not besalved, PV will become a viable option for

most home owners, especially BIPV systems for nevelbpments.

BIPV can be used with sustainable design to redbeetotal energy needs of a house or
development. This will assist developers to circeantvthe problems with grid supply and will

also assist the growing economy.

The use of BIPV will stimulate a new market in So#frica. The spin offs from the new
market will have the added benefit of job creationg of the main priorities of the South

African government.




BIPV Product

An American company called Atlantis Energy Systems bBntered the new BIPV market. T
company manufactures roof slates with a PVvdule integrated on it, thus the slate has
multiple purpose of acting as a roof and generaghertricity. The picture below is ¢
illustration from an installation manual for thertSlates™

As can be seen from this picture of the panel,
designis simple and can be easily reproduced
South African condition and building regulatio

Figure 1-3: SunSlate™ from Atlantis Energy
Systems

This report investigates the SunSlate™ and atteito characterise it's parameters to sc
degree. A model will be developed to predict thefggenance of these slates in real wc
conditions under varying solar intensities andrdagons

Definition of terms used in this report:

Table 1-1: List of definitions used in project

Insolation The power incident on a surface measured in °. Solarinsolation is
[kW/m?] thus the power received from the sun on a sul

Irradiance Irradianct is the measured insolatian a surface for a period of tin
[kWh/m?/day] This is in essence tlenergyreceived from the sun.

Air Mass Air Mass is known as the path length the solar nayst travel to th

surface of the eart

Efficiency Efficiency retkrs to the conversion of solar energy or powereotecal
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energy or power of the PV panel.

Tilt angle

This is the angle a slate or surfadéted from the horizontal.

Zenith angle

This is the angle which indicates $h@’s vertical position from the

vertical, looking from a fixed point.

Altitude angle

Altitude angle is 90° minus the zbrangle.

Azimuth angle

This is the angle which indicatesghga’s horizontal position from north

looking from a fixed point.

Incidence angle

The angle between solar rays anbléhmal to a surface.

Standard Test ConditionThe standard test condition refers to the standandlitions under which

(STC)

PV cells are specified. These conditions are awlar sintensity of
1000W/nf and at 25°C and at AM1.5 solar spectrum.

Maximum Power Point

The point at which the comborabf voltage and current from a panel

results in the maximum possible power from thatghan

Optimal Tilt

Optimal tilt refers to the tilt anglat which the incidence angle of the

solar rays is equal to O(Solar rays perpendicular to surface)

Diffuse component

This is the component of the le$san due to light reflection from
surrounding area. During cloudy days the diffusenponent can makg

up the most of measured insolation.




2 Objectives and motivation

Motivation

BIPV is becoming more important in the constructidrouildings worldwide. However, there is
limited data on the performance of these instalfeti BIPV systems will not always be installed
at the optimal tilt or orientation. The lack of fmmance data needed to identify PV power
output has motivated the need for this projectdst &a specific type of BIPV system, i.e.

SunSlates™ from Atlantis Energy Systems.

These SunSlates™ consist of an integrated PV paartkeloof slate, thus the PV system doubles
as the roof of a building. The PV slates are irdliaily connected in series and/or parallel and

the string is then coupled to an inverter.

Due to the addition of a roof slate to the backhef PV cells the characteristics of the cells will
differ from laboratory test conditions. The slatd# wcrease in temperature and other operating

parameters of the PV cells need to be investigated.

Further, limited data is available of real systeerf@mance at different orientations. When
installing a system, previous performance infororatis required or accurate predictions are
needed. This project attempts to address theselepnebby evaluating the SunSlates™ at
different tilt angles as well as different oriedats. The motivation for this was that not all r®of

are built to face due north, but most are at difféiorientations and tilt angles.

Meteorological data are available for Stellenbosbht what is required is data on the
performance of the SunSlates™. With this informratimodels can be developed for other

installations.
Choice of Slate

Before choosing a product to install on the roofrat Sustainability Institute, various products
on offer was evaluated. It was found however thastmof the products on offer was not an

integrated solution.

The SunSlate™ was the only product which incorgata PV module with a roof slate. The
other products where either normal PV modules sthan the roof in stead of roof tiles or the
product was an addition to the current roof. Thibovang is pictures of the various products

available:
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Figure 2-2 MyGen Meridian by Kyocera

Most of the other products availalarein the same style as these illustrated in figi-1 and 2-
2.

Objectives

The characteristics of three SunSlatewere analysed, tests wedene by mounting the slat
at fixed angles with each of the slates faca different direction (East, West and North) i
another slate waset up facing north on adjustable stand so that ittgt angle could be
adjusted. This waglone to determine the effect the change of seasdinhawve on the

performance of the slate dthe totaenergyproduced versus that of a fixed sle

Solar intensity wasneasured in watts  square meteas this directly relates to the amount
power a solar panel produces. Solar cell powerutugspecified fora solarinsolation of 1000
W/m?. This isnot always attainable in practice and a stwasmade of the proposed installati
site so that the amount of power from the panets lma theoretically determined. The pov

output increases witncrease i to the solar intensity, but thefiefency of the panel will b
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approximately the same with the change of solansity (Schenk). At lower insolation the
short-circuit current will be lower than at highasolation. The same is true for the open-circuit

voltage, as seen in Figure 2.3

i

1.0Sun

0.50Sun

0.25Sun

— g

Figure 2-3: Change in |-V curve with regards to inslation, (Schenk)

The effect of temperature changes was tested. Tratope has a large effect on the efficiency of
a solar cell and panel. Efficiency drops with tinerease in temperature from the reference
temperature (25°C). A decrease in temperature wihigdretically increase the efficiency. (King
& Kratochvil, 1997)

In most cases the short circuit current will inaeand the open-circuit voltage will drop as
temperature increases. The drop i ¢ usually more than the increase Qf thus reducing the
power delivered by the solar cell. (King & Kratodhn1997)

Open circuit voltage and short circuit current benapproximated by the following formulae:
lse= lo(1+aAT) (2.1)
Voc = Vo(1+BAT) (2.2)

where L. is the short circuit current of the PV celcurrent at reference temperature (25°A),
change in temperature ,Mopen-circuit voltage, yvoltage at reference temperature arshdf
are temperature coefficients for the short circuitrent and open-circuit voltage, withusually

negative and larger than

Manufacturers, in most cases, document the amodinpower change associated with

temperature change.
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The maximum power can be calculated by combinind) @nd (2.2):

max = lo(1+0AT) * V o(1+BAT)

Ignoring quadratic terms:

Prax = lo(1+aAT) * V o(1+BAT)
=B+ @+p)AT)

(2.3)

(2.4)

where Rax is the maximum possible power with change in teiafpee and P the power

delivered at 25C under the same illumination.

The term ¢ + B) is usually negative and thus the increase in &ratpre will decrease the
maximum power and thus the efficiency of the aeliatal.

The following figure illustrates the effect of teempture on power output.

FA
T=20°C

i4

T=40°C

T=20°C l\\

Figure 2-4: lllustration of the effect of temperatue on power of a PV cell and the |-V curve

The effect of tilt angle was investigated by meafghe panel mounted on the adjustable
structure. The optimal power output from a PV ¢elbbtained when the cell faces the sun and
the incident angle of the solar rays is 0° (perpandr to the cell). As the incident angle changes

S0 too does the maximum photo current of PV cklc{ra, 2003). The change can be calculated

by use of the following equation:

Iph = Imax*cos(&)

, Wheres is the incident angle (2.5)

The tilt angle is of importance especially wheodtnes to designing of a BIPV system. Optimal

angles can not always be realised and trackingtislways an option. Knowing the effect of off
angle installation of this specific product wilbke to a model that can be used when determining

installation parameters like maximum power outmutd specific site. If a PV panel has a fixed
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tilt the optimal angle towards the sun will only tealised twice a year, while at the other times
of the year the maximum power will not always balised.

To determine what effect the orientation has oaltehergy produced, 2 slates were mounted
facing east and west. The energy produced by tAedates was compared to the slate facing
north. As with the tilt angle this resulted in @bk model when a north facing orientation is not

possible.

A comparison was done between the total energyyataxh from the PV panels using a fixed
load and using maximum power point tracking. Theiimam power point tracking was realised
by utilising an electronic circuit connected to amputer. This computer has, by means of

software, determined the maximum power point frooustom built measurement circuit.

All data and results were compared to current akbel data in the literature. All data in
combination was used to construct a model, whiah loa used for commercial installations
predictions.

Summary of objective
1) Characterising the slate: Measured power in @ispn to specification.
2) Effect of intensity and environment on the terapgre and power of a slate facing north.
3) To determine the effect orientation has on tput of the slates.
4) The effect of tilt on output of slates.
5) Comparison between measured values and prediateés.

6) A practical case study at Lynedoch.

10
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3 Literature study

Discussion of literature reviewed

Various sources of literature exist regarding pholiaic systems. Doing a search on
Google.com under ‘Building Integrated PV’ yieldsnmerous results. The one thing which is
lacking is performance tests of these BIPV systerhe. lack of performance testing has been
addressed by the America’s National Institute ofn8ards and Technology, (Fanney,
Dougherty, & Davis, 2002).

The paper byFanny et al.(2002) from the NIST describes how they constidicetest bed
facility on the NIST building south wall. The expaent used various technologies of PV
modules and not just crystalline silicon. This wdasie to compare the results of different types
of PV cells used in BIPV applications. The tempamtof each of the panels where measured
and the modules where kept at their maximum powertpThe MPP was obtained by using a
multi-curve tracer, operating at 15 second intexvdlhe I-V curves of the modules where
measured every 5 minutes. A meteorological statvas also set up close to the south facing
wall where the experiment was taking place. Thesmemments taken were solar radiation, wind
and ambient temperature. The results from this iexy@at can be useful for those who work in

the field of BIPV and perhaps assist in reducinges®f the limitations on BIPV.

Limited data exist describing technical statistidsBIPV. It should be noted that PV cells in
BIPV has the same characteristics as free panehtedlPV, with the addition of other materials

which may cause the cells to operate at higher ¢eatpres or cause other effects.

King et al. (1997) has done an in-depth study of the temperataefficient of PV cells. In this
paper they discuss the misconceptions of how timpéeature coefficients are applied and how
they should be used. Fundamentally the temperaineéficient for an individual cell should
apply to the module as a whole, but this is stat@dio be the case as non-uniform temperature
distribution in the module would affect the finarformance of the cells. The application of the
coefficients to the power delivered by the pangjiieen by a simple formula. This formula is

given as
I:)mp: |mp(T)-[1 _amp(T - Tref)]-vmp(T) - BmmepSTC(T'Tref) 3.1

The formula makes the assumption that the opemnitiMoltage coefficient as well as the
maximum power point voltage coefficient is indepemidfrom the solar insolation. It states that
in practice the \; coefficient only varies with up to 5% from the SWg. This paper states that

at low insolation and temperature levels the maxmmower delivered can be higher than stated

( )
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in the data sheets of the solar cell due to thecethf the temperature coefficients. The increase
in module temperature leads to a decrease in poutput. This has significant implications in

the design and implementation of PV systems.

Due to the change in insolation and the power chanatics of a PV cell during operation it is
suggested that a maximum power point tracker be. us@ekker et al(2004) different types of
MPPT algorithms are investigated. A maximum poweinp tracker can be expensive to
implement and should be considered only if it isremnically viable and the energy gained over
a period of time justifies the addition of a MPHFDBr accurate testing of any panel during actual
operating conditions, it is essential to implemergximum power point tracking. If the load
does not dissipate the maximum power from the paswhe of the power will need to be
dissipated in the panel. This will cause the dellseat up and affect the performang€amath et

al. also investigates the use of different algoritrasdetermine the maximum power output
from a panel. The basic principle of the MPP tragkis to monitor the voltage and current from
the panel and then alter the load to determineotitamal voltage/current relationship which
would give the maximum power. Most reviewed litaratagrees that the energy delivered by
the PV module can be increase by 20% to 30% if &M used. The maximum power point
for a silicon PV cell is mostly obtained when th@tage delivered by the PV module to the load

is about 80% that of the open-circuit voltage & pianel.

Crucial to any placement of PV panels is the oatoh. As explained irBekker et al.the
orientation and tilt of the panels directly relatiesthe annual energy yield of the panels.
Computer modelling is used to determine the bessipte position.

The most important factor when considering the powagput from a PV panel is the solar
insolation at a site. Solar insolation differs frasite to site, but PV panels are certified for
insolation of 1000 W/fh To accurately determine the annual energy outpuat PV panels the

seasonal variation of the insolation should alstaken into account. Winter months will have a
lower insolation than summer months, due to thénation of the earth. The power delivered
by a PV cell is approximately proportioned to tlodas insolation. Higher insolation levels will

result in higher current from the cell leading igher to power delivered. Site specific data is

required for any installation or test.

Kacira et al. (2003pescribes how optimal tilt angles can be determateaspecific site. Due to
the cost of trackers it is often needed to mountp@Nels at fixed orientations and tilt. There are
various opinions of what the optimal tilt angle sltbbe. It varies from +15° from latitude angle

to latitude angle + 30°. It was found that the mati angle to mount the panel differs from month

( )
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to month, due to the seasonal shift of the sunmRitas paper it can be seen that for designing
and implementing a PV system it is critical to det@e the application beforehand. The
applications can vary from maximum energy capthreughout the year or maximum power
output during a specific month. The tilt angle deti@es the amount of solar insolation the panel
will receive during a specific montBekker et atake it further to develop mathematical model
of the movement of the sun to determine the optipuaitioning. These models consider the
movement of the sun and with this it is possibled&ermine the tilt angle of solar panel to

obtain the maximum energy capture per month.

Standard test conditions are defined at AM1.5. Twease of air mass has the effect of
decreasing the solar irradiance from the sun. €kains why the insolation changes with the
seasonHonsburg et aluse the movement of the sun and the relation betvagemass and

insolation to predict the amount of solar insolatom a surface.

From most of the literature reviewed it was fouhdttthe local solar resource should be well
established before any installation can be constiebtandard time or mean time as seen on a
watch is not the same as the Local Solar Time (L3¢ difference between standard time and
LST is used to determine the time of day when maxmnpower is delivered by a PV system.
The difference between LST and mean time is shoniotmula 4.6.

From the position of the sun the insolation on &a®e can be predicted. The predicted

insolation data can be used to estimate the pomgeenergy output from a PV panel.
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4 Solar Resourc
It is of great importance to know the local solasorgce available and how it chan
throughout the year and alfaroughou the day, so that the energgpture: can be calculated.
The knowledge of the sshine hours is also required to estimate the paleatitput of &

system.

Historical data can be obtained from meteorologioatitutes or other online resources |
RETSceen™ or NREL models. RETScreen uses data from NA®Ather satellites over

historical period of 5 years.

Theory

In PV applications a global standard insolation has been selected. Tgiebal standard he
been chosen as the spectrunA®f1.5 andan insolation of 1000 W/t The air mass howev

changes as the season changeghroughouthe day as the sun moves trough the

Air Mass is a measure tie path length the solar rays must tr through the atmosphe to the
surface of the earth. If the sun is directly abthesurface the air mass would be 1. As the ¢

moves and the incidence angle changes so to deesrtmass with the following relationst
AMyx ,where X = 1/cos 4.1

The following figure illustrates the concept of air me

ATMOSPHERE

Figure 4-1 The path length, in units of Air Mass, changes wit the zenith angl,, www.dur.ac.uk/~dphOwww5/_5.html
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To mathematically predict the solar insolation apacific site for a specific time the following
analysis is required: understanding the movemettietun and the change in daytime position,
causing changes in insolation. A mathematic progcam be compiled to predict the power

output from a PV module if the area and the effickeare known.

Insolation is related to air mass, as AM incredbesinsolation decreases. This relationship has

been experimentally derived bjeinel this relation is as follows, (Honsberg & Bowd2008) :

Ip = 1.353 x 0.74Mx0679 4.2

Thus by determining the Air Mass at a certain tiofethe day one can predict the direct
insolation for that time of day on a perpendicidarface. In formula 4.2lis the direct solar
insolation on a perpendicular surface to the s@lgs. The assumption made here is that there is
no cloud cover on the specific day. Literature (blmerg & Bowden, 2008) states, that even on a
day of clear skies the diffuse component will 9t around 10% of the direct component of

insolation, thus one can determine the global atgwh from
lc = 1.1%4p 4.3

It should be noted that the diffuse component {geddant on the surrounding area. In the case

of desert areas the diffuse component can increase.

To determine AM the Zenith angle or altitude angfi¢he sun is required for the specific time of
the day. To determine the Zenith of the sun foadigular hour of a particular day of the year
some astronomical knowledge is required. Beforeutaling the Zenith the declination of the
earth is required. The declination of the earth daange from 23.45° to — 23.45° depending on
the time of the year due to the tilt angle of thetle towards the sun. The solar declination angle,
the angle between the solar rays and verticalpah on the equator, is a maximum or minimum

on the winter and summer solstices (21 June arideZ&mber).

The solar declination angle can be determined lgy ftlilowing equation and yields the

following result:
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360
365

6 = 23.45° % [( )(N + 284)] ,where N is the day of the year 4.4

Angle of solar declination vs. day of year
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Figure 4-2: Angle of solar declination vs. day ofgar
To further determine the Zenith of the sun one &hase solar time. Solar time differs from
normal clock time, which is based on mean timesThiference is due to the elliptical orbit of
the earth around the sun as well as the movemethieaun relative to the equator (declination

of sun).

The difference between Solar time and clock time fta a specific day of the year can be
expressed with the following equation (EquationTohe) yielding the results shown in figure
4.3.

EoT = 2.292(0.0075 + 0.1868 0s3.2077sif
- 1.4615c052- 4.089sinp) 4.5

wherep = %(N — 1) and N the day of the year.

Difference between apparant and mean solar time vs. day of year

Difference between apparent and mean solar time [minutes]

| | |
| | |
1 1 1
1 1 1
50 100 150 200 250 300 350 400
Day of year (1 is 1st of January)

Figure 4-3: Difference between apparent and mean ko time as function of day of the year
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Using the above equation of time, one can deterthied.ocal Solar Time. It is this time which
is used to determine the position of the sun and hagle of the sun. Local apparent solar time
is, like mean time, based on longitude. The follmyvequation is used to convert from clock

time to local solar time, (Honsberg & Bowden, 2008)
LST = ST + 4(|.|.Ongitude_ Lsm) + EOT 4.6

Lsm is the standard meridian for the local time zahés is 15° for every +1 hour away from
GMT (Greenwich Mean Time) and -15° for every -1 haway from GMT. lengitude iS the
longitude of the specific site, Stellenbosch is18%° east. The EoT is the correction element

from the equation of time, in minutes.

Using the local solar time one can calculate ther lamgle of the sun, (Bekker, 2004). The hour
angle is a way to determine the position of the rglative to noon solar time. At noon the angle
will be 0°. The hour angle changes with 15° for rgvleour towards or away from the noon

zenith. This hour angle can be determined by theviing equation (Bekker, 2004):
hourangle = 15(SolTime - 12) 4.7

With the sun declination and the hourangle caledlaine can calculate the Zenith of the sun for
a specific day, at a specific time. This calculati® used to determine the AM of a specific time
of day, (Honsberg & Bowden, 2008).

Zenith_Angle = arccos(sibatitude.*sin(Declination
+coslatitude cosQeclination) cosfouranglg) 4.8
The resulting air mass can now be calculated b4.&dpy using the Zenith_Angle for
To determine the insolation on a tilted surfaceftti®ewing equation can be used:
Brited = Ip[cOSs(elevation_anglisin(slopgcos@zimuth — solar_azimuth)

+ sin(elevation_anglEosElopg] 4.9

Where } is the insolation on a surface perpendicular tosiine slopeis the angle of the tilted
surface from the horizontal, thus a horizontal acefwill be a 0° and a vertical surface will be at
90°. The elevation_angle is 90° - Zenith_angle. ahienuthis the angle the surface makes from
north, thus if it faces north it will be 0° anditiffaces west it will be 90°. Theolar azimuthcan

be calculated by using the following equation:
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solar_azimuth = arctan[ca&clinatior)sin(houranglg /
(sin(atitude)cos(declination)cospurangle
— cos(atitude)sin(declination)] 4.10

Site Analysis

Historical data for the specific site at Stellentiosuggests that the total energy received on a
horizontal surface differs from January to Junee Tdllowing is data retrieved from RETScreen

data sourcedftp://eosweb.larc.nasa.gov/sse/RETScheen/

Table 4-1: RETScreen data, energy available on horizéal surface

Month: Jan | Feb | Mar | Apr | May | Jun [ Jul | Aug | Sept| Oct | Nov | Dec | Average

kWh/nt/d | 8.17| 7.3|5.91| 4.3| 3.09| 2.64| 2.85| 3.67| 4.92| 6.46| 7.68| 8.18 5.26

Horizontal irradiance data [RETScreen]
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Figure 4-4: Horizontal Irradiance data [RETScreen]

From this data the total possible energy on a baoted surface for the year is about
2MWh/nélyear or 7200 MJ/fper year. This corresponds to data obtained frskof about
the local solar resources available at Stellenhd&HKOM, 2006).

The following data obtained from RETScreen estimatee amount of energy per day at
Stellenbosch on a tilted surface. The differendevéen 30°, 34° and 60° are given:
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Table 4-2: RETScreen data, energy available on tiltegurfaces

Month: Jan | Feb | Mar | Apr | May | Jun |Jul | Aug | Sept | Oct | Nov | Dec | Average
kWh/mé/d | 7.36| 6.95| 6.23| 5.12| 4.23| 3.92| 4.14| 4.67| 5.46| 6.45| 7.07| 7.30| 5.73
@ 30
kWh/mé/d | 7.17| 6.84| 6.21| 5.18| 4.33| 4.04| 4.26| 4.75| 5.47| 6.37| 6.90| 7.09| 5.71
@ 34
kwh/nf/d | 5.38| 5.53| 5.53| 5.08| 4.57| 4.43| 4.60| 4.80| 5.06| 5.33| 5.30| 5.23| 5.07
@ 60
Different surface tilt irradiance comparison
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Figure 4-5: Irradiance data [RETScreen] on tilted sufaces compared to horizontal

From the historical data one can see that a laitiliddiffers little from a 30° tilt and that up &

60° tilt the energy output still averages to abd&kaVh/n? per day. The averaged energy
generated per year for the 30° tilt is 2.09 MWh/amd for the 60° tilt 1.85 MWh/m The
difference is 240 kWh/fper year or 11.5%. This difference should be takémaccount when

installing a PV system.

The optimal annual energy will be obtained if theface faces the sun perpendicularly

throughout the year. To ensure that a surfaceciadahe sun the angle of incidence is required,

this can be obtained from the Zenith of the sune Tbllowing table and graph is the

mathematically calculated change of incidence amgefunction of day in the year with a

summary of the optimal angle for each Month of §y®ar to ensure that a surface is

perpendicular to the rays of the sun at solar noon.

The required tilt angle can be calculated by sutittg the Zenith angle from 90°. The optimal

angle is given as the angle on or around ttteo2the month.

19

——
| S—




Table 4-3: Optimal tilt angle for surface to be pergndicular to solar rays

Month: Jan | Feb| Mar | Apr | May | Jun | Jul | Aug | Sept | Oct | Nov | Dec
Zenith 75| 67| 56| 45| 34| 32| 34| 43 55| 65 75| 80
Tilt angle 15| 23| 34| 45| 56| 58| 56| 47 35| 23 14| 10

Tilt angle required for surface to be perpendicular to solar rays
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Figure 4-6: Zenith position at solar noon vs. dayfathe year

Using the Zenith as reference and changing thartiile once per month on or around th& @l

the month the following results are obtained fogrgly generation:
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Figure 4-7: Irradiance on a tilted surface perpendtular to solar rays compared to irradiance on latitide tilted surface.

20

——
| S—



Table 4-4: : Irradiance on a tilted surface perpendiular to solar rays

Month: Jan | Feb | Mar | Apr | May [ Jun | Jul | Aug | Sept| Oct | Nov | Dec | Average

KWh/n#/d | 7.85| 7.08]6.21] 5.24| 4.58| 4.43| 459| 4.87| 5.47| 6.53| 7.47| 8.00| 6.03

The annual energy obtained from keeping the surfsrpendicular to the solar rays is 2.2
MWh/m?. This is an increase of 300 kWHrar 13% per year from the horizontal and 110
kWh/n? or 5% per year from latitude tilt. This data shawat single axis tracking or seasonal

sun tracking only increases total the energy outpatsystem by a small amount.

Using historical data from RETScreen the effectookentation on the annual energy was
analysed. The annual energy generation for a washtation is the same as that of an east
orientation, when using RETScreen data. In pradtieeamount of energy captured by a west

facing slate should be higher by a small margin.

The following is a graph of energy from east oraioin compared to north orientation at an

angle of 30°
Irradiance comparison between North and East
orientated surfaces
8
7 [ 4
> g \ /
3 5 N\ v
T N 7
E S e ——30 degrees tilt, East Orientation
1 30 degrees tilt, North Orientation
0
Q Q o §§ ’b\\ (\Q' 0\* 0‘:}' & & & &
\@(\o%(( Q‘p‘& &b‘ OSIENSE o Q’&({O Oéaooé{@z&v
% 9

Figure 4-8: Daily solar irradiance, orientation conparison

The amount of energy captured by an east or westtated surface is somewhat less than the
energy captured by a north facing surface at timeestlt angle of 30 The annual energy
obtained from an east of west orientated surfaegjisl to 1.8 MWh/fm This is 290 kWh/rhor
14% less than north orientation for the year. Wiscbmaller than expected.
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Global insolation (direct and diffused)(W/mz) on tilted surface

Looking at daily insolation for north and east ataed surfaces the following can be observed

between a north facing surface at 30° tilt and ast éacing surface at 30°. The insolation data

was predicted using a mathematical model.

1000

North

Insolation as function of daytime

East

Insolation as function of daytime

Aggrgnggg
)(W/mz) on tilted surface

- -—7--

Global insolation (direct and diffuse:

T -

P
[}

25
Hour of day

900

800

~
o
=]

@
=}
=)

d
o
=}
S

N
o
=]

w
=}
=)

N
=]
=]

100

Hour of day
Figure 4-9: Insolation comparison between a northdcing surface and an east facing surface, on day(®2

The insolation on the surface differs somewhattduarientation. The east orientation has fewer

sunshine hours and also does not receive the samenom insolation as the north orientated

surface. From the predicted insolation data one s that the north facing surface has a

symmetrical form. The east facing slate has highsolation earlier in the day, but the insolation

dr

ops more rapidly after the solar noon.
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5 Experimental Setup

Mechanical Design

To mount the SunSlates™, a framework had to begdedi The design of the framework was
such that two slates would face away from a cemtidble tile. This was done to have one tile
facing north and the other facing east and wese ffamework was built using cost effective

materials and mounting of the tiles were done hyngling them to the framework.

It was decided that the angle to the horizontdahefmountings of the individual slates should be
30°. This is 4 degrees less than the latitude ®fStellenbosch site (34.2 S), which would have
been optimal. Most roofs are not built at the aregleal to the latitude of the site and for this
reason 30 degrees will fall in the range of thel@of a real roof and is still in the optimal range

for fixed angle PV installations in regions aroustellenbosch.

The following picture and diagram illustrates thesign and the setup on the roof at the Solar

Energy Testing Facility:

A 72 cm

37cm

T~

/ 1.
7 S

Figure 5-1: Diagram of Frame for mounting of SunSlées
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This is used to determine if slate is facing —

the sun directly at solar noon.

—

Rig to change angle of slate

Figure 5-2 : Setup on the Solar Energy Test FacilitiRoof

Site

The frame was placed on the roof of the Mecharttcalineering building at the Solar Testing
Facility. This area has limited to no shading whatlows for solar research. The frame was
placed so that the adjustable and the centre Istdateface north. This resulted in the side slates
facing east and west. Figure 5-2 is a picture efftamework with slates attached. The day the
picture was taken was overcast and no shadowdeisible. The adjustable slate was initially
set to 30 degrees, the same as the fixed slate.

All data processing and measurements was doneeitathdirectly below the setup. This was
done by connecting everything on the roof troudiole in the roof to the lab.

The following pictures illustrate the area where slystem was placed.

24

——
| S—



Solar roof with
test setu|

Mechanical
department
| entrance

A walkway bridge.
connecting different par
of engineering faculi

Mountain

A walkway bridge,
connecting different part
of engineering faculty

Figure 5-4: Panoramic view of stU|




Electronic design

To obtain the most accurate results a maximum ppeiert tracker was designed and built using
an electronic circuit connected to an analogueidgdall converter (A/D) and a computer. The
computer was used to do the data processing aedatng the maximum power point (MPP).
This process repeated every 5 minutes to ensuréhdbalates would operate at their maximum

power point at all times.
Hardware

A circuit was designed which utilises a power tistos on a heat sink as a dynamic load. All the
power of the slate was dissipated trough the tsémsand the cables connecting the slate with

circuit.

The slate voltage was measured directly from theedb avoid voltages losses in the connecter

cables. The cables where also selected to ensatrses where minimum.

A current resistor (0.X2) was placed in the power loop to determine the lamhof current
flowing in the system. This was measured by finstphfying the voltage over the current

resistor with an op-amp with a gain factor of &8lécted to be as close to 10 as possible).

The following is a schematic diagram of the cirased to measure the current and voltage. This
circuit is also used to maintain the maximum powemt by charging the capacitor to the
selected operating voltage and then discharginggtroan op-amp designed to be a high-
impedance input to the circuit, this allows thea@r to maintain its charge for an indefinite

period.

> o _

T,

Figure 5-5: Schematic diagram of measuring circuit
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R; and R were used as a voltage divider. This was initidthype to give the output of the A/D a
larger range. In this project it was found howetret the accuracy and range of the A/D was

sufficient and Rand R were not necessary.

Rz and R, were selected to have a positive gain of 9.3. Wais done to amplify the low voltage
over the 0.Q resistor (R) in the current loop. This voltage is measuredhs A/D and data

logger and converted to a current measurementsgitivare.

Vin determines the voltage delivered to the base,offJis used in a Darlington pair to deliver
the base current which is required for full openatof T,. By manipulating V, the amount of
power dissipated by the transistor;(Tan be varied. By sweeping,\the maximum power

point can be determined by measurements,@ind \,.

The capacitor (C) was used to sustajpwhile the A/D was sweeping trough the other cicui
or in between the 5 minute intervals of MPP detectThe size of C was selected in such a way
that it would discharge trough the A/D as soonhesA/D closes the relay switch, so that the
capacitor would not affect the MPP measurements.CHpacitance was chosen to be 1000uF.

Four identical circuits were built to connect eadlthe mounted SunSlates™. Due to the limit
of output and input channels from the A/D, switchndegere used to optimise the use of the A/D
converter. Using 5V relay switches and switchingnthwith the digital output all four circuits

could be connected to the computer.

V, was connected to channel 0 (Pin 1 and 2) of tliz c@nverter, Yto channel 1 (Pin 4 and 5,
with 5 to ground) and \to OUT 0 (pin 13).

The A/D converter used was a product of Measurementputing called USB-1208LS, this
A/D converter connects to the computer via USB laasl 4-differential inputs or 8 single-ended

inputs, but only 2 analogue outputs.

The following are pictures of the built circuit atite A/D converter from the datasheet.
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Current resistors

Heat Sink with T

Figure 5-6: A/D converter and built circuit for MPP tracking

Software

MATLab with its dataacquisition toolbox was used to communicate with AMD converter. /
program was seip to determine thMPPevery 5 minutes. This was done by settirj, to 0 and
measuring the PV voltage and currehrough the use of the circuiti\\vas swept betweelV
and 2.5V, the operating range for the transistAt less than 1V the opetircuit voltage of the
slate was measureas no current flows through the transi and atover 2.5V the transistc
would be fully on and the current (almost equath® shot-circuit current) would flow troug

the current resistor.

From this sweep the maximum power point would klerde@ned by multiplying the true curre
with the measured PV voltage;, would be saved in a variable as soon as taximum power
point was detected:his value of \j, was set on the capacitor to keep the slate opgratiMPF

until the next sweep.
The measured power, PV voltage and current waglin an excel sheet for later (.
The concept of the program is illustrated in théofeing figure:

With every step the prograi

A
MPP takes, it determines the pows

LA/ delivered by theslate for the

step. As the steps oceed the
consequent power is determir

until a maximum powepoint is

+ Step taken by software determined.

»
»

Voc
Figure 5-7: Figure illustrating the concept of the MATLAB program
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The following is the block diagram of how the sadte functions:

Initialize

Get W,
and

A\ 4

N Calculate Current
‘ J
Calculate Current A

Calculate Power (P1

Get V,
and \f

Step

A 4

Calculate Power after
step (P2)

Is P2 greater
than P1

If P2 greater then P1
becomes P2, StoreV
as MPP ¥,

No

Stepping

done?

Set i, to MPP \{,, Maximum power = P1,
Store all in ‘.xIs’ format.

Figure 5-8 Block diagram of how the software function:

Measuring instrumentation

The temperature of the four slates were measudididually. The temperature probes (type K

thermocouples) were placed between the PV moduldéhenback panel of the slate to accurately

determine the cell temperatures. A temperature més also placed in the shade under the

north facing slate to determine the ambient tentpezan the specific environment of the setup.

The temperature probes, PV voltage and the cumeaisurement were connected to an Agilant

Data Logger. This used 14 of the 16 available chEnThe data was logged, by the data logger,

on 10 minute intervals, where as the software swéepthe MPP every 5 minutes. The data

from the data logger was used to determine the ¢eatyre of the slate and the power delivered

at 10 minute intervals.

Due to the MPPT the power measured by the dateefoggl always be a maximum for the

given time. The power measured from the data logger be used to calculate the energy
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generated by the slate. The energy of a slate eatetermined by integrating the P(t) curve over

time.

The climatic conditions of the Solar Testing Fagilvere measured by a weather station set up
on the roof. This weather station is connected Baais Vantage PRO console and data logger.
The solar insolation and daytime temperatures wheeasured at 10 minute intervals to
correspond to the data taken by the Agilent Datggkeo. The data from the data logger was
saved on a computer in the Solar Energy Laboratndyalso uploaded to an internet site.

The weather station data is also available onlinbttp://students.ee.sun.ac.za/~weather/

| Wind speed and

"_ N FS direction meter

Figure 5-9: Weather Station and Davis Vantage PROansole




6 Results

The slate

The slate used was manufactured by Atlantis engygiems and uses mono-crystalline silicon
cells manufactured by Q-Cells. The manual obtaifteth Atlantis Energy System does not

contain any |-V characteristics and does not h&t model name under the parameters given.
Thus the manual is not strictly compatible with #fetes received from Atlantis energy systems.

The cell type used is the Q5M150. Six cells areduse the manufacturing of the slates.
Datasheets for the specific cells could not be inbth This type of cell is no longer

manufactured by Q-Cells and little information v@#able about the characteristics of this cell.

SunSlate™ Specifications as given on the Slate:

Table 6-1: Summary of Slate Specifications

Slate Length 72cm
Slate width 40cm
PV glass covered area 30cm by 40cm
Total PV area 0.09M
Cell efficiency +15.5%
Voltage and current rated at STC
Voc 3.7V
lsc 5.07A
V mpp 2.96V
| mpp 4.89A
Propp 14W *+ 10%

Measured Data

Large amounts of raw data were obtained. This @atalogged by the Agilant Data Logger, the
software coupled to the A/D and the Davis Vantaged®nsole and weather link. The data was
stored on 10 minute intervals. The data obtainedevpanel voltage and current, the panel

temperature, solar insolation, wind speed and amléenperature.
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Power and energy differences between MPPT and fixddad

Two different slate connections where investigalidtk first was to connect the slate directly to
a fixed load, setup in such a way that maximum pdveen the panel was obtained during noon.
The other was to connect the slate to a MPPT tp kiee slate functioning at maximum power
throughout the day.

The following results where obtained. The resultere measured on the".6f October and the
16" of November. The power was normalised to STC,whis done by using the linear relation

between power and insolation. Only the north fagagel was investigated.

Power from North facing slate:

Power comparison between MPPT and Fixed load
14
12 i Normalised - MPPT
= 10 f \ Normalized - Fixed load
2 8
s // \
2
0 W/ N\
SRAIRALITRIRALIILITRIZAIRSIESRIIIRISEERLR
SO A ANANNLETININORNRIBNOSOS ANMNLINGOONONO oA NN
™ e AN AN AN NN
Figure 6-1: Power comparison between MPPT and Fixelbad
Power output at noon: MPPT panel :12W
Fixed load - 11.2W
Difference : 0.8W
Daily energy: MPPT panel :91Wh

Fixed load : 83 Wh
Difference : 8 Wh (9%)

The difference between MPPT and fixed load is gsitell for a slate with a low power rating
(Under 50W).
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Effect of orientation on temperature
From the data the effect of orientation can beiabth

Data from the 18 of September, 16 of October and 1B of November are used:

16" September ambient temperature, wind speed ankhfitsolevels:

Data obtained on the T®f September:
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Figure 6-2: Temperature, wind speed and solar insotén of the 16" of September

From this weather data one can see that tfeofSeptember was a particular cold day with a
cloudy sky and some wind. This is ideal to see bmSunSlates™ react on such days.
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Figure 6-3 Temperature comparison between east andest orientations 16' September
These results indicate that even on a cloudy afdiday the temperature profiles of the Slates
differ due to orientation. These results where ioleth while the panels where connected to a
fixed load and not operating at the MPP.




Data obtained 10October:
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Figure 6-4: Temperature, wind speed and solar insoten of the 10" of October

From the weather data one can see that thefl®ctober was a cloudless day with light to mediu

winds. The temperature profile and solar insolapoufiles are typical for a cloudless October day.
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Figure 6-5: Temperature comparison between east and westientations 10" of October

These results indicate that each slate has a cisémperature profile due to the orientation. &
results where obtained while the panels where aiedeto a fixed load and not openg at the
MPP.




Data obtained 16November:
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Figure 6-6: Temperature, wind speed and solar insotén of the 16" of November

This day is similar to the 16of October, a cloudless day with some wind. Théiant temperature,
however, was somewhat lower that that measuretieddy in October, but the solar insolation was
higher.
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Figure 6-7: Temperature comparison between east andest orientations 18' of November

These profiles are similar to those on th& d6 October with some differences. The effect déso

insolation can be clearly seen on the increasernperature.

From these measurements it can be seen that thenoraxemperature of the North facing slate is
about 5C higher than the east or west slates at theireptis@ maximums. The maximum
temperature for the north facing slate isG@nd the maximums for the east and west facirtgssla

are 46C.
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Effect of temperature on power output of panels

To investigate the effect of the temperature onpitveer output of the panels three consecutive
days with the same insolation levels, but differday time temperatures were used. Only the
north facing panel was used in this analysis.

The following is obtained from the Vantage Pro Guiedrough the Weather Link program:

Figure 6-8: 3 Day Irradiance and ambient temperatue data, begining 19th of November

From figure 6-8 one can see that th& 0 November was a warmer day than th& a8 2" of
November, but the insolation is exactly the samiha®ther days.

The change in temperature can be attributed tovihe speed.

The temperature and power of the panel on the iithagi@} days is given in the following table:




Table 6-2: 3 Day comparison between power and tempature
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Summary of power delivered at 10am, 11am, 12pm, 4pdh2pm

Table 6-3: Power delivered at different times and t@perature

Time Slate Temperature (°C) Slate Power (Watt)

19 Nov 20 Nov 21 Nov | 19 Nov 20 Nov 21 Nov
10am 55.1 58.7 56.5 10.5 10.25 10.3
1lam 54.3 59.8 58.6 11.05 10.7 10.8
12pm 55.7 59.9 54.3 11.36 10.5 114
1pm 54.8 59.3 47.6 11.11 10.6 115
2pm 45.7 56.1 47.2 10.26 9.87 10.4

Energy can be calculated by integrating the povedivered by the slate over the amount of

sunshine hours in the specific day.

Energy for specific day: 19 Nov - 86 Wh
20 Nov - 83 Wh
21 Nov - 87 Wh

Difference in percentage between specific days:
Difference between ftand 28" 4.3%
Difference between 3tand 21 5%

From these results it can be concluded that therdiice in temperature has an effect on the
total energy output from the SunSlates™. This ghdo¢ taken into consideration when

designing a system.

The tiles can be kept cool by introducing some Negidgn into the roof space, this can be done

by adding vents to the roof space or a Whirly-bird.

Effect of orientation and tilt on power and energyoutput

Power delivered by North facing slates at differiltd, measured at solar noon with insolation
of 1020W/nf, on the 25 of November:
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Table 6-4: Maximum power output at specified angleand predicted daily and annual energy output

Tilt 0 30 45 60 Optimal angle
for November,
(15C)

Power 12.3W 12.2wW 11.5W 10w 12.5W

Daily energy

(predicted) 85Wh 93Wh 89Wh 79.8Wh | 91wh

Annual energy

(predicted) 26.8kWh | 29.1kWh | 27.5kWh | 25.8kWh | 30.7kWh

The daily predicted values were obtained from tlath@matical model developed in Chapter 4.
The annual energy predictions were done by usingSAAhistorical data by means of
RETScreen.

From this table of results it can be seen thamglesiaxis tracking system would benefit only
slightly from following the seasonal path of thexsiompared to a fixed tilted system of 30°. The
difference in predicted annual energy productiotwben a system with single axis tracking and
a fix mount of 30tilt is about 1.6kWh or 5%.

Even though the optimal angle slates have higherepoutput at noon, the total energy output
per day, during the summer, is slightly lower th30° fixed angle system. The single-axis
tracking will have a higher annual energy produtctio

Differences in power delivered by differently oriated slates measured on 20th November are given
in the following table:
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Table 6-5: Different power delivered due to orientaibn compared to predicted insolation on surface

Measured Power on 20November Data obtained from: Photovoltaic Geogicgl
Information System - Interactive Maps, (European

Commission, Joint Research Centre, 2008)
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Total energy produced on specific day:

North : 84 Wh
East : 75 Wh
West : 78 Wh

The placement of the system is so that additiogfi#ated sunlight falls onto the panels. This ért
the diffuse component is small enough to ignorenfost of the day, the only small effect it hasns o

the early morning measurements.

*From the measurements obtained one can see thed th some shading in the morning. This

shading can be attributed to the surroundings efsiystem setup. From physical inspection it was
found that the difference between predicted ingmia{from the PVGIS, (European Commission,

Joint Research Centre, 2008)) and measured poweutazan be attributed to a mountain range due
east from the system, as well as a walkway to #s¢ @he mountain and the walkway has the effect
of “delaying” the sunrise for 30 to 45 minutes @hts affects the power curve of east facing slate.
Figure 5-4 is picture of the setup. From the pigtiiican be seen that the walkway and mountain can

obstruct the sun in the early mornings.

Using mathematical modelling with a temperatureffa@ient of -0.4 %/°C and assuming the cell

temperature to be 55°C maximum the following prestiosalues are obtained:

West facing Slate, tilt 30°, 25 November

Change in power as function of daytime, single slate West

Power delivered by system

Hour of day

Figure 6-9: Predicted power from West facing slate
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North Facing slate, tilt 30°

Change in power as function of daytime, single slate West

L e
X: 12 X: 14
_ovil2lvimar.. o oL

1 X: 16 |
| \ Y:8521 |
| ] |
| |

Power delivered by system

Hour of day

Figure 6-10: Predicted power from North facing sla¢

The following table compared the predicted energi wmeasured energy.

Table 6-6: Measured energy compared to predicted ergy

Orientation North East West
Measured Energy 84Wh 75Wh 78Wh
Predicted Energy 91Wh 79Wh 79Wh
Difference 7Wh 4Wh 1Wh

The difference between the measured data and ¢lakcprd data can be attributed to the following:

1) The difference in the North predicted and North sueaed is due to the temperature
changes. The predicted value uses a temperatune v&l55C. The temperature of the
measured north facing slate can be as high & &0d this would cause the difference in
energy produced

2) The difference between East predicted and Eastureshsan be attributed to the fact that
the measured slate does not receive sunlight irdhlg morning, due to shading from a

nearby walkway and a mountain due east from thesegap.

Annual energy prediction from historical data, tekinto account slate PV area and efficiency,
but not taking into account temperature variations:
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Daily energy produced - 30° tilt,East facing [Wh]
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Figure 6-11: Annual energy predictions for a singlelate

If temperature variations where taken into consitien the overall energy produced during the
months of October to February would have been |dhem what is predicted in Figure 6-10, 11.
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7 Case Study
SunSlates™ in practice, a Lynedoch case study.

Introduction

It is widely known that South Africa is the midst @ power crisis. ESKOM can no longer
supply peak demand at certain times of the day. tbubis scenario some South Africans have

started to look into generating and supplying tb&mn power in times of need.

Some of the generating options are renewable ersenggces, like solar power and wind power.
In South Africa, solar power is one of the mostratant sources of renewable energy, with

South Africa having one of the highest annual iasoh levels in the world.

With access to international markets South Afries lthe potential to grow into one of the
biggest photovoltaic users in the world. The growthhis market however will only become
viable if the government introduces some form aeimtive or if South Africa’s traditionally low

electricity costs increase to where PV can achgeiceparity.

Even though grid parity is presently far from beiregached in South Africa the Lynedoch
Sustainability Institute has decided to invest istmme research into a BIPV system. The
Sustainability Institute is part of a unique setighin South Africa. The Sustainability Institute
forms part of a sustainable community/village baiit rural land just outside Stellenbosch. The
village is comprised of residential units as wedlaaschool and a pre-school. The village and

school are built up around a hotel, which now fior as a guest house.

All of the houses have solar water heating andgasefor cooking. The solar water heaters are
paid off by the owners by paying a premium on tledctricity until the price for the SWH's

have been paid in full.

Currently most of the electricity is supplied by KE3M trough a central 6kV feed line. The
power is then locally distributed throughout théage. The village pays by means of pre-paid
meters. The pre-paid electricity can be bought ftbenBody Corporate of the village and this is

where the premium is added to the price.

Due to a local grid, the Sustainability Institutecttled to experiment with a BIPV system. This
system was installed on a part of the guest haasfeand supplies electricity to the local grid. In
the case of an ESKOM power outage this systemalsth automatically switch off to prevent

‘islanding’ from occurring.
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Islanding is a term used to describe the effectnapower is still available ta part of a
distribution gridafter it has been shut down for rep: This happens if someone connecte:
this distribution grid supplies the grid with prtety generated powe

The purpose of this experiment is to see if it Wél possible to build up the generating cape
within the local grid, so that it migreventuallystand independent from ESKOM and |

ESKOM as a back-up supply.
Lynedoch SunSlate™ System Sett

Location and orientation

Lynedoch is located just outside Stellenbosch enRELO, about 9kmThe geographic locatic
is 33.98" South latitude by 18.7Bast lonitude. This is similar to that of Stellenbosch and r
of the data applicable to Stellenbosch is alsoiegiple to Lynedock

The site chosen to install the system is on thé abthe guest house. The roof is orientated

North-Westdirection at almost <. The roof itself has a tilt of £35°.

The following is a Google Earth™ image of the :

Guest House, syste

installed on the -W
facing roof

Sustainability
Institute and school

Figure 7-1: Google Earth image of the sustainable village at Lyedoch
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System Size and related costs

The size of the installed system is 1.7kVVhis is equivalent to the output of 120 SunSl&tes
The slates are connected in 2 series strings ofl&@s each and then connected to a SMA
SunnyBoy inverter. This inverter is coupled to tbeal grid. The SMA inverter is of high
qguality and ensures that the power delivered matdhe grid standards and also prevents
islanding situations when the grid shuts down.

To install the SunSlates™ on the guest house tbefioof had to be reinforced, as the weight of
the slates are more than the weight of the coreayabn roof which was installed. This added to

the costs of the retrofit.

A summary of the costs:

Table 7-1: Summary of costs

120 SunSlates @ $102 (exchange $1 R91 800
R7.5)

Retrofit Costs R 5 000
Engineering and installation costs R15 000
Inverter costs R23 000
Total R134 800

All costs are rounded for convenience with somaredion done and exchange rate of August
2007 used.

This relates to an installed cost of R8@/Which is higher than the average of R6Q/W
Predicted output from system

Using historical data from NREL and mathematicatwaations, the performance of the system
was predicted.

To estimate maximum performance capabilities tidags have been chosen where with no
cloud cover. The days chosen where 13 Septembedcidber and 16 November. These days

are relatively one month apart. Thé"i& September was thé“2lay the system was online.
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Table 7-2: Predicted daily performance of system

Predicted insolation on roof surface

Mean powddir delivered

Change of irradiance as function of daytime
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The total area used was 1038and the cell efficiency was taken to be 15.5%. &hergy was
calculated by integrating the power delivered kg slgstem over the available sunshine hours in

the day.

Predicted energy generated on the specific day:

13September : 9.67 kWh
10 October 11.97 KWh
16 November : 13.76 kWh

Using historical data to predict the annual engngpduction, the following where obtained:

The first graph indicates the average solar enpegyday per square meter available on a tilted
surface per day and the second is an estimatidgheoAmount of electrical energy the system

will generate given the historical data:

Table 7-3: Historical data of insolation on differert surface and Predicted annual performance of syste
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Installed system, predicted daily performance
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From the historical data predictions it was foundttthe annual average energy produced by the

system should be 3350kWh per year for the speaifentation and tilt.

The difference in energy produced between the 48V Nrientation and direct north facing at a
tilt of 35° is about 4% per year. A total energgrigase of 134kWh per year can be achieved if

the roof where to face north.

The historical data used was obtained from RET®crédis data uses information from a
NASA historical database. The difference betweeity dasolation levels from the historical

data and from the specific day predicted valueduis to the weather effects included in the

historical data.
The predicted data is only valid for cloudless days
Measured system performance

Practical performance data was obtained from atalled SunnyBoy Web Box. This web box
logs the mean hourly data from the SunnyBoy inver@me of the data can presently be

obtained fromhttp://www.sieckmann.biz/content/ProjectsSustaiitghilstituteReports.html
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Power and Energy

Using data from the specified days the followingswétained:

Table 7-4: Data graphs of daily performance of systa
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In the following table the maximum power deliveraad the difference between the predicted

and the practical values are given:




Table 7-5: Summary of daily power delivered

Day Maximum power by Difference from Percentage
system predicted value difference
[Table 7.2]
13September 0.98 kW 0.612 kW less 38%
10 October 1.05 kW 0.595 kW less 36%
16 November 1.16 kW 0.488 kW less 30%

The following table is a summary of the amount érgy for the specific day produced and the

difference from the predicted values:

Table 7-6: Summary of daily energy delivered

Day Energy delivered Difference from Percentage
predicted value difference
[Table 7.3]

13September 6.84 kWh 2.83 kWh 30%

10 October 7.91 kWh 4.06 kWh 34%

16 November 8.81 kWh 4.95 kWh 36%

From this analysis it can be seen that the systeamdlerperforming. The average performance

difference is 33%.

The poor performance will be explained in a subsatparagraph.
Financial and environmental benefit

Money is saved due to the fact that less ESKOM paweised by the sustainable village, in
addition to this green house gas emissions areceeddT he total energy produced if the situation
was ideal would have been 3350kWh per year, dueettain performance issues the energy
produced is adapted 33% lower and is estimatee @245 kWh per year.

The reduction in green house gas emissions upisodéte is 301 kg, as determined by the
installer of the product. Working on the possibleemrgy this project could save during its
operation this total will increase to 44 900 kg tstimated life time of the project is 20 years.
To calculate the net savings in GHG emissions theumt of GHG emissions during
manufacture and transport should be subtracted thantotal. This could be substantial as the
cells had to be transported from Europe to Ameaicd then the slate has to be transported to
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South Africa. The transporting will have increasleel total carbon footprint of this product. This
can, however, be seen as acceptable as this search project and the main concern for this

project is not total savings in GHG emissions.

The concern of this project is the long term sasiagd contribution to the local grid. A simple
financial analysis shows that with no debt it wélke 20 years worth of electricity savings for a
simple payback on the system, a simple paybacktakbs into account the capital costs and the
saving from the investment. The payback includesramual increase of 15% in the electricity
price. Just looking at this, it can be seen tharitially this type of project will not be viablerf
the South African market. With the low tariffs olearicity this will not be a good financial

investment for a retrofit under present (2008) ¢oois.
Known problems affecting performance

Orientation

The orientation of the roof has an effect on thaltenergy produced by the system. If the roof
was facing due north the system will have an irsgeaa the total energy produced per anum of
about 4%. The inclination of the roof (about 353shthe added benefit of producing more
energy during the winter months than would be pceduwith a horizontal roof. The difference

in orientation has less effect on the total engngpduced than the tilt of the roof in this case as

can be seen from Table 7-3.

The difference between predicted values and pedctialues are due to certain performance

issues of the system.
Shading

The first problem is due to a shading effect. Thad®w from the chimney of the guest house
kitchen falls on the PV area of the roof from ssanuntil just before noon. This reduces the total
amount of power delivered and the energy produdée. shading effect can be seen in the

measured result. The shading occurs in the mornings

The following picture was taken early morning (8h88 October 2008). The shadow of the

chimney is clearly visible on the slates.
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Figure 72: Shadow of chimney on PV panels

It is possible that when the slates where instahedsun rose at a different angle, than when the
measurements where taken. If this is the casentitaller did not anticipate the movement of the
sun.

Faulty Slates

The largest factor contributing to the 30% perfono® deficit could be one or two faulty
SunSlates™. These faulty slates would have theteffeabsorbing some of the power from the
other slates and releasing it as heat. This faulthe rectified but with difficulty. The design of
the roofing system is such that in theory it shduédeasy to remove an individual slate, but in
practice it is not easy to do or to locate thetfaslate in the series line. The electrical cougplin

is also hidden from access, thus easy fault findingpt an option.

If a slate is faulty it would heat up more than $itetes around it. This characteristic can be used
to determine the faulty slate by taking an infrapgzture of the roof. From the picture the faulty

slate could be located.

Case conclusion

From this case study one can conclude that SursStasre not a good financial investment in
current South African market conditions, this is different from any other PV or other

renewable energy investments. The total cost ofspart, installation and maintenance would
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probably be more than the benefit from the eleityrisavings from the slates. Thus this

investment will cost you more than what you wousihgn savings.

Other factors that influence the feasibility ofsttiype of project are the orientation and theofilt

a roof. If the tilt and orientation is not besttedifor the area of such a project energy lossks wi
occur. This losses or reductions could lead to cedueturns on the investment or make the
investment unfeasible, it was shown in this casedwver that orientation losses only amount to

about 4% and would not have such a significaniceffe the feasibility.

In this case the tilt results in maximum energy year as it is close to the latitude of the site, i
was also found that at this specific tilt the otadion has a small effect on the total energy

produced.

It can also be seen from this case study thatriti@idual slates must be tested before use. If a
single slate is faulty it will affect the entiressgm and power reduction, as in this case, cas be a

high as 30% of installed capacity.

Even though the SunSlates™ are a novel idea itnaillbenefit a South African client under
current market conditions. From this one can satttte time for BIPV is not yet here for South

Africa, but the situation might change in the niedwre.
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8 Discussion and conclusion

Discussion

From the measured results and the predictive mibden be seen that the power and energy

output of a PV panel can be easily predicted frorergdata.

The temperature measurements indicate that onenthas an effect on the temperature profile
of the slates. The temperature profile is closklgdd to the wind speed and the solar radiation
received. One of the more interesting points in theasurements is the fact that the slate
temperature decreases to below ambient temperaluresy night time (see figures 6-3, 5, 7).
This effect is due to the heat radiated by theesdairing night times. This has an added effect of
increasing efficiencies during the mornings, b tbmperature of the slate increases rapidly
when the first rays of the sun hit the slate.

When looking at the daytime temperatures of thdeslat can be seen that the slate’s

temperature, on average, increase to 25°C to 3@ eaambient temperatures. This is a

disadvantage to any PV module as this decreasesmdxénum power output. From the data

sheet of a new version of the Q-Cell it was foulmat the power lost in relation to increase in

temperature is 0.43%/K. This will result in a povess of up to 15% during a warm summer

day. From the results obtained it can be seenthiege specific cells are sensitive to changes in
temperature, where a 5°C increase in temperatureezhice total energy output by up 5% per
day (Table 6.3).

Another factor that might contribute is the placofghe temperature probe. This probe is placed
between the glass of the module and the slate,tbeusemperature probe does not measure the
direct cell temperature and can only be used asdicator of the effect of the temperature. The
cell temperature might be even higher than measuhael to the insulating effect of the glass

lamination.

Table 6.2 illustrates the effect temperature haghenoutput of the slates. From this one can
conclude that the ambient temperature, determifsa ey wind speed and direction, can have
some impact on the total power delivered. Frondidta a difference in°& ambient temperature

can lead to 3.5% less energy delivered on the fspéeaiy.

The winter temperatures of Stellenbosch would seldbop so low that the slate temperature
will be reduced to less than Za Thus an increase in power above rated powernatlleasily

Ooccur.
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The temperature profiles of east facing slatesnatethe same as west facing slates. From the
results (see figure 6-7) one can see that the teyve of the east facing slate increases rapidly
at first and then steadily cools down, unlike thestwfacing slate which has a more even

temperature profile.

The temperature profile of the North facing slat@limost the same as the east facing slate. The
east facing slate, however, does not reach the samx@énum temperature as the north facing
slate. This does not benefit the total energy proda of the orientated slates. The solar
incidence angle on the slates will not be perpandicand maximum insolation will not be
obtained on the slates. This explains the effeat the orientated slates never produce equal
amounts of power compared to the north facing sTetes also explains why the temperature of
the orientated slates are constantly lower thamtréh facing slate, solar insolation is closely

related to the temperatures of the slates.

The power output of the slates under test nevehe=athe rated output of the slates. This is due
to the temperatures of the slates reaching asdsgd0C. As seen from the results the increase
in temperature decreases the performance. To msithe performance of the slates, some

cooling would be required.

Looking at the orientation of the slates it wasrduhat orientating the slates east or west
resulted in almost equal amounts of energy. Thiuesto the symmetrical movement of the sun
during the day. There is, however, one factor whiaim influence a change between the
generation capabilities. This would be the diffeeim morning and afternoon temperatures of
the slates. If weather patterns in an area resulegular afternoon winds or perhaps morning
winds, the temperature of the slates will diffefeas degrees from morning to afternoon, this

effect as mentioned earlier, is small enough t@igrwhen sizing a system.

Changing the orientation from north will reduce tb&al energy produced throughout the year.
West or east orientation can only utilise partiahghine hours per day, unlike north orientation
which benefits maximally from the sunshine hourshef day. As soon as the sun pasts its zenith
it will reduce the radiation on an east facingeslahd only then start radiating a west facing
slate. This effect of reduced insolation during tf&/ can result in a reduction of up to 30%
energy production during a winter day, but has alkgifect during summer (figure 6-11). The

total loss in energy production due to orientati@s estimated to be about 10% per year.

From the case study it can be seen that the emmairotal effect of the panels throughout the life

time of the system can be considerable, the coseher is still very prohibitive in the South
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African context. With a simple payback term of 28ags it will not be a wise financial

investment.

In the case study it was suggested by the instaflére system that some of the installed slates
could be faulty. A single faulty slate would havdramatic effect on total system performance.

In practice this will need to be addressed by atfivesting each slate before installation. This

will have an effect on the total cost of such aeysas it will increase the installation time and

man-hours required to complete a system instatiatio

From the case study it can be seen that orientatidnces the power produced during the winter
the most. This is similar to the findings of theates under test. The amount however is
negligible.

Conclusion
Through predictions and measurement it was fouatlamorth orientated slate with a tilt of’ 30
has a higher annual energy production than an taastg slate at the same tilt angle. The
difference between energy produced between thehremtl east/west orientated slates are

smaller than anticipated.

The tilt angle is of more importance when desigrar§lPV system, as this has the largest effect
on the total energy produced. From analysing tballsolar resource it was found that a latitude

tilt can produce 10% more energy per anum, thadi &lbor horizontal installation.

The combination of the effect of tilt and orientatishould be considered when installing a

system. If the orientation and tilt is not optinia losses in the system could be high.

When designing a system it is important to factothe temperature coefficients of the PV
panels. In the case of BIPV the mountings of theepahould be closely investigated to
determine what type of temperature variations ceddditions to the slates might cause. In the
case of a SunSlate™ installation it is suggestativhntilation be added to the roof space. The
additional ventilation could reduce the overalll ¢temperature, increasing the efficiency of the

system.

It is important to have the system connected to RPWM The MPPT will increase the total
energy produced per day by the system. Becausemmaxiavailable power is delivered to the

load it will reduce the power dissipated in thds;greventing the cells to heat up.

Overall the SunSlates™ performed well under difier@rientations and tilt. For current South

African condition however it is still not a sounddncial investment.
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Combination of obtained temperature data:
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Appendix B

The following is the MATLAB code used to calculdbee movement of the sun and predict the

Insolation at a certain time of day:

%EOT

function  EoT = EOT(day)

n = day;

b = (2.*pi/365).*(n-1);

EoT =2.292.%(0.0075 + 0.1868.*cos(b)-3.2077.*sin(b ) - 1.4615.*cos(2*b) -
4.089.*sin(2*b));

function  [SolTime,hour] = LSt(day)

EoT = ET(day);
hour = 1:1:24;
Lm = 30;

Long = 18.86;
ST = hour.*60;

LST = ST + 4.*(Long - Lm)+ EoT;
SolTime = LST./60;

%hourangle
function  hourangle = hang(day)

SolTime = LSTime(day);
% hourangle2 = (((LST - 720)./60).*15);
hourangle = ((SolTime - 12).*15)*pi/180;

%Zenith

function  [AltAng,Zen] = zenithf(day)

DECL = declination(day);

hourangle = hourang(day);

%hourangle = 0;

LAT = -34*pi/180;

Zen = acos(sin(LAT).*sin(DECL) +cos(LAT).*cos(DECL) .*cos(hourangle));
Zend = Zen.*180/pi;

AltAng = 90 - Zend,;

alt = AltAng.*pi/180;

figure(1)

plot(Zend);

xlabel( 'Day of the year (1 is 1st of January) );

ylabel( 'Tilt angle of surface'

title(  'Tilt angle required for surface to be perpendicula r to solar rays' );

% Solar azimuth

DECL = DEC.*pi/180;

%hourangle = ((SolTime - 12)*15*pi/180); %rads
hourangle = 0*pi/180;

LAT = 34 * pi / 180;

% s_azi =
atan(cos(DECL).*sin(hourangle)./(sin(LAT).*cos(DECL ).*cos(hourangle)-
cos(LAT).*sin(DECL)));

% azi = s_azi*180/pi;

HRA = hourangle;

t = sin(DECL)*sin(LAT);

u = cos(DECL)*cos(LAT)*cos(HRA);




ALT = asin(t+u);
Altd = ALT*180/pi;

%ocalculate AirMass
%
% To calculate air mass - Go to Declination and sel

% - Go to zenith and claculate
% - Run airmass claculator - Results
% Irradian

function  [ld,lg,Itot] = amf(day)

declination(day);
[AltAng,Zen] = zenith(day);

% angle = 0:1:85;
% am = 1./cos(angle.*pi./180);

c=1;

cm =[;
am=0;

zen2 = 0;

Itot = O;

for m=1:1:24

if AltAng(m) > -1
%  zen2(c) = Zen(m);
am(c) = 1./cos(Zen(m));
Id(c) = 1350.*(0.7.”~(am(c).”0.678));
cm =[cm m];
Itot = Itot + Id(c);
else
am(c) = 0;
Id(c) = 0;
Itot = Itot + Id(c);
% zen2(c) =0;
end
c=c+1,
end
% am = 1./cos(zen2)
[b,hour] = LSTime(day);
figure(2)
plot(hour,am)
xlabel( 'Hour of day' );
ylabel( 'Airmass' );
title(  'Change of airmass as function of daytime'

Ig =1.1.%Id;

%Tilted measurement

% tilt describes the angle from vertical and not ho
function  [Btot, Power] = tilt(day,tilt2,ori2,temp)
sazim = azimuth(day);

[Id,Ig,Itot] = airmass(day);

[AltAng,Zen] = zenith(day);

tilt = tilt2*pi/180;

ori = ori2*pi/180;

alt = AltAng.*pi/180;

if tilt2==0

err=0;

ect day

AM
ce

rizontal!

'



erra=0;

if day <184
erra = 2.5 + day*0.082;
end
if day> 183
erra = 30 - day*0.082;
end
err = (100 - erra)/100
Bnorm = Id./err;
else
Bnorm = Id;
end

% Btilt = Bnorm.*(cos(Zen).*sin(tilt).*cos(ori - sa
sin(Zen).*cos(tilt));

Btilt = (Bnorm.*(cos(alt).*sin(tilt).*cos(ori - saz
sin(alt).*cos(tilt)));

% u = cos(tilt).*cos(Zen);

% y = sin(tilt).*sin(Zen).*cos(sazim);

% Btilt = Bnorm.*(u + y);

Btot = Btilt*1.1; %./err; %Added 5% for accuracy
[b,hour] = LSTime(day);

for n=1:1:24
if Btot(n)<O0
Btot(n) = 0;
end

end

%Btilt = Bnorm*((cos(tilt).*cos(Zen) + sin(tilt).*s

figure(6)

plot(hour,Btot);

xlabel(  'Hour of day' );

ylabel( 'Global insolation (direct and diffused)(W/m”"2) on
title(  'Insolation as function of daytime' );

PowerA = Btot.*(0.09).*(0.155);
PowerLoss = PowerA*(temp*0.43/100);
Power = PowerA-PowerlLoss;

figure(7)

plot(hour,Power);

xlabel( 'Hour of day' );

ylabel( 'Power delivered by system' );

titte(  'Change in power as function of daytime, single sla

Btest = 0;
PowerT = 0;
for m=1:1:24

Btest = Btest + Btot(m);
PowerT = PowerT + Power(m);
end
Btest
PowerT

zim) +

im) +

in(Zen).*cos(sazim)));

tilted surface

te West' );




Appendix C

Datasheets of A/D converter and SunSlate™
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