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ABSTRACT

Shading device integrated photovoltaic system is one strategy in designing
green buildings considering energy and environment conservation. It is the pattern of
installation which generates electric power less than rooftop installation as a result
from shading provided by buildings. Therefore, the purpose is the optimization of
solar heat gain reduction and increase in daylight usability of shading device
integrated photovoltaic system as well as the optimization of economic price and
benefit

In this study, data collection was through the use of models in order to
improve variables in coefficient of diffuse solar radiation and solar radiation reflecting
from building envelope. Equation of total solar radiation on inclined plane presented
by ASHRAE was used. The adjustment of Daylight Factor (DF) of daylight usability
and the study of diffuse solar heat gain reduction in the pattern of Shading Coefficient
(8Cy) used in calculating energy value of energy generating system, air conditioning
system and lighting system

The variables used in design for calculation were such as directions of
installation, incline angle of solar module, room sizes and lighting control technique
with condition of minimum lighting level need at 300 lux and the use of air
conditioning system containing Coefficient of Performance: COP of 3.22 according to

the suggestion declared by law for energy conservation. 3 patterns of utilization



strategy were also considered as follows: the utilization from energy generation only,
the utilization from energy generation and heat load reduction, and the utilization from
energy generation, heat load reduction and lighting energy saving.

From analyzing and evaluating to create optimization in design according to
specific purposes, it is found that installation in the south side with the incline angle of
30 degrees will be able to produce maximum amount of energy for the whole year.
The depth of the rooms which is not too much will be suitable for heat reduction and
appropriate use of daylight. To do the economic analysis during 30 years of project at
system cost of 70 THB/W,, and 86 THB/W,, cost of electricity at 4 Baht per unit and
MRR loan rate at 8% as well as the decrease in efficiency of energy generation down
to 20% in 25 years, there were conclusions as follows: the installation should be in the
south side with the incline angle of 30 degrees in rooms with less distance from the
windows suitable for the use of lighting control system and in rooms with long
distance from the windows suitable for dimming technique in order to gain most
benefit towards investment up to 2.57 times and receive faster payback within 5.48

years
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CHAPTER 1

INTRODUCTION

Background and metivation
1. The idea of green building design

The idea of green building design is a current trend for the design of newly
constructed buildings. It is a consequence of the energy crisis and environmental
problems such as the green house effect, climate change and Global Warming.
This results in the idea of sustainable development, which takes into account social,
environmental and economic factors. The basis of design integrated with scientific
knowledge has been used. Therefore, building science is based on passive design ideas
depending on energy gained from the surrounding environment of buildings.
This is to create suitable, human comfortable that will also lead to energy
conservation.-The technology used to build green buildings which are designed for
the effective and eco-friendly use of energy, should be suitable and clean to provide
building with the better operation of active design using amount of energy, especially,
electricity such as air conditioning, lighting and other facility systems. Design based

mostly on natural systems should be considered first before involving the use of

synthesized energy.

The one of skyscrapers with integrated energy generators will be a
live machine with bio-climatic walls for supporting vegetation
purifying air. It has photovoltaic arrays for solar energy
harnessing, rainwater and atmospheric water collection unit and
will also be utilizing air flow between towers with aero
generators. Self-powered Eco-Cybernetic City interacts with the
surrounding environment.

Figure 1 The one of green building integrated with PV

Source: Volumatrix Group [93]



2. Energy consumption of typical buildings in Thailand
Thailand is located in a hot and humid-tropical climate, passive design
techniques are necessary for the design of building envelope to prevent solar radiation,
heat, humidity, thermal radiation from nearby buildings and polluted airflow
‘circulation caused from external environment to eventually ventilate into the inside of
the buildings where humans live, As the comfort zone cannot be fully controlled at all
times of activities by passive techniques. Then active system has to be used to control

all the previously mentioned concerns.

PETROLEUM PRODUCTS (58%  NATURAL GAS (79%) AIR CONDITIONING
SYSTEM (60%)

TRANSPORTATION (35.6%)
ELECTRICITY (15%, RESIDENTIAL (15. %)
“ COMMERCIAL (7.2%

AGRICULTURE (3.2
FINAL ENERGY FINAL ENERGY ENERGY CONSUMPTION IN
CONSUMPTION CONSUMPTION THE BUILDING

BY FUEL TYPE : RESOURCESE BY FUEL TYPE : SECTOR

Figure 2 The ratio of energy consumption

Source: Ministry of Energy [78]

Figure 1 and Figure 2 Shows that energy consumption of typical buildings
in Thailand is divided into 3 parts as follows: about 60% for air conditioning system,
20% for lighting system and 20% for other systems from the information on
verification for building design according to Thai Energy Conservation Law.
How ever, Thailand was used electricity about 17.5% came form Natural gas
and traditional renewable energy and about 7.7% came from renewable energy.
Some of the final energy consumption about 22.3% was used in residential
and commercial sector. In 2012 Thailand’s maximum peak load of electricity was
about 26,430 MW [59] which was more than a year before by about 9.2%. This will

trend to increase in the future.
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3. Passive design integrated with clean energy

Active systems such as air conditioning system and lighting system
contain ratios of energy consumption equivalent to 80% of the final energy
consumption in the building. Building envelope plays an important role in solar heat
gain reduction, effective prevention of heat and humidity transmission. However,
all these mentioned problems need the most energy for manipulation.

Passive design is a choice for design in basic control capable of decreasing
the severity of the environment surrounding the buildings. It includes designs such as
shading devices, insulation and fenestration. Once all these techniques are used
in combining with high quality electrical appliances and control equipment like

dimmers, energy can be increasingly saved.
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Figure 3 Integration of passive design with clean energy



Energy consumption can be decreased by using passive design techniques
and then choosing appropriate, effective, well-managed technology in energy usage.
Moreover, when the technology is integrated with expensive renewable energy
systems using large amounts of green energy in a form of synthesizing into electrical
energy processing like national grid, it will save energy and decrease the cost.
However, the aforementioned integration depends on the area for installation on
building envelope and the efficiency of the technology.

4. The interesting of the shading element

Concerning the energy consumption ratio of buildings in Thailand, it is
seen that shading devices are one of the passive design techniques affecting heat load
reduction of air conditioning system and controlling sunlight levels to save lighting
system. This is to reduce the ratio of energy used.

Of course, shading devices are designed to be used with windows. It is
also important to see good view clearly and exterior aesthetics. Figure 4 Shows the
relation between angles and spaces affecting shape, the stand-off part of shading

devices to prevent solar radiation in the period needed.

SN

WINDOW ORLENTATION

VERTICAL SIADING

Figure 4 Angular of horizontal and vertical shading devices

Source: Moor, Fuller [25]



5. Advantages of view and daylight

The view surrounding the buildings is connected to the feeling
and activities inside the buildings of residence. Atmosphere is being changed at all
times of the day through each season for the whole year because of motion of the sun
and clouds causing Karsten Harries’s light phenomenon [24] stating that
““...architecture, beyond providing physical frames for human activities, also interprets
to human beings their place in nature and society” which means that humans need to
have interaction with surrounding environment.

Revicki, Heerwagen and Turkish study of Alimoglu and Donmez [6, 14]
concluded that “daylight significantly impacts the working hour and burnout, which be
cause of stress on the job, the study is proved with nurses of Turkish. Furthermore,
the color of daylight changes all time of day and seasons then it effects the human
cycle time that is the reason from chemical reactions with the UV levels contained in
daylights”. Therefore, design must create connections with everything outside the

building through the use of windows for quality of life besides receiving enough light.

The spectrum curve of electric light sources not
same the sunlight spectrum, which effect
biological effect not for physiological effect,
because the eye can not separate the color of
light spectrum only white color [14].
Furthermore, the room that using artificial light
has continuously luminance all time but another
room that using daylight varies the outside
environment condition, which effects to human

4 450 500 350 600 650 700 perception about the circumstance.
Viol##®  Blue  Green  Yellow  Orange  Red

Wavelength (nm)

THE CLEAR SKY PERIOD

THE CLOUD SKY PERIOD

OUTSIDE DAYLIGHT ZONE LIGHTING ZONE

Figure 5 The comparison between electrical light and daylight

Source: Boubekri, Mohamed Daylighting [6]



6. The effect of shading devices on angles through windows

The form of the shading device affects reduction of solar heat gain
including beam radiation and sky radiation. It lowers the angles of view at the same
time. It can also be said that a shape of shading device is a factor determining the heat
on the glass and clarity of view from the inside to the outside of the building. Figure 6
shows conditions of shapes of shading devices and angles of eyesight. In case (b),
the shading device slightly outstretched is easy for a structure system, cheap and able
to create clear angles. However, it cannot prevent solar radiation for the period of time
when the sun goes down. In cases (a) and (c), the outstretched part of the shading
device is longer than case (d), (¢) and (f). Normally, shading devices are designed

short due to structure, cost, law and aesthetics.

BEAM RADIATION BEAM RADIATION

R S

= |
EYE VIEW
i
(a) LONG DISTANCE (b) SHORT DISTANCE, MOREVIEW BUT
MORE HEAT

BEAM RADIATION BEAM RADIATION

(c) LONG DISTANCE BUT MORE (d) SHORT DISTANCE BUT VIEW SEPERATED
DAYLIGHT

BEAM RADIATION BEAM RADIATION

(e) SHORT DISTANCE BUT LOWER VIEW (f) SHORT DISTANCE BUT LOWER VIEW

Figure 6 The relation of angle view and shading device form



7. Uncomfortable glare from sky

Daylight used to replace electrical light will shine through the windows on
a plane perpendicular to eyesight looking outside. Glass is a material that lets light
through it is like a light source shining directly in people’s eyesight. The brighter of
the sky is more uncomfortable of a glare occurs. Furthermore, windows cannot keep
out direct solar radiation or sun light coming through the windows, so visibility is
decreased by the disabling glare. This phenomenon, however, depends on luminance
around the field of vision, apparent size of the source, direction of eye viewing
and level of eye adaptation [8].

In case of a disabling glare occurs when a window receives too much
luminance directly shining on the field of vision causing disability in differentiating or
sight, which is the same case when perceiving the actual sun in the sky. This is one of
the reasons for designing a shading device for direct solar radiation prevention.

Additionally, uncomfortable glare will cause eye fatigue.

COMFORTABLE UNCOMFORTABLE GLARE DISABLE GLAR

Figure 7 The glare effect from the window

8. Distance of receiving daylight from side windows

Normally, light outside the building is at 10,000-20,000 lux and about
100,000 Iux when including direct solar radiation measured on the working plane in
the case of a clear sky or overcast sky. However, it will decrease 30% and get lower
when using a more outstretched shading device. In this case, the daylight factor can be
used in estimation as the shading device causes daylight reduction in distance far from
the window. This causes insufficient light for some activities in the area considered far
from the window. However, at the distance very far from the window, there is no

change of light in any of shading device case with different outstretched parts.
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Figure 8 Effectiveness of daylight in working space

9. Building Integrated Photovoltaic system (BIPV)

Renewable energy is free, clean, eco-friendly energy generated endlessly
by natural sources such as solar, wind, biomass,'geothermal, hydro, wave and tidal.
Photovoltaic technology is an alternative, turning energy gained from the sun into
electrical energy. This technology is uncomplicated and easy to apply and manage.
In case of installation on building envelope, PV module should be used instead of

other exterior building materials as shown in the Figure 9.

SHADING SYSTEMS |

RAIN SCREEN SYST.
STICK SYSTEM CURTAIN WALLS
UNITISED CURTAIN -
DOUBLE-SKIN FACADES)

CANOPIES ATRIA AND ROOF]

Figure 9 The building integrated PV options
Source: Simon Roberts and Nicolo Guariento [27]
In the past 10 years of studying BIPV systems, 5 aspects that need to be

focused on are as follows:

Analysis of Thermal effects affecting capacity of electricity generation.



9.1 Analysis of annual energy generation compared to heat gained in case
of designing semi-transparent solar cells

9.2 Analysis of energy and expenses for BIPV systems produced by using
semi-transparent solar cells

9.3 Benefits, cost and increasing value for BIPV systems

9.4 Design techniques affecting electrical energy generation

Every aspect is summarized in Table 1 and the aspect of searching for
installation ideas for the module on the building mostly focused on aspects of

expenses and usability of semi-transparent solar cells.

Table 1 The aspects from international paper since 1999 (10 years)

Problem of studies Sample of papers

The effect of PV working
1. Thermal effect of PV efficiency [43]
2. PV ventilated of PV module [40], [45]
3. Heat and power output of PV system [39], [42], [51]
4. Cost and benefit of PV system [38], [39], [41], [46], [47], [49]
The effect of PV design
1. Semi-transparent PV module [43]

(window, wall, skylight, roof) [38], [39], [42], [46], [49], [51]
2. PV facades Ventilated ' [40], [45]
3. Concentrating of PV module [50]
4. Shading integrated PV module [44]

10. Advantages and disadvantages of BIPV options.

BIPV options were presented in the form of building envelope such as
wall panel, roof, side/top light and shading. In the case of a tropical building, solar
heat gain shining through window or glass, which is also called transparent material
letting heat in through both conduction and radiation, should be avoided. It is better

to use insulating material and prevent solar radiation by using a shading device.
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However, as PV module is not considered insulation, it should not be installed instead
of vertical plane glass despite that there is a usable type because of its transparency.
This is also because it is the worst angle for receiving solar radiation. As for installing
it as a roofing material, it still needs to add more layers of heat insulators the same
way wallpaper being used. Unlike shading devices, there is no need for insulation
because its angle can be adjusted according to appropriateness, and it provides benefits
in terms of heat prevention module and light control for both air conditioning systems

and lighting systems consuming most of the energy in the building.

SEMI-TRANSPARENCY PV MODULE
OPAQUE PV MODULE

SEMI-TRANSPARENCY PVMODULE q
OPAQUE PV MODULE
SEMI-TRANSPARENCY PV MODULE
OPAQUE PV MODULE

HEAT / CONTRAST
PROBLEMS

ELEMENT OF BUILDING CONDITION OF MODULE INSTALLATION

ROOF

> Good for generating power

> Good/poor for protecting heat gain
> Good/Poor for daylight

: direction and slope
: Insulation and ventilation back side
: Semi-transparency

SHADING

> Fair for generating power
> Good for protecting heat gain

: direction and slope
: Shading distance and direction

> fair for daylight : Shading distance and direction
WALL

> Poor for generating power : direction and slope

> Good/poor for protecting heat gain : Insulation and ventilation back side
> Poor for daylight : Semi-transparency
SEMI-TRANSPARENCY

> Good/Poor for generating power
> Poor for protecting heat gain
> Good for daylight

: Element of building
: direction and slope
> direction and slope

Figure 10 BIPV options for the tropical building design
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11. The reduction of solar radiation on solar module plane

Solar modules installed on a vertical plane such as building wall (like the
case of a shading device, or SIPV, under half sky according to Figure 11) diffuse sky
radiation divided into 2 parts by shading of the building’s vertical plane. The plane is a
blocker of direct solar radiation for the period of time when the sun is behind the
shading device. Solar radiation reflected with a wall plane above solar module will be
more or less depending on reflectance of the reflector, which is different from
installation on a flat plane without any covering.

Therefore, SIPV receives total solar radiation falling down against
the solar module from beam radiation, half sky radiation, ground reflected radiation
and building reflected radiation. This is due to the problem of shade effect from the
building, which affects decreasing in electric current production. Therefore, SIPV

contains problem of decreasing solar radiation caused by building itself.

SUN MOVEMENT 4
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|
/ i
0 ’
i D .
;
1 -
1
L
e I

NON SHAD PARTLY SHAD  FULL SHAD
TOTAL SOLAR IRRADIANCE CONDITION HALF SKY CONDITION

Figure 11 The effect of vertical installation
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12. The investment of Photovoltaic system

The BIPV system is one type of building material capable of producing
energy. The amount of produced energy depends on the amount of total solar radiation
falling down on skin of the solar cells and area supporting solar radiation (both direct
and diffused solar radiation). In the case of SIPV limited conditions than is the case on
the roof unobstructed because it is material that depends on efficiency of electricity
production and area of installation on the building. Plus, solar module is more
expensive when compared to other materials or energy production technology,
wind turbine technology, biomass technology and hydro turbine technology etc.

as shown in Figure 12 below.
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Figure 12 The PV pricing trends and electrical prices

Source: V. Napatra [35]; Banmuang [59]; John Schmitz [70]; Martin LaMonica [75];
Michael S. Davies [77]; United Nations University [91]
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In 2010, price of crystalline silicon technology is higher than thin film
technology’s at about 180 THB/W, and 140 THB/W, respectively. Although
photovoltaic technology results in cheap electricity bill of 5.4-5.7 THB/kWh and ratio
of solar module price is at 53% of system price referred from example of investment
to install in solar home project, BIPV provides more benefit than just produce
electrical energy such as decreasing expenses of building envelope material, structure
without using area to install. Especially, in case of SIPV which can reduce the use of
energy in air conditioning system and lighting system. Therefore, it is considered an

interesting advantage when comparing to disadvantages of producing process.

Conclusion of problems for research

SIPV is appliance for clean energy production, heat prevention and light
control designed to use with windows in the condition of comfort zone regarding
temperature and light and discerning out the window. The problems are as follows:

1. SIPV prevents heat from solar radiation coming into windows. However,
it decreases a chance to receive daylight and perceive view outside the window.

2. SIPV cuts out some part of solar radiation due to installation on vertical
plane with building as sunshade blacking solar radiation from getting in.

3. SIPV 1is producing electricity energy. However, it is still an expensive

technology.

SIPV TO PROTECT THE SUN RAY
{(*) TOREDUCE THE SOLAR HEAT GAIN'
(~==--~(2) TOREDUCE THE DA¥LIGHT AND VIEW

SIPV TO INSTALL ON THE BUILDING
——+——@ REPLACEMATERIALS, NO LAND USE
te(D) LOST RADIATION

SIPV INVESMENT

‘——+——>(&) REDUCING, SAVING AND PRODUCING ENERGY
2O HIGH COST '

Figure 13 Advantages and disadvantages of SIPV
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Conceptual design for problem solving

SIVP design aims to optimize installation to save total energy of building.
The concepts are as follows:

1. To prevent direct solar radiation and part of diffuse radiation from half sky
radiation

2. To adjust level of daylight shining in through the window to make most
angles and least glare

3. To find direction, inclined angle and suitable installation to be able to

produce most of energy from operation of solar module

SIPY FUNCTION PARTLY RADIATION

i
n aN %
TO BALANCED ; e 4O ‘&
> COSTS 7 A

> BENEFITS

SHADING FUNCTION

<....._.._. " o s s e
TO REJECT il

> SOLAR HEAT GAIN
TO CONTRQLE

> GLARE

> VIEW WINDOW
TO OPTIMIZE

> DIRECTION

> SLOPE

> TECHNIQUE

S DIFFUSE RADIATION
> HEAT GAIN
> DAYLIGHT

Figure 14 Integrative functions of SIPV

Purpose of research

1. To optimize shading to decrease heat gain and increase daylight usability
of shading device integrated photovoltaic system

2. To optimize costs and benefits of shading device integrated photovoltaic

system

Hypothesis
Shading device integrated photovoltaic system helps in reducing cooling load
of air conditioning system and make a use of daylight to save energy from lighting

load including creating a clear angle of buildings in Thailand.
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Conceptual framework
This research focuses on designing shading device integrated photovoltaic

system containing 4 steps as shown in Figure 15

1. Optimization in preventing direct
solar radiation in each direction and
receiving  daylight due to the

outstretched part of shading device.

2. Calculation of total radiation falling down
on inclined plane of shading device and
efficiency resulting from condition of
receiving solar radiation under half sky

State.

3. The use of tracking technique to increase
energy production and more opportunity

Jor the view to be in sight which is suitable

according to each period of time.

4. Economical optimization by using benefit and cost ratio and payback period.
Figure 15 4 steps of frame work

Research éonditions

If it is for study experiment and analysis, there are 4 conditions as follows:

1. Design for Latitude of Thailand

2. Studying from models installed at SERT, Naresuan University, Pisanulok
and Faculfy of Architecture, Chiang Mai University, Chiang Mai, Thailand

3. Case study and data collection are the use of the solar module of amorphous
silicon and poly crystalline silicon technologies belonged to SERT, Naresuan University,
Pisanulok

4. Economic optimization from direct and indirect analysis
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Benefits of research

Benefits of this research occurred from the idea of green building are as
follows:

1. Building system can save the total energy of building by using shading
device integrated photovoltaic system

2. The clear angle of windows comes from the design of shading device
integrated photovoltaic system

3. The investment in shading device integrated photovoltaic system is worth

and can receive payback in a short period of time

Key words

Key words for this research are such as

1. SIPV is Shading Device Integrated Photovoltaic System

2. Working space is room for general activities and 3.0 meters height
measured from the floor to ceiling

3. Comfort space is room that dry air circulate and relative humidity are
controlled at 25 °C and 55% RH respectively. Appropriate air conditioning system and
lighting at the working plane is 300 lux minimum receiving artificial light and daylight

coming through the window

ILLUMINANCE
LEVEL [300 Lux]
RECOMMENDATION

LIGHTING AND CONTROL

AIR CONDITION
SYSTEM
[COP=3.22]
RECOMMENDATION

wo. PLANE il N j = TTmeeee--
JPORKING PLAN e | DAYLIGHT SOURCE
| DrrFuse

SUPPLY AIR DAYLIGHT GLARE INDEX (<22,
MIX AIR [25 OC 50 %RH] RECOMMENDATION

Figure 16 Key words of study design



CHAPTER II

REVIEW OF RELATED LITERATURE AND RESEARCH
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Figure 17 Diagram of knowledge for studing

Meteorological data

This study is related to solar energy and the climate of Thailand which has
,‘characteristics different from cold countries. Studying an actual database collected
from area of interest was practiced to anticipate the values. The results were more
accurate than using the default data of the equation value anticipation program.
Metrological data for this research consists of global solar radiation, diffuse solar
radiation and ambient temperature collected by the Thai Meteorological Department
(TMD) and from the School of Renewable Energy Technology (SERT), where data is

managed hourly for the whole year in the form of a typical meteorological year

(TMY).

However, collected data is different every year depending on influences of

phenomena such as monsoon, cold and warm current, etc. The data study was studied

over 5 years in 2006-2010 as presented in Table 2.
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Table 2 The weather data during the year

Year Condition compare with normal year (average of 1971-2000)

2006 7% over for raining, almost hotter, 2 tropical cyclone

2007 4% over for raining, almost hotter, 3 tropical cyclone

2008  11% over for raining, almost hotter, 1 tropical cyclone and 3 closer

2009 4% over for raining, almost hotter, 1 tropical cyclone

2010 5% over for raining, all hotter, 1 tropical cyclone

Source: Thai Meteorological Department [86, 87, 88, 89, 90]

Solar radiation

SPECTRAL IRRADIANCE (XW/m-2nr!)

200 400 600 500 1000 2000 3000 2000 nm, EARTH
WAVELENGTH (hrm)

KIWaF-Day (Wlne-Tead) 1 G6S), 2(730) 3 (1,095), 4 (1.460), 5 (1525, 6 (3,
ANNUAL AVERAGE OF DAILY INSOLATION ON A HORIZONTAL PLANE

Figure 18 Solar insolation on earth

Source: Simon Roberts and Nicolo Guariento [27]; Learner, Annenberg [73]
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The solar radiation, electromagnetic radiation passing through the earth’s
atmosphere down to the surface, about 45% is absorbed and 30% is reflected back.
However, 25% is absorbed by atmosphere composed of ozone, carbon dioxide and
water vapor.

In studying solar radiation, sun-earth angle was used for this research to
estimate total irradiance on slope surface in both cases of a PV module and a glass
window. As Thailand is located in a tropical zone with a large amount of vapor
and dust in the air, variables regarding location and weather such as latitude,
longitude, weather data and solar radiation should be considered in estimation of any
values. Therefore, specific characteristics of design conditions will be revealed, as

shown in Figure 19 explaining the process in solar irradiance calculation.

Sotartine M Stene position ALT-AZ Egquatorial coordinate
systemn systent
Extraterrestrial > " <
Bl dle | Location parameters Solar irradiance on tle surface

Figure 19 The calculation’s process of solar irradiance on the surface

1. Solar time
Figure 20 shows the relation of earth-sun position, which is the system of
positioning changed by the time of day. Solar time is calculated by the equation [19]

as follows:
s = g+ (EOT/60) + [(LSM—LOAﬂ/].f] Eq. 1
EOT = 9.87SIN2B—7.53 COSB—1.5SINB Eq. 2
B = 360[(N-81)/364] Eq. 3



Table 3 The conversion of the day Number

Month (Day) Day Number, N Notes
January (31) d d is the day of the month
February (28) d+31
March (31) d+59 Add 1 when leap year
April (30) d+90 Add 1 when leap year
May (31) d+120 Add 1 when leap year
June (30) d+ 151 Add 1 when leap year
July (31) d+ 181 Add 1 when leap year
August (31) d+ 212 Add 1 when leap year
September (30) d+243 Add 1 when leap year
October (31) d+273 Add 1 when leap year
November (30) d+ 304 Add 1 when leap year
December (31) d+ 334 Add 1 when leap year

Days of Special Solar Interest

Solar event Date Day number, N
Vernal equinox March 21 80
Summer solstice June 21 172
Autumnal equinox September 23 266
Winter solstice December 21 335

Note: Solstice and equinox dates may vary by a day or two. Also, add 1 to the solstice

and equinox day number for leap years.

Source: John A. Duffie and William A. Beckman [18]
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Figure 20 Orbit of the earth-sun and the equations of the relations

Source: American Society of Heating, Refrigerating and Air-Conditioning Engineers
[2]; Kreider F. Jan and Curtiss S. peter [19]; William Stine
and Michael Geyer [95]

2. Sun position

EQUAr ORIAL COORDINATE SYSTEM ALT-AZ SYSTEM
Figure 21 Co-ordinate systems of the Earth-Sun geometry

2.1 Equatorial coordinate system [19]

The coordinate system based on the celestial equator and the celestial
poles are both defined in a similar manner to latitude and longitude on the surface of
the earth, which is the equatorial coordinate system. This system defines the sun
position with the hour angle that varieé. by the solar time and the declination angle that

varies by the day number. Both are expressed as follows:



= I5fts—12) Eq. 4
23.45 SIN [360(284 + N)/365] Eq. 5
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Figure 22 Co-ordinate system of the equatorial coordinate system

2.2 ALT-AZ system [19]
ALT-AZ system [19], a local coordinate system, defines the sun
position with the solar altitude angle that varies by the latitude location, the declination
angle and the hour angle. Another is the solar azimuth, which varies by the declination

angle and the hour angle, also. These are expressed as follows:

6, = COS' (COS ¢ COS 5COS w+ SIN ¢ SIN &) Eq. 6
a = 90-6; Eq.7
y = SIN'(COS §SIN a/SIN 6y Eq. 8

The sun path diagram is a tool used to design a shading device by
specifying the altitude angle and the coordinates of time, Suqh as the day and the solar
time, in deciding the outstretched part of the shading device shown in both Figure 23
and Figure 24, which were simulated by Ecotect program.
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Figure 24 The sun path diagram of the 14°N latitude

3. The extraterrestrial irradiance
Extraterrestrial irradiance is irradiance on a perpendicular plane outside
the earth’s atmosphere AM 0 with the constant of 1,367 W/m?. It can be expressed by
Eq.9 [2] as follows:

Ey = 1,367 [1 +0.034 COS (2 N/ 365.25)] Eq.9



4. Location parameter and hourly terrestrial irradiance
In Figure 18, the terrestrial irradiance on the earth’s surface reduced by the
mass of the atmosphere is divided into beam solar irradiance and diffuse solar
uradiance from the sky presented by air mass (AM) definition as Eq. 10 [2].
The atmosphere is composed of dry air (such as Na, O,, and CO,), inert gas, water

vapor, and particles. This composition varies according to location and climate.

AM = SEC 6z Eq. 10

The ratio of diffuse solar irradiance to total solar radiance is used to
estimate diffuse solar irradiance using data collected by the weather station of location
needed for estimation. Janjai, S., et al. [16] presented the relative functions between
the ratios of the diffuse irradiance and the total irradiance in the form of the hourly

clearness index, K, as follows in Eq.11-14

E;/E, = 0.8004+ 1.7153 K~ 7.3459 K°+ 5.5780 K° ; CM Egq. 11
Ei/E, = 0.6934 + 2.3406 K — 8.0800 K*+ 5.6614 K’ ; UB Eq. 12
Ey/E, = 0.7091 + 1.8910 K — 6.2693 K+ 3.9744 K° ; SK Eq. 13
Es/E, = 0.6772 + 2.5680 K — 8.8866 K>+ 6.3828 K* ; NP Eq. 14

Note: CM is Chiang Mai province
UB is Ubon Ratchathani province
SK is Son khla province
NP 1s Nakhon Pathom province
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Figure 25 The solar maps of Thailand

Source: Department of Alternative Energy Development and Efficiency [65]

In Thailand, there is a solar map presentation by the Department of
Alternative Energy Developfnent and Efficiency (DEDE) and Faculty of Science,
Silpakorn University [65] as shown in Figure 25.

5. Solar irradiance on the slope surface

ASHREA [2] presented the estimation of total irradiance on a slope
surface shown in Eq.15 composing of the speech about beam solar irradiance, diffuse
solar irradiance and ground reflected solar irradiance. However, the equation is based
on a hypothesis named the isotropic sky model suggested by Hottel and Wortz (1942)
and derived by Liu and Jordan (1963) as shown in Figure 26. However, the form of the
anisotropic sky model is detailed in calculation more than the form presented by Hay
and Davies (1980) consisting of horizontal sky term, the circum solar diffuse and the
diffuse sky term. The form of the NDKR model (the Hay, Davises, Klucher, Reindl
mode]) improved from the Hay and Davides model by Klucher (1979) and lby Reindl,
et al. (1990) had its composition divided further which is the horizontal sky term as
shown in Figure 26.
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DIFFUSE SKY 1

DIFFUSE PART OF THE SKY MODEL
(1) DIFFUSE SKY (AREA)

(2) CIRCUM SOLAR DIFFUSE

(3) HORIZONTAL SKY (AREA)

ISOTROPIC SKY MODEL (Eq15) ANISOTROPIC SKY MODEL(Eq16) HDKR SKY MODEL (Eql7)

Liu and Jordan (1963) Hay and Davies (1980) Klucher (1979)/ Reindl, et al. (1990)
“Figure 26 The comparison of sky models

Source: John A. Duffie and William A. Beckman [18]

The anisotropic sky model was tested in estimation. As a result, it has a
higher value than the isotropic sky model by about 7%. Also, the estimation of HDKR
model was higher than the isotropic sky model by about 9% with the test of the same
instance. However, the isotropic sky model is simpler in trying to understand and
estimate. ASHREA suggested that the circum solar diffuse and horizontal sky were
not significant for annual energy performance calculations and Jan F. Kreider, et al.
[19] suggested that the accuracy of the isotropic model will usually be sufficient for
building. Where 4; is an anisotropic index, is an indicator of solar beam transmission

getting through the earth’s atmosphere.

Ewsiso = EpRy+ERi+ 0 EGRG Eq. 15
Eis ant (Bp + EqA)Ry + (1 - A;) E; Ry + 03 EGR, Eq. 16
Esupkr = (Ep+ EqA)Rg + (1 - 4) Eq Ra[1+/SIN*(5/2)] +0, E,R,y Eq. 17
Ry, = COS6:/C0OSY;, Eq.18

I
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Ry = (1+COSP2 Eq. 19
R = (1-COSB)/2 Egq. 20
A4 = Epn/Eo Eq. 21
/ = Eu/Eg Eq. 22

- NORMAL LINE

A

® NORMAL TC SLOPE
. SURFACE

NORMAL TO SLOPE "~

1 4
— e URFACE
SUN DIRECTION % w

Figure 27 The geometry of earth-sun line on slope surface

Source: American Society of Heating, Refrigerating and Air-Conditioning Engineers [2]

ASHREA [2] presented equations such as Eq. 23-32 with variables A, B
and C as determination of the solar irradiance intensity containing the A, B and C

values shown in Table 4.

Es = EpyCOSG + Ej+ Eg : Eq. 23

- Epy = A/exp (B/SIN®) Eq. 24
Y = 0.55+0.437COS6: +0.313 COS°6;; COSE;> -0.2 Eq. 25

Y = 45 ; COSG: <=-0.2 Eq. 26

E; = CYE,; ; Vertical surface Eq. 27

E; = CYE;[(1+COSB) /2] ; Other slope Egq. 28
E.¢ = Epy[(C+SIN®)p, [(I-COSH /2] Egq. 29
COSG, = SINS SINg COSf3- SINS COS$ SINS COSy Eq. 30

+ COSS6 COS¢ COSB COSw + COSS SINS SINy SIN @
+ COSS SINg SINB COSy COSw
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I

COoSé6,
COS6;

SIN6; SINB COS(% - ) + COS8; COSB Eq. 31
COS$ COSS COSw + SIN$ COSS Eq. 32

Table 4 The relative data of extraterrestrial irradiance (the base year of 1964)

Month Eq EOT Declination A B C
(21" day) W/m? min degrees W/m*  Dimensionless ratio
Jan 1416 =Ll2 —20.0 1230 0.142 0.058
Feb 1401 7589 —10.8 1215 0.144 0.060
Mar 1381 ) 0.0 1186 0.156 0.071
Apr 1356 1sl 11.6 1136 0.18 0.097
May 1336 2.3 20 1104 - 0.196 0.121
June 1336 —-1.4 23.45 1088 0.205 0.134
July 1336 n 1 20.6 1085 0.207 0.136
Aug 1338 —2.4 1253 1107 0.201 0.122
Sep 1359 4.3 0.0 1151 0.177 0.092
Oct 1380 15.4 =108 1192 0.16 0.073
Nov 1405 13.8 -19.8§ 1221 0.149 0.063
Dec 1417 1.6 —23.45 L233 0.142 0.057

For Thailand radiation data at the Bangkok station, 14°N latitude, during
year 2009 was practiced estimation using ASHREA’s equation determining
reflectance of general ground surface at 0.2 [2] as shown in Figure 28. It was found
that maximum solar radiation was 1,840 kW/ m” -Year at a slope surface of 20 degrees
turning south. It decreased more than half when the slope at the angle was 70 degrees
turning north between NW and NE.
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Figure 28 The relative intensity of annual solar irradiance of Thailand

Table 5 The relative intensity of annual solar irradiance on surface of Thailand

Slope Direction
(degrees) N NE E SE S SW W NW

10 0960 0966 0987 1.010 1.023 1.017 0996 0.973

20 0904 0.917 0959 1.003 1.028 1.016 0.977 0.930
30 0.834 0.856 0.918 0981 1.015 0999 0.943 0.874
40 0.753  0.788 0.869 0.943 0.984 0966 0.899 0.810
50 0.667 0718 0.814 0.892 0.937 0.919 0.848 0.742
60 0595 0.651 0.756 0.832 0.875 0.861 0791 0.675
70 0.540 0.593 0.700 0.767 0.801 0.795 0.734 0.615
80 0496 0546 0.646 0.699 0.719 0.726 0.678 0.565
90 0464 0510 0.595 0.635 0.645 0658 0.623 0.527

Note: initial data, global solar irradiance and diffuse solar irradiance collected hourly
by TMD summed as the total 1,788 kW/m?>-Year that was compared with the
estimated by the same process as the total 1,789 kW/m>-Year, which was

closely.



30

6. Solar irradiance on the tracking surface

FACING SOUTH ONE AXIS TRACKING TWO AXIS TRACKING
OF FIXED SLOPE WITH AXIS ORIENTED SOUTH (FULL TRACKING)

Figure 29 The type of PV tracking systems _

Source: Magal, B.S. [22]

Tracking is the movement of the incident angle separated according to the
pattern shown in Figure 29 |
6.1 Two axis tracking (a) [18, 22]
This movement function keeps the face to the sun at all times, as in
Eq. 33.

cosg = 1 Eq 33
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6.2 Fixed tilted with E-W tracking
6.2.1 Tilted N-S axis with tilted adjusted daily (like b) [18, 22]
The surface is a fixed slope on the N-S axis and rotated with the

E-W axis, as in Eq.34 and the slope as in Eq.35.

SIN?6+ COS°5 COSw Eq. 34
[6- 81 if (p- >0, ys=0o0rif (6- <0, ys= 180 Eq. 35

COSG;
B

6.2.2 Polar N-S axis with E-W tracking (b) [18, 22]
The surface is a fixed slope on the N-S axis parallel to the axis
of the earth, as in Eq. 36 and the slope as in Eq.37.

COSé;
TANS

COSs Eq. 36
TANg/ COSys Eq. 37

6.3 Horizontal with tracking
6.3.1 Horizontal E-W axis with N-S tracking (c) [18, 22]
This movement is fixed parallel with the earth and tracking daily
with the N-S axis, as in Eq. 38 of Duffie and Beckman (1991) and Eq. 39 of Meinel
and Meine] (1976).

COS6. = (I-COS’6SIN?w)°’ Eq. 38
COSE, = ((SIN*6+ C0OS?6COS?w)’’ _ Eq. 39
TANSB = TANG;/COSyl ,ify<90, 3 =0or ify> 90, 5= 180  Egq. 40

6.3.2 Horizontal N-S axis with B-W tracking (d) [18, 22]
This movement is fixed parallel with ﬂ1e earth and tracking all
day with the E-W axis, as in Eq. 41 of Duffie and Beckman (1991) and Eq. 42 of
Meinel and Meinel (1976) and slope as in Eq. 43. ‘
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COS6, = (COS*@;+ COS?5SIN?a)" Eg. 41
COS6; COS¢ COSw + COSS SIN? w Egq. 42
TANR TANG; /COS(ys- )/ ,if y> 0, 5s =90 or if ¥< 0, yo=-90 Eq. 43

The comparison is estimated for 35° latitude with standard

conditions shown in Figure 30
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Figure 30 The solar irradiance of PV tracking systems

Source: Magal, B.S. [22]



Photovoltaic power system
This section reviews the energy produced by the photovoltaic system to be
integrated with a shading device, which is a system used to convert the solar radiation

as it is the heat source of air conditioning systems into electricity energy.

1. PV materials

The photoelectric process in semiconductor material studied and
developed as many kinds of photovoltaic technologies can be ranged as shown in
Figure 31. Composition of a PV module is shown in Figure 32. Well-developed
technologies such as crystailine and amorphous silicon made up 85% of the market
share. Both are made of silicon but with different procedures. One problem of PV
technology was low efficiency conversion, so it was designed to have a composition
that reduces received solar energy loss, for example, glass can be put on top of the

solar module to trap light or reduce the degree of reflection with AR coating as shown

in Figure 32.

CRYISTALLINE THIN-FILM N.&NO
SILICON CELLS SOLAR CELLY uOMR CELLS

¥ ¥
. COMFPOUND () ORTANIC
l MONCCRIGEARLIVE l [ FRLICRRTAL 20D ] I SEMICONDUCTORS SENICONDUCTORS

> HIGH-BEFFICIENCY CELLS > RIBBON SILICON CELLS > AMORFHOUT > CADMILDM TELLURIDE (CiTe) ORGANIC
> HYBRID CELLY > MICROMORFHOLE > COPPER-INDILM > DYE-SENSITISED SOIAR CRLLS
> MICROCRISTALLING GALLITN DICELENIDE ] = SYNTHETICSOLAR CELLS
COPPER-INDILE INORGANKS

DEULPHDE (CI5)

WAFER TECHNOLOTY | ROUND IO SQUARE SINOLE PIECES YACULM TECHNOLOGY, ELECTROPLATING: SUBSTATE NORMALLY FULLY COATED
WAFER THICINESS' Q2 mm., SIDE LENGTH 100-158 mom, LAYER THICINESSQ 5-5pm,, WIDTH OF CELL STRIFS 0,517 mm.
APPROX 839 MARKET SHARE, WELL-DEVELOPED TECHNOLODY AFPROX 1306 MARKET SHARE, GROWING PLOTSTAGE

Figure 31 The classification of PV technologies

Source: Bernhard Weller, Claudia Hemmerle, Sven Jakubetz and Stefan Unnewehr [5]
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Figure 32 The components of PV module

Source: Bernhard Weller, Claudia Hemmerle, Sven Jakubetz and Stefan Unnewehr [SE

Simon Roberts and Nicolo Guariento [27]

2. PV module efficiency
PV modules are used in the production of electricity from light; it is a
clean and renewable energy source. The conversion is caused from electrons and holds
diffuse between the P-N junction depending on the energy band gap. However, the
solar energy falling on the PV surface cannot convert to the electrical energy all, so the
technology has low efficiency.
2.1 Spectral sensitivity
The efficiency of PV cells resulted from components of crystalline
cells responding to the spectrum in a long-wave period better than thin-film cells.
However, it responds less in a period of visible light as shown in Figure 33.
C. Titiporn [54] found that in Thailand’s climate, both technologies respond to energy
production according to conditions of the sky, which change seasonally. Figure 34

shows the data collection for the study at SERT for 4 years.
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Figure 33 The relative intensity of PV materials

Source: Bernhard Weller, Claudia Hemmerle, Sven Jakubetz and Stefan Unnewehr (3]
Sterling, VA. [30]
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Figure 34 The responsive spectral irradiance of p-Si and a-Si in Thailand
Source: Bernhard Weller, Claudia Hemmerle, Sven Jakubetz and Stefan Unnewehr [5]

2.2 I-V curve characteristic and fill factor

Identity of PV was explained by the relation in the form of I-V curve
(the character of PV unit can be expressed in the curve of I and V relationship)
indicating efficiency and performance of each PV cell. It was tested using Standard
Test Conditions (STC) such as module temperature at 25°C, solar irradiance on cell
surface at 1,000 W/m? and 1.5 AM, or according to outdoor conditions determined by
normal operating cell temperature (NOCT) conditions such as at 20° C, irradiance on
cell surface at 800 W/m?, wind velocity of 1.0 m/s and open back-side mounting.
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Fill factor, FF, shown in Figure 35, in which proportion is reduced by
the characteristic series resistance and shunt resistance affecting efficiency of a PV
cell were able to be explained by using Eq. 44-47. FF of poly crystalline silicon and
amorphous silicon was approximately 0.75-0.85 and 0.56-0.61, respectively [30].

n = Po/P Eq. 44
= P/EsApy Eq. 45
= FFIsc Voc!P; Eo.46

FF = Pyp/IscVoc Eq. 47

MPP : MAXIMUM POWER POINT

En - ]
=T

CURRENT (4)
ISR
LT~

STANDARD TEST CONDITION: STC 1.0

TEMPERATURE 25C £2°C . 0.5
AIR MASS 1.5
IRRADIANCE 1006 Fin? 00

Figure 35 The curve characteristic and fill factor

Source: Simon Roberts and Nicolo Guariento [27]; Sterling, VA. [30]
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Figure 36 The conversion efficiency of module technologies

Source: Simon Roberts and Nicolo Guariento [27]; Sterling, VA. [30]
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As for installation, the surface area of the panels is very impotent due

to the limited area of the building surface and limited area suitable for solar radiation

reception.

2.3 Module temperature effect

The diode model expressed in Eq. 48 [68] showed current: I which

was varied according to cell temperature and voltage: V. It also decreased with

higher levels of temperature cell as shown in Eq. 49 [68].

~
I

1y fexp(qV/nkI) - 1] - I
(kT/q) In (ISC /Ia)

I

Voc

Eq. 48
Egq. 49

Note: at 300.00 K (26.85°C), kT/q = 25.850 mV, the thermal voltage.

at 298.15 K (25.00°C), kT/q = 25.693 mV
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Figure 37 The module of temperature effect

Source: Simon Roberts and Nicolo Guariento [27]; Sterling, VA. [30]



0.6 ‘ - - 30
& ’ . ! =
gl T : :
= ' ' ' 3
g : 5 o é
- : AV Rt 3]
g o2 e M S
_— ) g 02 : : : ; 10 €
The open circuit voltage slightly constant 3] : : | : “ B
) 3% = ] " 1 «
decrease as the irradiance change when the & oo : : | : 8
Sy - 1 1 ] [}
irradiance fall below 100 W/m’ does the ® s : ! : : 00 @
voltage break down and rapidly decrease, "o 200 400 600 s00 1000
which likes the overcast sky condition. SOLAR IRRADIANCE (W/nr')

Figure 38 The sky condition and the PV electrical characteristics
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Figure 39 The relative change of PV parameters

Source: Energy Market Authonty and Building and Construction Authorlty [12];
Sterling, VA. [30]

The PV array, the group of PV modules, was installed on the roof or
building surface, causing less ventilation than standalone PV array installation. It is the
same as shading device installation. However, if 2 photovoltaic system were designed
to be integrated into the system in a form of shading device, it would create better
ventilation around the PV module. A comparison of the differences is shown in

Figure 37.
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3. The losses of PV system
Figure 40 illustrates the average the losses of a sample BIPV system and
the temperature effects of different installations. In the case of a CIS warm facade, loss
because of temperature was about 6% with no shadow effect. Roof-mounted
installation losses due to temperature were about 3.5% and 2% from shadow effect.
According to study cases, the most loss was from inverter operation was 10% and 7%

respectively.
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Figure 40 The energy loss and performance ratio for the PV installations
Source: Jesse Henson [17]
3.1 Shadow effect

For BIPVs in the city received partial shade on the PV cell connection

shown in Figure 41 affected current or volt reduction according to cell connection.

£D BY OTHER BUILDING

Figure 41 Shading effect on PV module
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3.2 Degradation and Failure Modes
Degradation is a parameter that shows the stability and resistance to
corrosion of the materials affecting the decreased efficiency or less electricity
producing capacity of system operation or. Normally, the manufacturer guarantee is

set at 20 years, which indicates the quality of bulk silicon PV modules currently being

produced.
100 ‘,
O :
S| °e
g * : Hot-Spot Failures
a ; : Mismatched, cracked or shaded cells can lead to
%‘ B A gl hot-spot failures, as discussed previously in Hot
s i Pe g Spot Heating.

4 & 10 15 20 25 30 35
SHADED PERCENTAGE (%4)

Figure 42 The relation of shading on the PV array and PV power

Source: Deo Prasad and Mark Snow [10]
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PV modules produces under STC have a limited power output
warranty. Most manufacturers guarantee at least 90% of the minimum rated output for
10 years and 80% of the minimum rated output for 20-25 years. It should be noted that
the minimum rated output is usually defined as 95% of the rated output to allow for
manufacturing and measurement tolerances, which is illustrated in Figure 43.

3.3 Inverter efficiency

The inverter is the element in charge of converting electricity
produced by the PV system and connects with the parallel or series PV module as
shown in Figure 44. This component works under weather conditions affecting the
efficiency depending on the severity of radiation. B. Tharika [53] found that 40% of
energy content was produced from solar irradiance between 720 and 960 W/m?® and
92% of the efficiency of the inverter for operation under Thailand radiation was more
than 90%. However, energy content in solar irradiance between 0-350 W/mz, which
was a period of diffuse irradiance, created inverter efficiency at 20% causing negative

results towards electrical energy production, as shown in Figure 45.

+]  +] +] +1 +[
%
LN -1 -1 -1 < Parallel connection
x4 AF -1+ -1 [+
_E g-}s
(— < Series connection

Figure 44 The connection of PV modules with an inverter

Source: Simon Roberts and Nicolo Guariento [27]
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Figure 45 The comparison of the energy content and inverter efficiency
Source: Bunphan, Tharika [53]

4. BIPV design and installation
4.1 Construction and integration
A roof-mounted PV construction system is generally found
functioning only as additional electrical energy production not for protection from the
weather. The alternative is to place the module within the building envelope with the
same function. For example, the function of a PV installation is to be weather proof
cladding installed on the external wall. It is a design consideration in the case of a cold
(double-leaf) fagade and an integration option to create the highest level of benefit in
regards to materials and construction. Its functions are weather protection, thermal

insulation, sun shading and sound insulation. Therefore, it is an attractive choice for

/\t ( ™N

SUBSTITUTION INTEGRATION

building design.

Figure 46 The constructional integration of building

Source: Bernhard Weller, Claudia Hemmerle, Sven Jakubetz and Stefan Unnewehr [5]
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Source: Bernhard Weller, Claudia Hemmerle, Sven Jakubetz and Stefan Unnewehr [5]

Integration as sun shade is classified into two types as illustrated in
Figure 47. The fixed system is designed as a glass roof to decrease light coming into
the building, which is good for &Iaylig,ht. Fixed louvers help in reducing heat coming
into the building, which is good for thermal. In addition, movable systems are
designed to control light and heat coming in the building using smaller modules.

Figure 48 describes the beneficial functions of transparent PV
modules, which are generating, shading and lighting. Transparent PV options are used
because of the need for daylight, causing the PV element to be more beneficial than
Just producing electricity, as shown in Figure 48. However, transparent PV cells had
been developed from organic technology with less than 1.0% efficiency. Not long after
that, MIT’s team developed its efficiency to be 1.7% in the early-prototype solar cells
[82].
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Figure 48 The types of transparent PV module

Source: Sapa build ing system ab offices [83]

4.2 BIPV potential in city
Performance of PV is considered low if installed is in the city. This is
a result of the shade from the high buildings around the modules. Nevertheless, there
are the cases of tall dominant buildings having no block. Figure 49 shows the different
results between BIPV installed on the roof and BIPV installed on a facade. It was
found that a tilted angle of the roof gained more benefit than a tilted angle of the
fagade or vertical wall.
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ENSEMBLE URBAN AND RURAL LANDSCAPE

Figure 49 The relation between PV and the surroundings

DOMINANT, SOLITARY

Source: Bernhard Weller, Claudia Hemmerle, Sven Jakubetz and Stefan Unnewehr [5]

Table 6 Rules of thumb for BIPV potential

Solar architectural rules of thumb for BIPV potential

on on
ROOF FACADE
Ground floor area Base of BIPV potential in relative 5
1 m® Im
terms
Gross area 1.2m" Ratio gross area/ ground floor area 1.5m*
Suitable building envelope parts taking
in to account construction, historical
60% 7 ) ] 20 %
and shading elements, including
vandalism factor
Architecturally , Ratio architecturally suitable area / 5
. 0.72m 03 m
Suitable area ground floor area
Suitable building envelope parts taking
55% = PR . T 50%
into account sufficient solar yield
Solar Ratio solar architecturally suitable area
architecturally 0.4m* /ground floor area (Utilisation factor) 0.15 m?
Suitable area

Source: Deo Prasad and Mark Snow [10]
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5. Case study of shading integrated
5.1 Installation case study
5.1.1 Galleria Naviglio

Complex office, shops, apartment, Faenza, Italy (latitude 44.3°N)

PV installation type : Mono crystalline

Shading Type tilted 70° azimuth South East and North East

Total 21 kW, n-PV array 7.8%— 9.2%, n-PV system 7.0— 8.2 PR 34%
PR 33.88% (Estimation)

Figure 50 Photovoltaic system of Galleria Naviglio

Source: Simon Roberts and Nicolo Guariento [27]
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5.1.2 Photovoltaic System Research Center

METEOROLOGICAL  p-Si(3ki¥)

UTILITY GRID

PCU . PCUY FCU
T N )

Korea Institute of Energy Research, Taejeon, South Korea (latitude 36°N)

PV installation type : Poly crystalline (50 W, module)

Shading Type tilted 60° azimuth -10 degrees (South East)

Total 15.00 kW, n-PV array 7.8% — 9.2%, n-PV system 7.0—8.2 PR 65% — 76%
3" Floor  5.28kW, PR 76.1%

2" Floor ~ 4.87 kW, PR 70.1%

I* Floor  4.48 kW, PR 65.3%

Figure 51 Photovoltaic system of Research Center

Source: Yu, G.J., So, J.H., Jung, Y.S., Kang, G.H. and Choi, J.Y. [52]
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5.1.3 Samsung Institute of Engineering and Construction Technology
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Korea Institute of Energy Research, Taejeon, South Korea (latitude 37.3°N)

PV installation type : Mono crystalline

Shading Type tilted 55.5°(for aesthetic) azimuth 0 degrees (South)
Total 40 kW, (C : shading) n-PV module 14% , PR 25% — 40% (PR of Array yielded)

Cloudy day PR 40.59% module temperature 27.6°C

Normal day PR 39.21% module temperature 39.5°C
Sunny day PR 25.94% module temperature 43.5°C

Figure 52 Photovoltaic system of SIECT

Source: Seung-Ho Yooa and Eun-Tack Lee [48]
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Overall, BIPV installed on a building fagade with the proper tilt
angle causes more electrical energy production than vertical slope installation.
The temperature of the module was less because of the better ventilation. In contrast,
the performance was reduced if the installation was at a lower level because of
buildings shade covering the modules.

5.2 The optimization of shading type research
5.2.1 Tilt of shading type in Hong Kong in reducing energy
consumption

L.L. Sun and H.X. Yang [44] found that the impact of the tilt
angles on the energy performance of the shading-type BIPV claddings is analyzed by
calculation method in terms of annual electricity generation and annual cooling Joad
reduction for a building. The study, as seen in the Figure 53, showed the annual energy
generation was at the highest level at the slope angle of 20° while the local latitude of
Hong Kong is around 22.3°N. Combining electricity generation and cooling load
reduction, it can be concluded that the optimum tilt angles for the first type of shading-
type BIPV claddings vary from 30 degrees to 50 degrees, while the optimum tilt angle
for the second type is 0 degrees.
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Figure 53 The study of L.L. Sun and H.X. Yang
Source: L.L. Sun and H.X. Yang [44]

5.2.2 Tilt of shading type in Taiwan
C.L. Chenga, C.Y. Chanb and C.L. Chen [7] found that the
impact of the tilt angles on the energy performance of the shading-type was analyzed
by regression method in a form of ratio of irradiance from slope surface to irradiance
from flat surface from six locations in Taiwan. The results are shown in Figure 53,
stating that the best tilt angle was between 0-30 degrees while the range of the location
latitude was between 22-25 degrees.
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Figure 54 The study of C.L. Chenga, C.Y. Chanb and C.L. Chen

Source: Chao-Yu Chan [7]

5.2.3 E. Chanipat [55] found that the impact of the tilt angles on the
energy performance of the shading-type was analyzed by computer simulation
~method, in the form of ratio of irradiance from slope surface to irradiance from flat
surface in Bangkok, 14° latitude, on the southeast and the south as shown in
Figure 54 stating that the best tilt angles were at 7 degrees and 12 degrees,

respectively.
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Figure 55 The study of E. Chanipat

Source: Euvananont, Chanipat [55]

5.2.4 S. Wanchart [56] found that the impact of the tilt angles on the

energy performance of the louver type was analyzed by using comparison in the form

of room temperature, internal illumination and power output of the PV generator in

Bangkok, 13.5° latitude, on the south as shown in Figure 56 stating that the best tilt

angles were at 7 degrees 22°.
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Figure 56 The study of S. ‘Wanchart
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Conclusions of study showed the result of shading slope,
according to the rule of thumb, depends on the latitude of each buildings location.
Installation of different shading devices caused different results. The installation of a

louver caused shade on the solar module due to the vertical overlapping.

The result parameter to design

1) The direction of PV module cause of the sun
path.

2) The shading slope cause of latitude and =~ SR Wk isssese :
building obstruction.

3) The half sky effect cause of building
obstruction.

4) The shad of upper shading cause of shading
obstruction.

Figure 57 Summary of case studies
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Solar heat gain from the solar radiation is protected by the shading device that

is integrated with the photovoltaic system. Cooling shown in Figure 58 resulted from

heat transfer in the forms of heat conduction, convection and radiation from air

conditioning system by using electricity.

T

E/ CLTD AND CLF METHOD , o
1 u =
! TFM: CONDUCTION ! TIME AVERAGING PROCESS t SPACE AIR
i TRANSFER FUNCTION ROOM TRANSFER FUNCTION % TRANSFER
€ > g FUNCTION
: 1 CONVECTION !
S HEAT GAIN - > COOLING LOAD | M—>{ HEATEXTRACTION
1
]
RADIATION L FURNISHINGS, CONVECTION i
5 STRUCTURE, (WITH TIME DELAY) !
VARIABLE ‘
HEAT STORAGE '
[}
A +/- SWING :

Figure 58 The procedure for calculating cooling load

Source: American Society of Heating, Refrigerating and Air-Conditioning Engineers [1]

HEAT GAIN
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A OF THERMAL CONSTRUCTION

LIGHT MASS SPACE

COOLING LOAD OF HEAT GAIN

I :
LIGHT ON OFF TIME, HOURS

COOLING LOAD OF LIGHT

Figure 59 Heat delay of thermal construction and light

Source: American Society of Heating, Refrigerating and Air-Conditioning Engineers [1]
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Figure 60 Cooling load calculations of sensible and latent heat

ASHREA [1] presented the CLTD and CLF methods used to estimate cooling
coil load, as shown in Figure 58, which serves one or more conditioned space. CLTD
method or Cooling Load Temperature Differential and CLF or Cooling Load Factors
are steps in calculating cooling load from heat transferring through building envelop
from both opaque and transparent parts and from internal heat load, as shown in
Figure 60. This method includes the effect of time delay caused by thermal storage of
materials, as shown in Figure 59. Howevér, the scope of this research is only in the

matter of fenestration and light sources, as shown in Figure 61.

Figure 61 The components of heat load

The conditions of SIPV performance appraisal in cooling load is divided into
2 parts: cooling load because of glass and because of light bulbs.

1. Glass affects SIPV performance because heat is a part of the solar
radiation that goes through the glass into the cooled space via conduction and
radiation. It varies according to the properties of the glass and shading effect.

It is calculated using equation as follows:
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Geond = (A)(U)(CLTD) Egq. 50
Gras = (A)(SHGF)(CLF)(SC) Eq. 51
SC = SHGC(SC) Eq. 52
U = IRy Eq. 53

Rr = Ry,+dx;/ky+dxy/ly + dxz /ey +...+ dx, 'k, + Rggp + R; Eqg. 54

CLTD, parameters are changed by outside and inside air temperature,
which is calculated for an inside temperature of 25.5°C and outdoor maximum
temperature of 35°C with an outdoor daily range of 12°C. Table 7 remains
approximately correct for the other outdoor maximums of 34°C to 39°C and other
outdoor daily ranges from 9°C to +19°C, provided the outdoor daily average
temperature remains approximately 29.4°C. If the room air temperature is different
from 25.5°C and/or the average daily outdoor temperature is different from 29.4°C,
the following rules apply:

1.1 For room air temperature less than 25.5°C, subtract the difference.

1.2 For average daily outdoor temperature less than 29.4°C, subtract the
difference between 29.4°C and the daily average temperature; if greater than 29.4°,
add the difference.

Table 7 Cooling Load Temperature Differences (CLTD) of clear glass

Solar time (h) 1 2 3 4 ) 6 7 8 g 10 11 12

CLTD C) ol X O fT 0 1 2 4 3
Solar time () 13 14 15 16 17 18 19 20 21 22 23 24
CLTD °C) 7 7 8 8 7 7 6 4.3 2 2 1

Source: American Society of Heating, Refrigerating and Air-Conditioning Engineers [1]

SHGF, the maximum Solar Heat Gain Factor, varied by orientation,
latitude and month, as shown by the comparison in Table 8. The maximum solar heat
gain factor for externally shaded glass (baséd on a ground reflectance of 0.2) is shown

in Table 9.



Table 8 Maximum Solar Heat Gain Factor, W/mz, for 14°N latitude of glass

Orientation
month N NE/NW E/W SE/SW S H
Jan 96.5 186.5 674.0 785.5 601.0 304.5
Feb 105.5 317.0 735.0 724.0 453.0 885.0
Mar 112.0 454.0 751.0 610.5 261.5 927.5
Apr 124.5 552.5 716.0 460.5 134.0 913.5
May 176.5 604.0 673.5 348.5 127.5 886.5
Jun 2225 618.5 648.5 298.0 127.5 869.0
Jul 186.5 596.5 658.0 336.0 131.0 871.0
Aug 131.0 539.5 689.5 438.5 296.5 §90.0
Sep 115.5 435.5 719.0 588.5 261.5 897.5
Oct 105.5 3125 710.0 700.5 441.5 867.5
Nov 98.0 186.5 662.5 773.0 591.5 798.0
Dec 95.0 138.5 639.0 796.5 645.5 763.5

Source: American Society of Heating, Refrigerating and Air-Conditioning Engineers [1]

Table 9 Maximum Solar Heat Gain Factor, W/m?, externally shaded

Orientation
month N NE/NW E/W SE/SW S HOR

Jan 98 98 107 117 120 50
Feb 107 107 114 120 123 50
Mar 114 117 123 126 123 60
Apr 126 130 133 129 126 76
May 137 142 142 129 126 88
Jun 142 148 145 129 126 98
Jul 142 145 148 133 129 98
Aug 133 136 145 136 133 88
Sep 117 120 129 133 129 - 73
Oct 107 107 120 126 126 60
Nov 101 101 107 120 123 54
Dec 95 95 101 114 117 47

Source: American Society of Heating, Refrigerating and Air-Conditioning Engineers [1]



Table 10 The Cooling Load Factor for glass without interior shading
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Solar time Orientation
h N NE E SE S SW W SW HOR
1 0.23 0.07 0.07 009 0.12 0.15 0.15 0.14 0.16
2 0.2 0.06 0.06 0.08 0.11 0.14 0.13 0.12 0.14
3 0.18 0.06 0.06 0.07 0.09 012 0.11 0.11 0.12
4 0.16 005 005 0.06 008 01 01 0.09 0.1
> 0.14 0.04 0.05 005 0.07 0.09 0.09 0.08 0.09
6 0.34 021 0.18 0.14 0.08 0.09 0.09 009 0.11
7 0.41 036 033 026 0.1 01 0.09 0.1 0.16
8 0.46 044 044 038 0.14 0.2 01 0.11 0.24
9 0.53 045 05 048 021 013 011 013 0.33
10 0.59 04 051 054 031 0.5 012 0.14 043
11 0.65 036 046 0.56 042 0.17 013 0.16 0.52
12 0.7 033 039 051 052 023 0.14 0.17 0.59
13 0.73 031 035 045 057 033 0.19 018 0.64
14 0.75 0.3 031 04 058 044 029 0.21 0.67
1> 0.76 028 029 036 053 053 04 03 0.66
16 0.74 026 026 033 047 058 05 042 0.62
17 0.75 023 023 029 041 059 056 0.1 0.56
18 0.79 021 021 025 036 0.53 0.55 0.54 047
19 0.61 0.17 0.17 021 029 041 041 039 038
20 0.5 0.15 015 018 025 033 033 032 032
21 0.42 0.13  0.13 016 021 028 027 026 028
22 0.36 011 011 0.14 0.18 024 023 022 024
23 0.31 009 01 012 016 021 02 019 021
24 0.27 0.08 008 01 014 018 017 016 0.18

Source: American Society of Heating, Refrigerating and Air-Conditioning Engineers [1]
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CLF, the Cooling Load Factor, varies by orientation, mass of construction,
and effect interior shaded, which is shown in Table 9 to Table 11 for general cases of
medium construction (100-mm concrete exterior wall, 100-mm concrete floor slab).
It was estimated as mass per unit of floor area at 340 kg/m2.

SHGC, the Solar Heat Gain Coefficient, varies by the properties of glass
and the incident angle. It was shown in Table 11.

R, Resistance value, varies by the properties of glass and air film both

inside and outside of the glass, as shown in Table 12.

Table 11 The Solar Heat Gain Coefficient of glass

SHGC

Center of glazing properties : Incidence angles

Hemisphere

VT Normal,0 40 50 60 70 80 Diffuse

clear glass 0.90 0.86 0.84 0.82 0.78 0.67 0.42 0.78

Source: American Society of Heeit'mg, Refiigerating and Air-Conditioning Engineers [1]

Table 12 The resistance value of air

Resistance value of air

The property of glass surface Air gap mm.

inside S 6 " 10 13 outside
High radiation emission 0.120 0.084 0.091 0.097 0.110 0.119 0.044
Low radiation emission 0.299 0.167 0.196 0.208 0.278 0.345 =

Source: American Society of Heating, Refrigerating and Air-Conditioning Engineers [1]
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Figure 62 The shading area on the glass under shading device

SC, the Shading Coefficient, varies by the effect of effective shading in
reducing the beam and diffuse radiation on the glass as shown in Figure 62

It calculated following Eq. 55.
SC = EN'S /Emr ’ Eq. 55

QUISIDE SPACE
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 RERADIATED
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/' CONVECTED

SPACE IR

RELATIVE ENERGY (%)
Ln
(5]

|s

1,000
WAVELENGTH (tmn))

Figure 63 The heat transfer of the solar ray

Source: Lechner, Norbert [20]
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2. Lights also affect SIPV performance. The internal cooling load varies by
the light fixture type, supply and return ventilation, space furnishing and thermal

structure. It can be calculated as follows:

el (H Gel)(CLFel) Eq 56
HGy = (W) Fu)(Fso) Eq. 57

CLFy, the Cooling Load Factor of the light, should be considered 1.0 when
the cooling system operates only during the occupied hours; but if not under this
condition, it should be considered as shown in Table 13 to 15 in the case of lights

being on for 8 hours.

Table 13 "a" coefficient

“a” Furnishings Air supply and return Type of light fixture

045  Heavyweight, Low rate; supply and return below Recessed, not vented
simple furnishings,  ceiling (V <= 2.5)

no carpet

0.55  Ordinary furniture, ~ Medium to high ventilation rate; supply  Recessed, not vented
no carpet and return below ceiling or through

ceiling grill and space (V >=2.5)

0.65  Ordinary furniture, ~ Medium to high ventilation rate or fan Vented
with or without coil or induction type air-conditioning
carpet terminal unit; supply through ceiling or
wall diffuser; return around light fixtures

and through ceiling space (V <= 2.5)

0.750r  Any type of Ducted returns through light fixtures Vented or free-hanging
greater furniture in air stream with
ducted returns

Note: V is the room air supply rate in liters per seé_ond per square meter of floor area



Table 14 "b" classification
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Room envelope Room air circulation and type of supply and return®
constructionl (mass of floor ) _

5 Low Medium High Very high
area, kg/m”)
50 mm wood floor (50) A

75-mm concrete floor (200)

gl O W »
Q| Q| W >

B
B A
150-mm concrete floor (370) C B
200-mm concrete floor (590) D C

Note: 1. Floor covered with carpet and rubber pad; for a floor covered only with
floor tile, take the next classification to the right in the same row.

2. These values are defined as follows:

2.1 Low: low ventilation rate -- minimum required to cope with cooling

load from lights and occupants in interior zone. Supply through floor, wall, or

ceiling diffuser. Ceiling space not vented and / = 2.3 W/m? °C, where &

inside surface convection coefficient used in calculation of b.

2.2 Medium: Medium ventilation rate, supply through floor, wall, or ceiling

diffuser. Ceiling space not vented and / = 3.4 W/m?°C

2.3 High: Room air circulation induced by primary air of induction unit or

by fan coil unit. Return through ceiling space and s = 4.5 W/m?°C

2.4 Very high: High room air circulation used to minimize temperature

gradients in a room. Return through ceiling space and / = 6.8 W/m? °C



Table 15 Cooling Load Factor when lights are on for 8 hour
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“a”

45

55

65

75

l‘h“

B

C

D

A

B

C

D

Il,,[]'

Cooling Load Factor after lights are turned on

0.02

0.07

0.11

0.14

0.01

0.06

0.09

0.11

0.01

0.04

0.07

0.09

0.03

0.05

0.06

046

0.51

0.55

0.58

0.56

0.6

0.63

0.66

0.66

0.69

0.72

0.73

0.76

0.78

0.80

0.81

0.57

0.56

0.58

0.60

0.65

0.64

0.66

0.67

0.73

0.72

0.73

0.74

0.80

0.80

0.81

0.82

0.65

0.6l

0.60

0.61

0.72

0.68

0.68

0.68

0.78

0.75

0.75

0.75

0.84

0.82

0.82

0.82

0.72

0.65

0.63

0.62

0.77

0.71

0.70

0.69

0.82

0.77

0.76

0.76

0.87

0.84

0.83

0.83

0.77

0.68

0.65

0.63

0.82

0.74

0.71

0.70

0.86

0.80

0.78

0.77

0.90

0.85

0.84

0.83

0.82

0.71

0.67

0.64

0.85

0.76

0.73

0.71

0.88

0.82

0.79

0.77

0.92

0.87

0.85

0.84

0.85

0.74

0.69

0.65

0.88

0.79

0.75

0.72

0.91

0.84

0.8

0.78

0.93

0.88

0.86

0.84

0.88

0.77

0.71

0.66

0.90

0.81

0.76

0.72

0.93

0.85

0.82

0.79

0.95

0.89

0.87

0.85

10

0.46

0.34

0.28

022

0.37

0.28

0.23

0.18

0.29

022

0.18

0.14

0.21

0.15

0.13

0.10

11

0.40

0.30

0.30

0.20

0.30

0.30

0.20

0.20

0.20

0.20

0.20

0.10

0.20

0.10

0.10

0.10

0.30

0.28

0.25

0.21

0.24

0.23

0.20

0.17

0.19

0.18

0.16

0.13

0.13

0.13

0.11

0.10

0.24

0.25

0.23

0.20

0.19

0.20

0.19

0.17

0.15

0.16

0.15

0.13

0.11

0.11

0.10

0.09

0.19

0.22

0.22

0.20

0.16

0.18

0.18

0.16

0.12

0.14

0.14

0.13

0.09

0.10

0.10

0.09

15

0.15

0.20

0.20

0.19

0.13

0.16

0.17

0.16

0.10

0.13

0.13

0.12

0.07

0.09

0.09

0.09

16

0.12

0.18

0.19

0.19

0.10

0.15

0.16

0.15

0.08

0.12

0.12

0.12

0.06

0.08

0.09

0.08

17

0.10

0.16

0.18

0.18

0.08

0.13

0.15

0.15

0.06

0.10

0.11

0.11

0.05

0.07

0.08

0.08

0.08

0.15

0.17

0.18

0.07

0.12

0.14

0.14

0.05

0.09

0.11

0.11

0.04

0.07

0.08

0.08

19

0.06

0.13

0.16

0.17

0.05

0.11

0.13

0.14

0.04

0.08

0.10

0.11

0.03

0.06

0.07

0.08

20

0.05

0.12

0.15

0.16

0.04

0.10

0.12

0.13

0.03

0.08

0.10

0.10

0.02

0.05

0.07

0.07

21

0.04

0.11

0.14

0.16

0.03

0.09

0.11

0.13

0.03

0.07

0.09

0.10

0.02

0.05

0.06

0.07

22

0.03

0.10

0.13

0.16

0.03

0.08

0.11

0.13

0.02

0.06

0.08

0.10

0.02

0.04

0.06

0.07

23

0.03

0.09

0.12

0.15

0.02

0.07

0.10

0.12

0.02

0.06

0.08

0.10

0.01

0.04

0.06

0.07

24

0.02

0.08

0.12

0.15

0.02

0.06

0.10

0.12

0.01

0.05

0.07

0.09

0.01

0.04

0.05

0.07

Note:

hog

a
b

is the number of hours after lights are turned on.

is coefficient.

is classification.
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Lights bulbs diffusing heat and light radiation because of energy
conversion showing the loss of fluorescent lamps affect the calculation of cooling load

as shown in Figure 64.

 PONER(Fat) .

o v

DISCHARGE RADIATION 60% LOSE 38%

N v

VISIBLE LIGHT 22% | | INFARRED 36% LOSE 42%6

Figure 64 The heat conversion of a fluorescent lamp

Source: B. Sulee [3]

Daylight
1. Measurement light units
Daylight consists of UV, VIS and IR, which enters via the window and
affects comfort in the living space in need for illuminance level and contrast for
visualization. This can be measured in terms of light parameters, as shown in

Figure 65 and Eq.58-60.

£ N T, b Em = 1700 Tanien I,
H
5 1600 i
§ 10 — ! scoToPIc
5 1200 | NIGHT VISION BY RODS
& 1000
2 so0
E S TS B YT Km = 638 lumen /W]
g i “e— PHOTOPIC
g 0 v DAY VISION BY CONES
g 20 s
§ 0 i iy
400 500 555 600 700
WAVELENGHT (nim)

Figure 65 Human eye sensitivity and luminous efficiency

Source: Williamson, S. J. and Cummins, H. Z. [37]



65

P = 4P Eq.58
L = pE/= Eq.59
L = tE/xn Eq.60

JLLUMINANCE 1 lux
ILLUMINANCE 1 fc

SURFACE
AREA : [ or m?
SOLID
ANGLE: SR

1m. RADIUS ~°*

LIGHT SOURSE
LUMINOUS FLUX : umen
OF 1 (HNDIEPO.WER JE€P
LUMINOUS INTENSITY : cd

LUMINOUS EXTANCE

LUMINOUS EXTANCE j
REFLECTED : LUMEN/fFP TRANSMITTED : LUMEN/ ¥
REFLECTED LUMINANCE TRANSMITTED L UMINANCE
AT SPECIFIC ANGLE : cd /P AT SPECIFIC ANGLE : cd /1P

- ~
I'd
i
R N0 SR
‘ 1
A
\
L g
LIGHT SOURCE
LUMINOUS FLUX 7
A\ " ILLUMINANCE (ON THE SURFACE)’
i fe (lumen /%) OR.

TRANSLUCENT MATERIAL hex (amen /i)

Figure 66 The measurement in term of light

Source: Egan, M. David [11]
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2. Sky condition and sky model

:"(.'_i" Pl : e - o
L L = i i Il B
i ,_,l I/ " ”/://
CLEAR SKY PARTLY CLOUDY SKY OVERCAST SKY
0.0-0.3 0.3-0.7 0.7-1.0

Figure 67 The sky condition

The sky conditions influencing the amount of daylight inside the building
are separated into 3 forms: clear sky, partiy cloudy sky and overcast sky.
The differences are determined by cloud ratio, as shown in Figure 64, 65, 66 and
Figure 67.

2.1 Uniform sky model

UNIFORM SKY MODEL

Figure 68 Uniform sky model

Source: Cowan, Henry, J. [9]

This module appears in constantly luminous daylight with a luminous

value of 0.5 at the vertical view.
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E = zL Eq.61
Ev = znL Eq.62
E, = (12)nL Eq.63

2.2 Overcast sky model

ZENTTH (3 TIMES
BRIGTH THAN HOTIZON)

WEST.
\"NORTH
sbimt
S past
CIE OR OVERCAST SKY MODEL
Figure 69 Overcast sky model I
Source: Cowan, Henry, J. [9]
Le = (1/3) Lz(1 + 2sin6) Eq.64
Ly v =7(1/3) Lz Eq.65
E, = (79) xlg Eq.66
E,. R Lz Eq.6 7

This module shows maximum luminosity at the horizontal plane,

which will be decreased to 1/3 at the vertical view.
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2.3 Clear sky model

ABAR SUN
f (10 TIMES BRIGHTER THAN
M SUN
Q)

CLEAR SKY MODEL

Figure 70 Clear sky model

Source: Cowan, Henry, J. [9]

Lo = (I-e %% 91+10e™" + 0.45cos’a) L, Eq.68
0.274(0.91+10e %%+0.45c0s *Z)

Loy = constant; 15 <8<90 Eq.69

= Lz/sin@ Lq.70

= Ly/sinl5° =3.86 L Eq.71

This module shows maximum luminosity at the sun position and

minimum luminosity at 90 degrees measured from the maximum point.
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7000
€« +— DIRECTSUN
(ILLUAMINANCE ON
600 HORIZONTAL SURFACE)
g DIRECT SUN
'5 (ILLUMINANCE ON
B VERTICAL SURFACE)
8] 4000
3 — OVERCAST SKY
§ (ILLUMINANCE ON
g 3000 HORIZONTAL SURFACE)
3
—— CLEAR SKY WITHOUT
2000 - DIRECTSUN
= (ILLUMINANCE ON
5 -7 . HORIZQNIAL SURFACE) < The yertical surface was
1000 ’_," N~ | ovERCASTSEY received the illuminance
los®" o = (ILLUMINANCE ON around a half compare with
o = = VERTICAL SURFACE) the horizontal surface.
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SOIAR ALTITUDE (DEGREES)

Figure 71 The illuminance level comparison

Source: Egan, M. David [11]

Figure 71 explains natural light under weather conditions comparing

illuminance due to the fact that location of solar attitude is related to direction of

vision towards the daylight source or window.

E
o CIE OVERCAST SKY
g =&/ S
S =7
§ ’/,"' UNIFORM SKY
3 ~
8L
§
s

¢ 90 DEGREES

< The Uniform sky has luminous constantly
around the average of the overcast sky
model.

Figure 72 The comparison between uniform sky and overcast sky models

Source: Cowan, Henry, J. [9]
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3. Efficacy of daylight
As shown in Figure 73, Daylight is a light source with high efficacy
compared to artificial light sources, containing the approximate values of 120
lumen/Watt for average sky, 150 lumen/Watt for clear sky, and below 120 lumen/Watt

for average sky with sun rays.

CLEAR SKY —— 150

~
— 140 S5 ‘
AVERAG SKY - a ;
SUNLIGHT AT 25 ALTITUDE | — 120_3 2 i ;
AVERAGE SKY AND SUN 3 g S !
—{ 100 2 T '
|~ g8 S | E
SUNLIGHTAT 7.5 ALTITUDE |« of o & g B :
BEl Y —= 3 :
. é_n: B¢ E
& i
453 | :
1 B E\ !
% 41T, 1 | SPECTRUM OF FLUORESCENT LAMP |
= g 400 500 600 700
o WAVELEANGTH (i)

Figure 73 The efficacy of daylight and artificial light sources

Source: M. David Egan and Victor W. Olgyay [21]

4. Day lighting design

Daylight Factor, DF, is the method for prediction by math models
described in Eq.72-73 for lumen method and Eq.74-76 for experimental method.
In experimental study, a mirror box was used to collect data, as shown in Figure 75.
A mirror box is a tool that reproduces an overcast sky. However, if the data collection
was meant to come from the real sky, then a clear sky or overcast sky should be
considered. As for a partly cloudy sky, it is easily changeable, unstable and difficult to
study.



71

SKY

’ SKY
—

ENVIRONMENT

Figure 74 The daylight part into the room

Source: Cowan, Henry, J. [9]

DF,, = CAwtMF (GBC)/A (I - pay) Eq.72
DF, = A, tMF (GBC) [ (C/A)+(C p. + 0.05py )/ 4; (I - pay)] Eq.73

LAMP CAVITY

LOW REFLECTED
SURFACE (0.2)

WORKING PLANE

SO K N

MIRROR BOX  MIRROR BOX WITH MODEL

Figure 75 The mirror box explanation
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Experimental methods including the mirror box or real sky used to
evaluate daylight factor will apply physical model with enough scale to enter light
sensors in each position on the working plane. However, in the case study under real
sky conditions, the thing that should be watched out for is the shade of clouds blocking
out the sun light and the amount of clouds in the sky. The data collection should be

only for light from the sky, not direct solar radiation.

DF = E/E, ' Lq.74
DF = SC+IRC + ERC Eq.75
E; = DF(Ewy) Eq.76

5. Ilumination on the working plane
Illuminance is light measured on the plane which, in this study, was the
working plane at a height of 0.75 m varying according to need in usability.
The suitability is shown in Table 2, 3, 4, 5,76, 7, 8, 9, 10, 11, 12, 13, 14 and Table 15
cbmpared using numbers of standards such as Thai building code, French CIE

standards, American IES standards to DF suitable for each type of activity.

Table 16 The comparison of illumination standards

Working plane Building code (Lux) CIE (Lux) EIS (Lux) DF (%)
General area 300 150-200-300 200-300-500 5
Meeting 300 300-500-750 200-300-500 5
Office working 300 300-500-750 500-750-1,000 5
Walking area 200 50-100-150 50-75-100 2
Parking area 50 50-100-150 50-75-100 2

Note: CIE is The International Commission on Illumination (The Commission
Internationale de I’Eclairage).

EIS is Illuminating Engineering Society of North America.

Source: Benjamin Stein and John S. Reynolds [4]; I, Kasadit [15];
Srisutapan, A and T. Panjira [29]



73

Lighting systems were designed to be proper for usability and the amount
of electric power per unit of utility space according to type of building in need of
energy saving. Details from building law for energy conservation are defined in
Table 17. The aforementioned values resulted from design and determination of type
of light bulb with reflector, type of ballast and light control such as on/oft technique or

dimming technique to create usability as long as needed, especially with daylight.

Table 17 The maximum power of lighting system defined by building code

Building type Average power (W/m?)
Education, Office 14
Shopping center, Rental shop, Theater 18
Hotel, Residential, Hospital V 12

‘6. Daylight Glare Index

Glare is one of the qualitative indicators affecting usability in relation with
angles as shown in Figure 76. In this research, windows are a light source causing
glare when looking out the window which changes throughout the day, as shown in
Figure 77 by the calculation of daylight glare index (DGI) using Eq.77-85. Glare is an
important parameter affecting usability when gazing out a window. The discomforting
glare occurs when the light source coming through the window is much brighter than
requirement for sensation of the eyes. Disabling glare occurs when the light affects the
ability to see. Conditions of differences of light in the form of contrast ratio were
suitable at 3:1, which was the ratio of the viewing area to ambient area, 10:1 for the
ratio of the viewing area to background area, and 50:1 for ratio of the highlighted
object to the ambient area [21]. However, Hopkinson presented the GI, Glare Index, in
1960 and was supported by a field study in 1970 that expressed GI as Eq.77-85 [8].
Then it was modified from dGI to DGI as described by Eq.86.
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EYEBROW (SHIELDS EYE FROM
OVERHEAD GLARE)

FOVEAL VISION
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Figure 76 The eyes view and luminance sensation

Source: Claude L. Robbins [8]; Flynn, John E., Kremers, Jack A., Segil, Arthur W.
and Staffy Gary R. [13]; M. David Egan and Victor W. Olgyay [21]

Figure 77 The glare effect from the side window

Source: Andersen, Marilyne [58]
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Hopkinson model

dG = [11{L )P+ [(0.07(0"°)( L)) Eq.77
L, = 03178E, Eq.78
Ly = (Ey/V)(T,/0.85) Eq.79
Ly, = [(IRE + ERE)/7] (z)( T,/0.85) Eq.80
z = (1.9785InEy)—15.9164 Eq.81
vio= 0.8536 %07 Eq.82
Lid = wid Eq.83
L/id = I/d Eq.84
dGI = 10 log;p2dG Eq.85

Parameter A is the angle between the direction of view of the eyes and the

center of the aperture.

Modified model
DGI = dGI-(x+y) Eq.86
dGI = 1202 PPN (for 10 <GI<28  Eq.87
x = (Bacr *7°)(100 Fyg*'*) Eq.88
Faar = Duarl 1+[EqGi2 / Eco(Eco— 2Emad]} 7 EaGr < Eco Eq.89
= [2Dyaxi)(Eco — 2Ema)] ( Edcr- Enax)  Eacr < Eco Eq.90
2 = (0xp)-5 ;0.3<p <09 Eq.91

Table 18 The Daylight Glare Index category

Illuminance category DGlax

General lighting throughout spaces

Public spaces with dark suroundings A 24
Simple orientation for short temporary visits B 26
Working spaces where visual tasks are only occasionally performed C 92

Source: Benjamin Stein and John S. Reynolds [4]; Claude L. Robbins [8]; Watson, Donald [36]
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Hrd

H/d

a%

Figure 78 The eye parameters of Daylight Glare Index

Source: Claude L. Robbins [8]

Parameter Dp.x is the maximum fraction of the Standard Work Year

(SWY) during which daylight can be used to replace or supplement electric light.
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Table 19 Comparison between glare indexes (GI and DGI)

Degree of perceived glare GI DGI

Jus&aerceptiblc 10.0 16

13.0 18
Just acceptable 16.0 20
Borderline between comfort and discomfort 18.5 22
Just uncomfortable 22.0 24

25.0 26
Just intolerable 28.0 28

Source: Claude L. Robbins [8]

7. Lighting design
The Lumen method is the light calculation method used to find sizes
and arrangement of light bulbs. In uniform distribution design, the value estimation

was a result from Eq.92-96 presented by IES standards [21].

F = (E)(A)/(CU(LLD)LDD) Eq.92
CU = Gh[(L+ W) /(LxW)] Eq.93
CCR = (Shco[(L+ W)/(LxW)] Eq.94
RCR = (Shgo)f(L + W)/ (Lx W)] Eq.95
FCR = (Shgo[(L+ W) /(LxW)] Eq.96

Light control is one of the strategies for saving lighting energy to be able
to use energy as needed. It includes switches for on-off or dimming considering the

amount of daylight, as shown in Figure 81 stating the results of using the strategies.
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Figure 79 The spaces cavity of lighting

Source: M. David Egan and Victor W. Olgyay [21]
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< The efficiency of lighting need

include the reflector what it
concentrates the light though
the working plane.

Figure 80 The sample, Radial batwing, of light reflector distribution

Source: Benjamin Stein and John S. Reynolds [4]
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Economic
1. Initial cost and life cycle cost

General PV systems are standalone system and grid connected system.
The difference between the two mentioned systems is the battery element, which is
easier to maintain and able to generate energy more reliably because it does not
depending on an energy storage system leading to increasing system cost.
When batteries and controller were excluded, its price ratio was about 23% of the
system cost combined with saving labor for installation, structure, land used and
building materials replaced with PV modules. This is the difference of the BIPV

system.
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<
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CONTROLLER APPLIANCE
e |
LT
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Figure 82 Stand alone PV system
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Figure 83 Grid connected PV system
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Figure 84 The trend of PV systems cost

Source: LaMonica, Martin [72]; Pearson, Chris [81]

The life cycle cost of a PV system is around 25 years guaranteeing only

the PV modules integrated with the building envelope. Its life cycle operation is

possibly more than 25 years including maintenance costs as a part of operation.

Nevertheless, PV modules are expensive compared to general building materials as

shown in Figure 85. The price could be lower when compared to some other types of

decorative material. Besides, it is beneficial in clean energy generation concerning the

environment. However, the cost of shading in the Thai market is estimated around

$30-$60 per m*.

PV panel Polished stone Stone
$500-$1500 $2400-$2800 $800+

Glass Stainless steel
$560-$800 $280-$400

(These material costs were over investment for Thailand market in the present time.)

- Figure 85 The comparison of material costs per square meter in 2002

Source: International Energy Agency [69]
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2. Economical evaluation
The benefits of BIPV systems consist of 2 levels. First is the direct
economic impact causing the decrease of construction material costs, electricity costs,
enhancing power quality and reliability and providing tax credits. Second is the
indirect economic impact due to environmental emissions reduction. For electrical
costs, it is able to reduce energy used in air conditioning systems, save energy in
lighting systems and produce energy used to replace energy from the grid. Therefore,
to optimize investment, the costs and expected benefits must be acknowledged
containing indicators as follows:
2.1 Payback period and break-event analysis
This method is used to predict the year that the benefits and costs will
be equal. The break-even is used to compare the design solution for the final decision.
2.2 Benefits-Costs ratio (B/C)
This method converts to the present value of cost by using the present-
worth method shown in Eq.98. Then, B/C and the results of comparison between

benefits and costs leading to the investment decision are considered.

Payback = PVB/PVC Eq.97
P = F[I/(1+)Y] Eq.98
PVB = JIB/(1+)Y] , during t=1 to the last year Eq.99
PVC = K+JJ[CAI+i)'] , during t=I to the last year Eq.100
B/C = PVB/PVC Eq. 101
PRESENT VALUE BENEFIT

BENEFITS ﬁ U E}

o T

8§ 9 10 1112 1314 15

-mw

H =
s < The decision to
MAINTAINANCE COSTS EVERY 5 YEARS ;
PRESENT VALUE COST investment uses the cash
flow that calculates from
INITIAL COSTS economical methods.

Figurc 86 An example of cash flow model
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From the study, it can be concluded and shown in Figure 87 to lead to design

a studying process as below:

] . | Thailand weather data

2. | The angular of the Sun ray | Parameter for prediction

3. | Shading form (Protection) | Parameter for design

Energy potential : Ambient temperature, Solar radiation

Material PV type L Area
Slope J Shading Efficiency | Module temperature
e Partial shad
Direction Power NeWer afficiericy
4. | Building Integrated system Shading Glare
1 On-Off —
Reducing Y
— A/C system — Daylight Dimming
s Saving
— Lighting system Lamp + Ballast + Reflector
Produci
L—{ PV system T Fixed
5. | Economic optimization Payback L] Tracking
BiC

Figure 87 The summary review of the literature

1. Thailand has an solar energy potential average of about 5 kWh/m*-Day,

which is enough for investment.

2. Thailands latitude is between 6-20 degrees and longitude is between

97-101degrees, considering Bangkok, 14 degrees, as the center of Thailand.

3. Parameters affecting energy generated from PV systems include

PV technology, slope and direction of PV module installation, which are needed to

avoid the shade covering the area of the solar module.



83

4. The benefits of shading devices integrated with photovoltaic system
include reduction of air conditioning system, electricity saving of lighting system
and energy generation from the PV system.

5. Shading devices integrated with photovoltaic system can reduce cost of

building and be more beneficial than general installation, which only generates energy.

Therefore, it is more attractive for investment.



CHAPTER III

RESEARCH METHODOLOGY

Study plan
SIPV is an integrated system appliance consisting of shading, daylight control
and electricity production. It depends only on one energy resource which is solar

radiation from the sun and sky shining down on shading devices.
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Figure 88 The study diagram

The process of this research trying to search for ideas of designing shape
and installation of SIPV with energy suitability is divided into parts as follows:

1. The analysis part is to search for weather database referred to calculation,
form of shading device and period of appraisal

2. The experiment part is to improve equations for value calculation in order

to make it suitable according to the conditions of system installation
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3. The estimation part is to estimate energy values in all kinds of systems
annually in order to acknowledge all influences due to the design

4. The optimization part is to look for forms that create the highest level of
energy saving in the conditions of establishing the most possible angles and avoiding
glare effects. It is also concerning appraisal in the matter of economics to make the

highest level of value

The definitions
1. The window functions
The function of a window is to be a source of natural daylight connecting
the view between inside and outside. This research is to study only windows being a
light channel considering data of heat radiation, daylight and area for view angles, as

shown in Figure 89

BEAM RADIATION BEAM RADIATION
e

SKY RADIATION

REFLECTED RADIATIO,
o

Figure 89 The window functions

2. The shading rfunctions
The functions of shading are to reduce the amount of direct solar radiation
and diffuse solar radiation. However, radiation reflecting from the ground still gets in.
For estimating the value of received solar heat gain from both heat and light, the

isotropic sky model is used.
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2.1 The function of preventing heat from solar radiation is shown in
Figure 90

2.2 The function of light control is shown in Figure 91

This does not consider direct solar radiation due to determination of design

conditions to fully prevent direct solar radiation in the period of time of consideration.

GROUND REFLECTED RADIATION

Figure 90 The shading function to protect the sun

SKY '
- p LUMINOUS

Figure 91 The shading function to control the luminous source

3. The generator function
- The function of a solar module is to generate energy by transforming solar
radiation into electricity. It depends on direction and inclined- angle of the module.
The hypothesis of this study is that the total energy produced resulting from the system
is able to be used continuously by using a dummy load of a building and having no

barriers in front of or on the solar module.
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4. The benefits of SIPV

The benefits of SIPV are integrated advantages between shading devices,
light control devices and energy production devices as shown below:

4.1 Reducing heat gain from solar radiation in a pattern of cooling load of
the air conditioning system (The only focus is on glass under the pattern of shading
device and direction of window).

4.2 Saving electricity of lighting systems by using control systems of on-
off or dimming techniques under the pattern of shading device and direction of the
window.

4.3 Producing electricity by converting solar radiation into electricity due
to shading device installation.

5. Benefit options and conditions of study time

There are 3 patterns of benefits the change according to shape as follows:

Option 1; the producing option is the benefit from electricity production.

Option 2; the producing and reducing option is the benefit resulting from
electrical energy production and reducing the cooling load of the air conditioning
system.

Option 3; the producing, reducing and saving option is the benefit resulting
from electrical energy production, reducing the cooling load of the air conditioning
system, and saving energy in lighting system due to the use of daylight.

Data collection of this study was in the daytime during 8.00-16.00 for the
suitable reasons presented in chapter IV. It is also because the time is suitable for the
use of air conditioning systems to create the comfort zone. The consideration to

operate the mentioned matter for 365 days was for the highest level of benefit.

Parameter and experimental setting

The study of optimization in SIPV design can be concluded as shown in
Figure 92 which is separated into 4 main parts as below:

Part A is to study conditions of parameters depending on location, direction,
tilt angle, and technique of PV module setting.

Part B is to collect data on the parameters from the experiments in the matter

of total solar irradiance on slope surface, relation of daylight and relation of cooling



88

load because of shading devices outside and inside the building, using basic equation
improvement.

Part C is the estimation from calculation appearing in annual energy
consumption, reflecting benefits due to light prevention and the use of daylight, and by
using an improved equation to respond to the first purpose.

Part D is economic estimation to respond to the second purpose.

In parameter determination, the reference of standard value and use in the real

situation should be considered.
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Figure 92 The flow diagram of parameters

1. The form of SIPV parameters
To respond with solar prevention in the form of shading coefficient,

the shading coefficient value should be zero for the full-functioned beam solar
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radiation prevention for the whole period considered and for suitability in avoiding

shade on the solar module, as shown in Figure 93. Therefore, a horizontal shading

device was designed instead of a vertical module, which causes overlapped shading

more easily.

et I A—— ! S

SECTION

ELEVATION

Figure 94 The study form of SIPV

The research specified a form of SIPV considering the outstretched part of

the module which affects the shading coefficient used in calculation of the cooling

load of the air conditioning system and the daylight factor used in calculation of

illuminance on the working plane. The details are as follows:

1.1 Shading extending ratio (W/H): W is the extending part of the shading

device and H is the height of the clear window under the horizontal shading device.

The relation is shown in Figure 94.
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1.2 The shading coefficient of the beam radiation can be found in the form
of direct solar radiation on the glass plane. The comparison was the ratio of with
shading device to without shading device. The shading coefficient of the diffuse
radiation can be found in the form of diffuse solar radiation on the glass plane.
The comparison was the ratio of with shading device to without shading device.

1.3 Tilt angle of the shading device was compared to a flat plane as shown
in Figure 94.

1.4 Directions used for shading device installation were North, North
East, East, South East, South, South West, West and North West.

2. SIPV installation parameter

From part A in Figure 95, the forms of SIPV were installed in 2 patterns:
fixed and tracking patterns. Each installation technique was a study to optimize
installation for practical use as a building shading device. The details of the study were

as below:

2.1 The fixed SIPV, shown in Figure 95
2.2 The tracking SIPV, shown in Figure 96

Beam radiation protection during operation time : 100% (SCy = 0)
Direction : NNE, E, SE, S, SW, W and NW
Slope (B) : 90, 105, 120, 135, 150, 165 and 180

Figure 95 The condition of the fixed SIPV technique
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Beam radiation protection during operation time : 100% (SCb = 0)
Direction : Some direction that are optimized

Slope () : Tracking follow from the window function
Figure 96 The tracking condition of SIPV

3. Constant parameters
To estimate, constant parameters were calculated to determine energy of
air conditioning systems, light systems and energy generation systems as shown in

Figure 97. The parameters used in system design are as follows:

30m. W EYELEVELI120m. [
HEIGHT H -

2 4.0-8.0m. WIDTH

4.0— 8.0 m. DEPTH ———————>

-Ac- ... wilLEN

Figure 97 The constant parameters of the working space

3.1 PV technologies are a type installed for study and data collection at
SERT since 2005 consisting of 2 types as shown in Figure 98.
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Technology Polyerystalline Silicon (p-Si) Amorphus Silicon (a-Si)
Power of installation (1V,) 80 54

Area (m’, dimension) 0.64, 0.85

Weight (kg) N/A N/A
Efficiency (STC) 1153 5.74
Temperature coefficient N/A N/A

Frame / substrate Aluminium / White plastic sheet N/A

Figure 98 The PV technologies of the study

3.2 The air conditioning system gained a Coefficient of Performance
(COP) of 3.22 referred from the law of energy conservation in buildings in Thailand.
In medium mass construction, the internal temperature system operation was
determined at above 25°C.

The thickness of clear glass was also determined at 6 mm with overall
heat transfer coefficient (U) at 5.874 W/m?-°C, solar heat gain coefficient (SHGC) at
0.73 and visible transmittance at 0.88.

3.3 The lighting system consisted of T5 fluorescent 28 W bulbs with a
loss of Ballast Electronic 4 W installed and a bat wing reflector. The coefficient of
utilization were as follows:

LLD=0.95, LDD=0.90, Fsa=1.14, Ful=0.85

Design conditions were at the minimum of 300 lux, and the working
plane was at 0.75 m according to the standards of light design for a general working

area. The light control techniques used were on-off and dimming techniques.
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4. Room parameters

To calculate the energy of air conditioning systems and light systems, it is
necessary to specify the size of the using area. For lighting system design for rooms
with different sizes, the number of light bulbs needs to be decided according to
different Lumen method calculation. The primary scope of the study was determined
to design a general room with 4 m, 6 m and 8 m width of A dimension which is the
same to room B dimension with depths of 4 m, 6 m and 8 m. the size and number of
light bulbs is shown in Figure 99 and Table 20. To specify the size of the room

relation of A x B, there are 9 cases in total.

WINDOW DIMENSION AxB
A4-8m 4xd 6x4 8x4
4x6 6x6 8x6
B4-8m.
4x8 6x8 8x8

Figure 99 The dimension of study rooms

Table 20 The lighting installation by lumen method

Room dimension A x B Direction A Direction B
R 4x4 2 Lamp 3 Lamp
R 4x6 2 Lamp 4 Lamp
R 4x8 2 Lamp 5 Lamp
R 6x4 3 Lamp 3 Lamp
R 6x6 3 Lamp 4 Lamp
R 6x8 3 Lamp 5 Lamp
R 8x4 5 Lamp 2 Lamp
R 8x6 : 5 Lamp 3 Lamp

R 8x8 5 Lamp 4 Lamp
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Experimental installation

The experiment can be divided into 3 parts as follows:

1. PV generator production

The main equation for calculation under the isotropic sky model was able

to be explained in accordance with Eq. 15, which is the basic equation used in
calculating total irradiance on a sloped surface under the isotropic sky model.
The parameters of the mentioned equation were improved in the diffuse radiation
factor and added in terms of solar radiation due to the reflection of the building wall.

It is because of the difference of installation from the formal basis, as shown in

Figure 100.
Psiey = Niv Nsipv Ecsipy Eq.102
Esiry = (Ro)EG + (RsaRg)Ea + (RyG)EG + (Ryp) Ey Eq.103 :

BLOCKED BEAM

GROUND REFLECIED
RADIATION

Figure 100 The difference of the installation effects
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Figure 101 The relative factor of the power from SIPV system
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Figure 102 The PV system at SERT
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The parameters of solar radiation in part A (shown in Figure 102) were
solar radiation and weather condition data collected by a data logger attached to

sensors. These parameters include the following:

1.1 Module temperature (T},)
Module temperature was used to study the effects of temperature on
PV array efficiency in both cases of amorphous silicon technology and polycrystalline
silicon technology and parameters were analyzed by regression analysis using least
square curve fitting to be used in prediction in the form of linear curve as shown in

Eq.104.

The information recorded was from meteorological information about

weather and solar radiation for a 10-kW electrical system, as shown in Figure 102.

1.2 PV efficiency case of full sky condition (npv)

Electricity converted from solar radiation depends on PV system
efficiency. The experiment was analyzed by regression equation aﬁd was used to
predict the value by the linear curve equations shown in Eq.105. The information
collected was from meteorological information about weather and solar radiation for a

10-kW electrical system, as shown in Figure 102.
Npy = aX;+ bXZ +c E(]IOj

1.3 PV efficiency case of half sky condition (ngipy)

In this case, the PV module received some part of solar radiation
while there is an existence of air temperature similar to the case of having no shade.
This experiment, therefore, was to analyze the relation of current and volt via the
relation between I-V curve and P-V curve at STC, at solar irradiance of 1,000 W/m?
containing cell temperatures at 25°C and air mass at 1.5. Then it is managed to adjust

the parameters of solar irradiance, ambient temperature, and module temperature
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which were predicted due to Eq.104 from the case of half sky condition to find
the predicting equation from the trend line according to regression analysis as shown
in Eq.106. The information collected was from meteorological information about

weather and solar radiation for a 10-kW electrical system, as shown in Figure 102.
nswy = aXi+bXs+c Eq.106

1.4 Efficiency of the inverter system (1iny)

The information on efficiency of inverter systems was from the
research belonging to Tharika Bunpan [53]. Efficiency of the inverter system
depending on solar irradiance leads to the process of building data analyzed via a
linear curve regression equation to be used in prediction using linear curve regression

analysis as presented in Eq. 107.
iy = aX+c Eq.]07

1.5 Efficiency of Power degradation for a long period (1p)
It is considered from the guarantee of the production company leading

to create a linear curve predicting equation as shown in Eq.108.

m = aX+te Eq. 108

1.6 Coefficient of solar reflectance (p) 7
Experimental materials tested included white wall and dark wall
substitutes in order to cut out factors of reflection in unwanted directions as much as
possible by measuring spectral solar irradiance, as shown in Figure 103,
at wavelengths of 350-1050 nm. Spectroradiometer was used in record to find solar
irradiance reflection from calculating the ratio of spectral solar irradiance reflecting

from material skin to direct spectral solar irradiance averagely through wavelength.
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A The measurement of spectral irradiance,
position of the meter against the surface

being measured and slowly retract the

SPECIRORADIOMETER

meter to a position 10 centimeter.

MATERIAL SURFACE

Figure 103 The experiment of the reflectance value
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Figure 104 The experimental installation of the relative factors

1.7 Relative diffuse radiation factor (Rg) and relative reflected

radiation factor (R,p) falling down on solar module
General building envelope can reflect solar radiation in the form of
diffuse radiation reflection due to the rough envelope, unlike glass, resulting in an
unclear direction of solar radiation and affecting visual comfort. In Thailand, buildings
are controlled by the Building Control Act, B.E. 2522 (1979), assigning the reflection
on the envelope of high-rise building or large building not more than 30%, as shown in
Figure 105 (above) indicating spectral solar irradiance reflecting from a white wall,
from which solar reflectance can be calculated equivalent to 38%. Figure 105 (below)
indicates a dark wall, from which solar reflectance can be calculated equivalent to 4%

throughout the wavelength of 350-1050 nm.
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The installed experiment reflecting black low solar irradiance as
shown in Figure 104 was to cut out factors of solar irradiance reflecting from the floor
as much as possible leading to study only part of the solar irradiance from the sky.
In the case of the white wall, it was used to compare influence as a result of reflection
when compared to the dark wall with low solar reflectance. The experiment was

installed at SERT, Naresuan University, Thailand for 2 consecutive weeks in

February 2011.
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Figure 105 The solar reflectance experiments of the white and dark panel
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- The equipment set was placed towards North and West in a period of
no direct solar irradiance to collect only diffuse data. It was also placed towards West
and South in case of direct solar irradiance appearance to collect data compared to
reflectance of solar irradiance.

The relative diffuse radiation factor: Ry was to be calculated from the
ratio of receiving diffuse solar irradiance on the reference cells with different tilt
angles to the reference cells with tilt angles on a horizontal plane (or 0 degree) in the
condition of half sky equivalent to 0.5 compared to full sky on the dark plane.

The relative reflected radiation factor: R,g was calculated from the
ratio of receiving solar irradiance reflected from the white wall on the reference cells
with different tilt angles to the reference cells with different tilt angles located on the
same angles on the dark plane and compared to reference cell with tilt angle of 90
degrees, equivalent to 1.0.

Both experiments were analyzed by calculating the average data
change according to solar attitude and creating an equation to predict it. A regression
equation was analyzed by least square curve fitting to be used in prediction via a linear

curve as shown in Eq.109 and Eq.110 respectively.

Ry m(X) + C Eq. 109
Rp = mX)+C Eq. 110

1.8 Relative diffuse radiation factor under self shading: (Ryq)

For vertical self-shading SIPV installation, as shown in Figure 106,
relative diffuse radiation was decreased by view angles opened towards the sky
according to each case of installation with the outstretched part and distance between
modules. Direct solar irradiance was also decreased due to shade of SIPV modules
covering each otl}er as shown in Figure 106, indicating that the reference cells
installed on the dark vertical plane provided low levels of solar irradiance reflectance
to reduce the influence of reflectance by using electric measurement in the form of
mV, which is the ratio between covered lower module (B) and uncovered upper

module (A) in every case of change in extended distance (W) and covered distance (S)
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under clear sky and overcast sky. This experiment was installed at the Faculty of
Architecture, Chiang Mai University, Thailand from July to September 2011.

The experiment was analyzed by calculating average data change
according to extended distance and covered distance between vertical modules to

compare the decrease of diffuse solar irradiance in each design.

R = mX+C Eq. 111

SLOPE OF PV CELL
0, 15, 30,45, 60, 75, 90

REFFERENCE PV CELL

MULTIMETER e—@ CLEAR (REFFERENCE)
MULTIMETER <——® UNDER

Figure 106 The relative factor of diffuse radiation under the SIPV

2. The daylight factor (DF)

The CIE sky model was used in calculation. The DF method was used in
illuminance level estimation on the working plane in buildings and separated for
consideration into 2 groups, namely the sky component: SC and internal reflected
component: IRC without considering the external reflected component: ERC.
Illuminance level on the working area inside the room is the sum tbtal of SC and IRC,
as shown in Figure 107. In addition, data collection was used to calculate the mean

DF, as shown in Eq.112.

DF = C;vary by distance of the dept of working space Eq. 112
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DF =SC +IRC , EXCLUDE ERC

Figure 107 The combination of the daylight components

2.1 The sky component of the daylight factor (SC)

Influence from sky was shown in the form of SC. The experimental
models were at the scale of 1:15 in measure of illuminance level at all levels of length
shown in Figure 108 under clear sky and overcast sky. Inside wall models were
painted black providing low solar irradiance reflectance to reduce the influence of
IRC. In addition, illuminance levels in the buildings were measured and collected at
all distances. It was also compared to the model’s exterior in the case of having no
covering-; and being under a band ring to confute the value gained from direct solar
irradiance. The experiment was located at Faculty of Architecture, Chiang Mai

University, Thailand from July to September 2011.
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Figure 108 The sky component experiment
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2.2 The internal reflected component of the daylight factor (IRC)

It is an experiment using a model at the scale of 1:20 which is smaller
due to the limitation of the mirror box, the tool used for reproduction of an overcast
sky, as shown in Figure 109. The model contains ceiling material, internal walls and
flooring with reflectance ability at 70%, 50% and 20%, respectively. The experiment
was kept in a laboratory at the Faculty of Architecture, Chiang Mai University,
Thailand.

LIGHT REFLECTANCE

MODEL TYP A %5 ; ;— 1/
> CEILING 6% e DIFFUSE TRANSLUCENT:

>WALL 6% st :

>FLOOR 6%

s MODELTYP B
== > CEILING 7026 . MIRROR 4 SIDE

>WdALL  50% s

> FLOOR 2(%%

. MODEL SCALE
ILLUMINATION METER = : 1:20

WORKING PLANE LEVEL i /
99900000000 0000- | ozrEmECTNEVALUE  \

=

...............
|||||||||||||||
---------------
...............

OQS LO LS 20 25 RO XS 40 435 50 55 £0 65 7.0 15 20

Figure 109 The internal reflected component experiment

3. The shading coefficient of the diffuse radiation (SCy)
The W/H ratio of SIPV can prevent direct solar irradiance, which is related
to Cosine’s law and some part of diffuse irradiance using view factors. SIPV in this
study was determined to have fully prevented direct solar irradiance. Therefore,

the experiment was a study of SCy4 only.
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Figure 110 The shading effect from the beam and the sky

The model shown in Figure 111 was used in an experiment to compare
forms of shading devices with ratios of W/H installed on the dark wall and dark floor
providing low solar irradiance reflectance to eliminate influence of reflected irradiance
as much as possible. Collected data from the reference cells was compared as a ratio of
being under the shading device to having no shading device. The experiment was
located at SERT, Naresuan University, Thailand for two consecutive weeks constantly
in February 2011. An equation was created for prediction through analyzing the
regression equation using least square curve fitting, which was used in linear curve

prediction, as shown in Eq.113.

SCq = m(W/H)+C Eq. 113

SHADING EXTENSION
W/H = 1.0, 2.0, 3.0

W

INSULATION
AND REFLECTOR

MATERIAL Z

REFFERENCE PV CELL

o WITHOUT SHADING

DATA -
LOGGER o WITH SHADING

Figure 111 The Shading Coefficient of the diffuse radiation experiment
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Figure 112 Summary of the study process

Summary of the study process

The study process can be divided into 4 parts as follows:

1. The analysis part is to search for condition of SIPV design and database
concerning weather and solar radiation

2. The experiment part is to determine and study parameter by improving
every factors used in calculation of energy of air conditioning system, lighting system
and energy generation system

3. The estimation part is to estimate annual energy consumption in every
system

4. The optimization part is to prove objectives from study in order to design

proper SIPV system



CHAPTER 1V

RESULTS AND DISCUSSION

Study process

There are 2 objectives in this research as follows: first is to optimize heat
reduction and light usage in buildings. Second is to optimize in economics due to the
usability of Shading Device Integrated Photovoltaic system, study process as shown in

Figure 113.

4. ANALYSIS PART Using data base of Thailand

I% + Weather [ Radiation, Temperature ]
+ Form of shading device {W7/H ratio]

2. EXPERIMENT PART Collected data under out door condition

lﬁ + Total solar radiation parameter
+ Daylight Factor of illuminance on working plane
+ Shading Cogfficient of cooling load

3. ESTRIATION PART Calculated by mathematical models

I% + Solar radiation on SIPV and power oulput
+ Daylight illumination and Lighting load
+ Solar heat gain and total cooling ioad
+ Energy consumption

4. QPTIMIZATION PART § Evaiuated by benefit options

I-% + Reducing / Saving / Producing energy by SIPV
+ Economical evaluation

Part 1; Analysis is to study data on solar irradiance and weather including the forms of shading
devices proper for direct solar irradiance prevention.

Part 2; Experiment is to study parameters used in equation of calculating total radiation, daylight
JSactor and shading coefficient.

Part 3; Estimation is to study estimation of developed equation to predict benefit concerning energy
gained from SIPV installation. _

Part 4; Optimization is to study benefit and expenses in SIPV investment to evaluate worthiness and

study objectives response,

Figure 113 The study process diagram
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Analysis part

1. Solar radiation and weather data in Thailand

97°E [00°E  105°E
20°N

6 degrees| :'-.-r‘ —_—

14N %

6°N - S8 Y,

© 19-20 Mi/n’-Day
@ /8-19 MJ/m’-Day

® 17-18 MJ/m’-Day
@ 16-17 MJ/u’-Day

i
THE VERTICAL SURFACE !
OF BANGKOK BUILDINGS

Location : Bangkok, Thailand

__ HORIZONTAL
Elevation: 1.00 m. over sea level “AREA
Time zone: UTC/GMT +7 hours
No daylight saving time
CLEAR
Measure station: TMD “~ OBSTRUCTION
Bangna, Bangkok

Lat: 1340'N
Long: 100 37'E : ~, VERTICAL

- AREA

Elevation: 60 m.

Figure 114 The represented city of Thailand location

Source: Department of Alternative Energy Development and Efficiency [65]
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Bangkok as a hub representing Thailand appears to have a large amount of
building envelopes receiving more of solar radiation than buildings in other cities.
Buildings in Bangkok consist of high-rise buildings with vertical surface rather than
horizontal surface. Shading devices and high-performance glass are needed for solar
heat gain prevention as presented in Figure 114 showing Bangkok location with image
of the city on geographical territories gaining solar radiation averagely 18-19 MI/m?-

Day.

Average 4,710 Wlv/m"-Day 4,900 Wi/im*-Day ; over +190 (+1%)

Reference year
5.000 Fooulloc ol fo o R NE Ao v BB A o) S T i 18.0

2006 2007 2008 2009 2010

H Global solar radiation O Diffise solar radiation

1,000 35
D 1 R e S U O . O et~ SRR S~ & PGSO
- 30
800 - e o e )

700
600
500

Wh/m®

400
300
200
100

05-06 06-07 07-08 08-09 09-10 10-11 11-12 12-13 13-14 14-15 15-16 16-17 17-18 18-19

B Global solar radiation (= Diffuse solar radiation =O=Temperature

Figure 115 Average solar radiation and air temperature of Bangkok
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During 2006-2010, solar radiation data of Bangkok shown in Figure 115
(Top) showed ratio of solar diffuse radiation at 42%-45%. In 2009, ratio of solar
diffuse radiation was about 42% and total solar radiation vas about 4,900 Wh/m*-Day
which was higher than the average of the total data 4% or about 190 Wh/m*-Day.
Figure 115 (below) shows the comparison between the hourly average of solar
radiation and air temperature concerning comfort zone of between 22-27 °C. It is
found that the temperature was higher than comfort zone after 10.00 A.M. and

remained for the whole day.

21.6

18.0

3.6

0.0

Jan  Feb DMar Apr May Jua Jul.  Aug Sep Oc¢t Nov Dec

B Global solar radiation O Diffuse golar radiation

1,000
BO0 o v ion
700
600 4

é 3500 A

400 4

300 A

200

100 -

05-06 06-07 07-08 08-09 09-10 10-11 11-12 12-13 13-14 14-15 15-16 16-17 17-18 18-19

= Global solar radiation Diffuse solar radiation ~ ~O—Temperature

Figure 116 Average radiation and air temperature of Thailand in 2009
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Data collected in 2009 was used as database being referred for calculation
as shown in Figure 116 (top). It presented ratio of solar diffuse radiation in each
month. It is found that in rainy season; May-September, contained high ratio of solar
diffuse radiation, which is sometime higher than direct solar radiation, due to the
declination moving towards north of equator line resulting in low energy from direct
solar radiation with module installation turning towards south. In contrast with other
months with declination encircling towards south, it was corresponded with data from
other years during 2006-2010. In Figure 116 (below), the conclusion was to have
suitable period of air conditioning systems start working from 8.00 A.M. to create

comfort zone consistent to general working hour.

CLEAR SKY PARTLY CLOUDY SKY OVERCAST SKY
(0.0-0.3) (0.3-0.7) (0.7-0.9)

WWINTER ‘ SUMMER I RAINY I WINTER

100%%
920%
80%
70%
60%
50%
40%
30%
20%

10%

0%

Jan Feb Mar Apr May Jun Jul Aug  Sep Oct  Nov Dec

B Overcast sky Paitly Cloudy sky O Clear sky

Figure 117 Average ratio of diffuse solar irradiance to total solar irradiance
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In Figure 117, shows ratios of solar radiation according to sky conditions
in 2009 divided into 3 seasons as follows:

1. Summer season between February and May

2. Rainy season between May and October

3. Winter season between October and February

Most of solar radiation ratio shows appearances of sky component with
partly cloudy sky and overcast sky in rainy season affecting total solar radiation on

solar module

Percentage (%) .

Cumulative frequency (%)

0 — Tt e —1
0-50  101-150 201-250 301-350 401-450 501-550 601-650 701-750 801-850 901-950 1001-
1050

T T A

Wi
—0—Global solar irradiance —O—Diffuise solar irradiance —— half sky itradiance (6:00-18:00)
- % - Global solar ivadiance - 4 - Diffuse solar irradiance - *& - half sky irradiance (8:00-16:00)

Figure 118 The frequency and cumulative frequency of solar irradiance in 2009
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As Figure 118 shows frequency of solar irradiance reception on the
condition of sky component, it is found that 8.00-16.00 mostly provides low solar
diffuse radiation. It is said the same way that 80% of the mentioned time provides
solar irradiance not less than 300 W/m? in the case of diffuse radiation under full sky
and 150 W/m® in the case of diffuse radiation under half sky. Figure 118 (below)
shows influence of diffuse radiation is mostly quite low.

Therefore, total solar irradiance in case of SIPV under half sky was
probably reduced about 25% due to the fact that 50% was direct solar radiation
and 50% more of diffuse radiation was reduced by building shade.
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Figure 119 The solar intensity of Bangkok in 2009
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The highest level of solar intensity was about 150 kWh/m*-Year in
the case of global solar irradiance in the period of total solar irradiance between 700
and 800 W/m®. The highest level of solar intensity was about 130 kWh/m”-Year in the
case of half sky in the period of diffuse solar irradiance between 100 and 150 W/m? as
shown in Figure 119 and Figure 120 presenting that more than 65% of midday at
8.00 A.M. provides temperature of more than 27°C.
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B Average temperature =O—Percentage of howr (over 27 degrees)

Figure 120 Average and percentage of air temperature

In conclusion, appearances of data of 2009 used in calculation in the
period of SIPV operation are as follows:

1. In the case of half sky, most diffuse irradiance was at about 150W/m?
resulting in sum total per year of about 130 kWh[mz

2. To design shading to prevent direct solar radiation in basic step,
the suitable time to start should be at 8.00 AM. according to the use of air
conditioning system. It is because of temperature higher than comfort zone

2. Ratio of outstretched part of shading devices at latitude 14° north

In designing horizontal shading devices with outstretched part to prevent
direct solar radiation, it is changed éccording to pfoﬁle angle which is uprisen angle
perpendicular to wall where considered. In this study, 8.00-16.00 was considered in
direct solar radiation prevention as it is working hours with thermal uncomfortable

condition. In Figure 121 shows total solar irradiation falling down on vertical surface
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like window provides value as low as diffuse radiation in the period containing
the highest level of the day as it is considered non-severe. However, sunlight
prevention until 17.00 P.M. can reduce more heat with the design of more outstretched

part of shading devices due to the low value of the sun’s uprisen angle.
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Figure 121 The analysis of shading time for tﬁermal comfort
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Figure 122 The shading extension ratio

Shading in both cases of over hang and louver can specify their forms
from W/H ratio as shown in Figure 122 which is dimension indicating the ability in
sunlight prevention resulting in SC;, equivalent to 0.0. In cooling time, outstretched
part W should be corresponded according to position or solar attitude. Outstretched
part design during 9.00-15.00 is a little bit shorter that during 8.00-16.00 unlike during
7.00-17.00 with outstretched part of shading devices is increasing more than needed
affecting structure, budget and depletion of area around building. Therefore;

the suitability in shading devices design is limited only during 8.00-16.00.
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3. Solar tracking of shading devices

Solar tracking depending on solar altitude indicates that the angle of
system being installed in some directions is adjusted at not more than 20 degrees
which is considered a few when compared to the need of maintenance.
The installations are such as N, NE and NW as shown in Figure 123 (top).

When considering the area of angle throughout the windows due to the
shading devices according to W/H ratio, it is found that in the case of fixed
installation, there is open angle area more than 60% unlike the case of installation
turning towards N, NE, NW and S and the case of tracking installation which there are

more angle area than fixed installation. The comparison is shown in Figure 123.
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Figure 123 The clear view height of tracking effect
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Clear view heigth = H (n.) and W= 1.00 m.

Figure 124 The clear view height of fixed effect

4. Summary of the analysis part

The summary of analyzing the forms of shading devices design

4.1 Weather and solar irra(iiallce data of 2009 are used in analysis and
estimation

4.2 Shading devices is designed to have outstretched part during 8.00-16.00.
It is for suitability to avoid having unnecessary outstretched part and correspond to
working hours

4.3 The design is determined to have outstretched part of shading devices
according to ratio W/H in each direction as follows: N=0.5, NE/NW=1.5, E/'W= 2.5
and S=1.5 for fixed installation as shown 4-12

4.4 For tracking design, outstretched part should be short due to structure.
It should also be installed in E/W, SE/SW and S
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Experiment part
1. Total solar irradiance on slope surface [Chapter III; page 100-103]

1.1 Diffuse solar irradiance factor under half sky condition

s, L&

LOSS Vg \

'

GENERAL INSTALLATION SIPV INSTALLATION

- : — — : 90
7:00 800 9:00  10:00 11:00 12:00 13:00 14:00 15:00 16:00  17:00

Figure 125 The collected data of the diffuse solar irradiance from the half sky

Half sky condition only diffuse solar radiation as shown in Figure 125.
The result of experiment found that SIPV’s tilt angle at about 15-45 degfeés is the
angle receiving the most of solar irradiance. It is also a hilltop sloping down towards
the ground at more or less angle in every period of different solar altitude. The most

value of angle is at noon where the position of the sun is at the highest.
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Figure 126 The diffuse solar irradiance comparison of every SIPV slope

Figure 126 shows solar irradiance in each period during 7.00 to 11.00.

In the case of half sky turning towards north and west, it is found that tilt angle at 30

degrees is at the highest level in every case and decreases when there is other more or

less angles. The difference is clear when the solar altitude is high.
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Figure 127 The diffuse solar irradiance comparison of sky condition

Figure 127 shows the relation of the ratio of diffuse radiation of every
tilt under half sky compare with the tilt angle of 0 degrees or horizontal surface in case
of clear sky and overcast sky. In the top Figure shows the difference not more than 2%
unlike the below Figure which is the comparison between sky direction showing
the more difference but not exceed 9%. In every case, the differences will increase at
the high tilt angle.
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Figure 128 Math models of half sky condition and full sky condition

Figure 128 on top shows the averaging of data gained from analysis
under conditions of all sky types. Below Figure shows the comparison with full sky
condition at tilt angle of 0 degrees or flat surface with the value of 1.0 in the case of
full sky and the value of 0.5 in the case of half sky. It indicates that in the case of half
sky have clear differences in the matter of amount and the position of the highest

value. The mentioned relation will be created as equation to predict.
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Relative factor of half sky condition
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Figure 129 The evaluation of half sky model
Rq = 0.5(1+cosB) ; for full sky Eq.109
Re = -0.00154° +0.03304%+ 0.15574 + 0.3758; for half sky Eq.109
A = (I5+p/I5

The diffuse solar irradiance of half sky model shown in Figure 129
indicates that the highest value is about 0.59 at tilt angle of 30 degrees appeared in a
form of polynomial line multiply by 3. The coefficient of determination, R%, of this
model is at 0.9987 as Eq. 109.
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Figure 130 The comparison between predicted data and actual data

Table 21 The evaluation of the solar diffuse irradiance under half sky model

North West
Reference data Other data Reference data Other data

Feb 62010  Feb 7™2010  Feb3™2010  Feb 2™ 2010

Observation 11,550.00 12,600.00 10,320.00 10,080.00
RMSE 10.75 10.10 3.92 4.55
NRMSE 15.29% 17.00% 5.72% 6.40%
MBE 291 2.62 -1.54 0.18
NMBE 4.14% 4.41% -2.25% 0.26%
R square 0.9360 0.9407 0.9849 0.9857

Comparing with data from other days not data used in analysis with
root mean square error (RMSE) and the mean bias error (MBE) as shown in Table 21,
it can be-explained that sky condition in the west can be used to predict the value
much closer than in the north. However, there are reasons according to the site of

installation to collect data with the different environment
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Figure 131 The diffuse solar irradiance explanation of half sky condition
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1.2 Reflected solar irradiance factor from the buildings surface
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Figure 132 The collected data of the reflected solar irradiance from the North sky

Building envelope on top of SIPV shown in Figure 132 and
Figure 133 found that SIPV with tilt angle at 0 degrees or horizontal plane can receive
most of solar irradiance in every cases of sky turning towards every direction and

lesser when SIPV slopes to make angle wider. This factor is only a few.
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Figure 133 The collected data of the reflected solar irradiance from

the South and West sky

Although building envelope can affect the increase of solar irradiance
- on SIPV module, it affects a little in the case of experiment showing solar radiation
reflectance at 38% and lesser when consideration is accordance with law containing
the suitability of solar radiation reflectance at 30% in order to make buildings a

non-heat source and non-light pollution to nearby buildings.
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Figure 134 The solar reflected irradiance of the white and the dark panel
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Figure 135 The reflected solar irradiance comparison of the sky conditions

Figure 134 shows the experimental result of solar radiation falling
down on SIPV both white and black wall. Figure 135 shows the result in a form of
ratio of reflectance compared to directions of sky such as South and West and in a

form of average value by considering solar radiation reflectance at 38%.
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Figure 136 The building reflected trend of the solar irradiance conditions
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Figure 137 The building reflected trend of every the solar reflectance

The comparison of total solar irradiance reflectance in the case of sky
on the West and diffuse solar irradiance reflectance in the case of sky on the North
shown in Figure 136 result in the same type of characteristics. Figure 137 shows the
comparison of the ratio to estimate in the case of solar radiation reflectance
qualifications of building envelope materials between 10%-40% according to

qualification of color and building material generally sold in market.
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Figure 138 The relative factor of every profile angle and every SIPV slope

Figure 138 (top) shows solar irradiance reflectance factor in each
period of time according to solar altitude. Besides, Figure 138 (below) shows the
consideration to improve data of angle from 45 degrees to 90 degrees in order not to
have factor of solar irradiance reflecting from ground surface to create suitability

according to trend line.
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Relative factor of reflector (Reflectance =30%)
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Figure 139 The evaluation of building reflected model
Rz = 0.00034"-0.00294° + 0.01534° - 0.02784 + 1.0154 Eq.110
A = (105-p/15

The building reflective model as shown in Figure 139 shows the
highest value is at tilt angle of 0 degrees and value is decreasing rapidly in a curve of
polynomial line as well as shows the reliability in a form of the coefficient of

determination, R2, at 0.9997.
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Figure 140 The comparison between predicted data and actual data
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Table 22 The evaluation of the building reflected model

Reference data Other data Reference data Other data

West South
Feb3™2010  Feb2™2010  Feb8™2010  Feb 5™ 2010
Observation 5940 6420 7200 7200
RMSE 23.27 16.11 21.96 30.26
NRMSE 3.84% 3.09% 4.13% 3.74%
MBE 5.6071 4.7228 7.7054 12.4975
NMBE 0.9254% 0.9047% 1.4484% 1.5440%
R square 0.9875 0.9938 0.9961 0.9981
North All direction
Feb 62010  Feb7™2010  Feb6™2010  Feb 7" 2010
Observation 6600 6600 19740 19740
RMSE 1.91 4.63 22.32 16.35
NRMSE 2.16% 5.86% 4.40% 4.33%
MBE -1.5186 -3.5981 5.7379 3.1435
NMBE -1.7140% -4.5560% 1.1313% 0.8327%
R square 0.9991 0.9739 0.9977 0.9984

B Half sky factor |1

Building reflected factor | % %\

Figure 141 The reflected solar irradiance explanation of half sky condition

Comparing to data from other days which is not data used in analysis
with root mean square error (RMSE) and the mean bias error (MBE) as shown in

Table 22 explains that values of all sky conditions can be predicted similarly.
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The comparison of diffuse solar irradiance factor and the building
solar reflectance in each installation with all kind of tilt angles of SIPV as shown in
Figure 142 presents that both have the different highest values. However, if the
calculation result in a form of annual solar radiation on SIPV is being compared, it is
found that at the tilt angle of 30 degrees provides the highest value due to a few factor

of solar irradiance reflectance as shown in Figure 143.

0.80

(=
(=)
o

=
e
=}

Relative factor
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0.00

Slope of SIPV ()

=0—Rd (Diffise of full sky model) —0—Rd (Diftuse of half sky model) —z— RiB (Building reflected)

Figure 142 The comparison of experimental models
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Figure 143 The effect of building reflected and diffuse solar irradiance
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1.3 Factors of overlapped SIPV installation

SIPV is solar module installed on vertical plane of building. It has one
disadvantage indicating that when another PV array is installed down below being
covered by the array on the top, it results in the below one receives less solar
irradiance both direct and diffuse irradiance. Figure 144 and Table 23 shows the
relation of the decrease due to installation with outstretched part and distance
according to all kind of vertical planes in both cases of clear sky and overcast sky.
The values are changed because of opened angle allowing to see the sky and trends of

both sky conditions are similar.

—&— W/H = 0.5 [Overcast sky]
A ——\W/H = 1.0 [Overcast sky]
—4A—W/H= 1.5 [Overcast sky]
x o= W/H=2.0 [Overcast sky]
% —X—W/H=2.5 [Overcast sky]
==X~ W/H= 3.0 [Overcast sky]
= O =W/H=0.5 [Clear sky]
= 0 =W/H=1.0 [Clear sky]
= A - W/H=1.5[Clear sky]
= O = W/H=2.0 [Clear sky]
= X =W/H= 2.5 [Clear sky]
= X - W/H=3.0[Clear skvl

Relative factor

1 R S U GRS

0.0 T T T T

Slope of SIPV (j3)

Figure 144 The relative factor of stack effect
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Table 23 The relative factor of stack effect

Slope

W/H 90 75 60 45 30 15
Clear sky - ' -
- 0.5 0.83 0.86 0.89 0.93 0.-96 0.99
1.0 0.72 0.76 0.81 0.85 0.90 0.95

L.5 0.61 0.66 0.72 0.78 0.84 0.91
2.0 0.50 0.56 0.62 0.69 0.77 0.87
2.5 0.40 0.46 0.52 0.60 0.69 0.82
3.0 0.30 0.36 042 0.50 0.61 0.76

Overcast sky

0.5 0.97 0.98 0.98 0.99 0.99 1.00
1.0 0.86 0.87 0.88 0.90 0.93 0.97
1.5 0.74 0.75 0.77 (?.80 0.85 0.93
2.0 ) 0.63 0.64 0.66 0.70 0.78 0.88

2.5 0.52 0.52 0.54 0.58 0.67 0.81
3.0 0.40 0.40 0.41 0.45 0.55 0.73

2. Efficiency of PV module [Chapter IIT; page 100-103]
2.1 Module temperature effect of solar irradiance in the case of full

sky condition

SOLAR RADIATION

ELECTRICITY
+
HEAT

00 0.1 02 03 04 5 06 0.7
Voltage (V)

Figure 145 The effect of module temperature
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In this part is to find efficiency of PV which is changed by PV module
temperature. However, PV module temperature is altered according to solar irradiance
and whether as shown in Figure 145. This is because the installation in outdoor
condition according to quality of thermos, heat reflecting and heat transferring
materials. As a result, there is a difference between both mentioned cases of

installations as shown in Figure 146.

BEAM RADIATON

GROUND REFLECTED
FACTOR
i

GENERAL INSTALLATION SIPV INSTALLATION

MODULE TEMPERATURE > SIPV MODULE TEMPERATURE

Figure 146 The comparison of the PV installation

PV is material with low heat radiation reflectance capable of
collecting only a few amount of solar irradiance because of its thinness and non-
insulator. This results in heat on skin of module causing lower efficiency. In the case
of half sky, the effect of solar irradiance is lesser while effect of whether is being

equally received.
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Figure 147 The comparison of the module temperature, solar irradiance

T g5

R Square
Observations
Tm p.gi

R Square

Observations

and ambient temperature

= -2.9564 + (1.2249 T,,4) + (0.0271 I) Eq.104
= 0.9456

= 29,483 ; during 2007

= -3.3869 + (1.2055 Tyy5)+(0.0276 I7) Eq.104
= (0.9460

= 29,482 ; during 2007

. Figure 147 shows that both technologies have similar module temperature

in the case of experiment under full sky condition. It is found that the temperature is

changed by solar irradiance and because of effect of weather causing the low decrease

of module temperature as the solar irradiance is supposed to decrease more in the
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evening. From using the equation gained from regression analysis, the values of both
technologies can be predicted similar to the actual data.

2.2 PV module efficiency under full sky condition

[+ 2007 - 2009] : HE

ELCRE BER

50 -

50 |-

a0 {-

30 -

20

Predicled nodule temperature ()

L 10 20 30 40 50 (ai] 70 80 0 10 20 30 40 50 GO 70 80
Actual module temperatire °C) Actinal maodule temperature CC)

Amorphous silicon technology Polycrystalline silicon

160

[+ 2007 ozoos'[g

Predicted power (Win') .

~ B
160 0 20 40 60 80 100
Actual power (WhAn’)

100 120 140

t t + +
Q 20 40 60 B0
Actual power (W/mn®)

Amorphous silicon technology Polycrystalline silicon

Figure 148 The comparison between predicted data and actual data

Table 24 The evaluation of the module temperature models

Module temperature Power

Amorphous silicon  Polycrystalline silicon ~ Amorphous silicon  Polycrystalline silicon

2007 2009 2007 2009 2007 2009 2007 2009
Observations 17,487 21,020 17,487 21,020 17,487 21,020 17,487 21,020
RMSE 2.9833 3.8660 3.1114 3.8053 4.2269 3.2557 7.1870 6.2038
NRMSE 5.7580 7.6252 6.0899 7.6333 12.7638  10.6719  11.9829  10.8979
MBE -0.0635  -1.9004  -0.1128  -1.8130 0.1080 0.1322  -0.0341 -1.2394
NMBE -0.1226  -3.7483  -0.2208  -3.6367 0.3262 0.4333 0.0568 -2.1773
quualje 0.9115 0.8764 0.9061 0.8787 0.9266 0.9478 0.9323 0.9486
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Figure 149 The power prediction by the mathematical models

Comparing to data from other years which is not data used in analysis

with root mean square error (RMSE) and the mean bias error (MBE) as shown in

Table 24 explains that the equation can be used in prediction and with database from

different other years. From the data disperse shown in Figure 148 of both

technologies, it is found that the disperse rather provides a clear linear trend in both

cases of module temperature and produced power.
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Figure 149 shows result of comparison due to the use of equation to
predict the values of both solar cells technologies as shown in Eq. 105 and database

of 2009.

Nasi = [-5.8527 + (0.2659 T,,) + (0.0446 Eg)] / Er Eq.105
R Square = 0.8978

 Observations = 19,445 ; during 2007

Npsi = [-1.9995+ (0.2207 T,,)+(0.0893 E;)] / Exr Eq.105
R Square = 0.9043
Observations = 21,209 ; during 2007
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2.3 Module efficiency under half sky

Solar iiradiance : W/’ [Module temperature : °C]

1,000 [66.4]

300 [59.5)
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Solar irradiance : W/m® [Module temperature : °C]
3,500
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800 [59.5]
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Voltage (V)

Figure 150 The characteristic curves of amorphous silicon technology

Figure 150 shows the comparison of solar irradiance change and
module temperature change in the forms of I-V curve and P-V curve of amorphous

silicon technology. It is found that the highest value of electric power at curve of each
condition tends to decrease as a linear.



Solar irradiance : W/m? [Module temperature : °C]
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Figure 151 The characteristic curves polycrystalline silicon technology
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Figure 151 shows the comparison of solar irradiance change and

module temperature change in the forms of I-V curve and P-V curve of polycrystalline

silicon technology. It is found that highest value of electric power at curve of each

condition tends to decrease as linear with a little difference of line slope.

When the period of Solar irradiance at 50-300 W/m” and air

temperature between 20°C to 36°C as shown in Figure 152, it is found that the period

of the change in polycrystalline silicon module efficiency is more than Amorphous

silicon technology.
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Figure 152 The module temperature effect under half sky condition

Eﬁ a-St
RZ

Observations

Eff psi
R

Observations

= 6.0709-0.0003 I7- 0.0148 T, Eq.106
= 0.9995
= 54 ; during 2008

= 12,4671 - 0.0009 1y- 0.0402T,,,; Eq.106
= 09993

= 54 ; during 2008

Figure 153 shows the prediction of PV efficiency compared to solar

irradiance. Figure 154 shows the comparison of ambient temperature; the Eq. 105 is

used in the case of full sky and Eq. 106 is used in the case of half sky. It is found that

in Polycrystalline silicon, p-Si, efficiency is clearly changed according to solar

irradiance and in Amorphous silicon, effect of temperature is shown. From the

increase by the trend of ambient temperature, it is found that efficiency of both

technologies under half sky is more stable than full sky condition.

Therefore, the power change of solar cells technology contains two

following factors in prediction: solar irradiance and ambient temperature. The gained

math models will be separately used in prediction according to solar irradiance

receiving and solar cells technologies.
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Figure 153 The comparison between the PV efficiency and the solar irradiance
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Figure 154 The comparison between the PV efficiency

and the ambient temperature
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3. The efficiency of inverter under out door condition
The experiment using B. Tarika’s [53] research data analysis as shown in
Figure 155 and the improvement of equation used in prediction by using regression
analysis technique as shown in Figure 156, it is found that inverters can work well or
have high efficiency when receiving total solar irradiance more than 600 W/m” which

is not half sky case.

100 ; 7 7 T
90 s e e S I A SR e e

Inverter efficiency (%)

0 +—% T T T T T
0 200 400 600 800 * 1,000 1,200
Solar iivadiance (W/mz)

200-220 — — 220-240 = X - 240-260 —+ -260-280

Figure 155 The efficiency of inverter operation between 200 V and 280 V

100

30 e B e T R L R
y=94.29x+4.98

R’=1
B 1 SRR PP

GO_ ...............................................................................................................................

Inverter efficiency (%) .

B | s T B e e SOOI EE L A S

‘10 T T T T T
04 0.5 0.6 0.7 0.8 0.9 1.0

X =(-0.5654*(POWER(/EXP(E,1/200),2)))- (0.0345*(LEXP (E,; /200)))+0.8935

Figure 156 The relation between efficiency and modified solar irradiance
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Figure 157 The predicted line of inverter efficiency

Niny = 0.0498 + 09429@ Eq107
X = (0.5654x((Lexp(Eig/200)))-(0.0345x(1/exp(E,S /200)))+0.8935

Figure 157 shows efficiency of inverters operation. It is found that the
highest efficiency is at about 90%, at 625 W/m?. While half sky condition at
125 W/m? has about 72% of efficiency and cannot work well at 35 W/m?. It can be
said that the operation under full sky condition will have efficiency from 85% to 90%
corresponding to the operation of shading devices during 8.00-16.00. In addition,

inverters’ operations have low efficiency when there is low solar irradiance before
8.00 or after 16.00.
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4. Daylight Factor (DF) [Chapter I1I; page 104-105]
4.1 The Sky Component (SC)

Figure 158 shows the data comparison between the case of with
shading devices at W/H=0.3 and without shading devices at W/H=0 in various period
of time. It is found that the collected data tends to be similar in every period of time
including the case of clear sky as shown in Figure 158. In Figure 159, trend of the

overcast sky is more different.
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Figure 158 The SC comparisons of clear sky condition
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Figure 159 The SC comparisons of overcast sky condition
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Figure 160 The SC comparison every W/H ratio of clear sky condition
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Figure 161 The SC comparison every W/H ratio of overcast sky condition

Both sky conditions have similar trends by receiving daylight which is
decreased according to W/H ratio of shading devices and rapidly decreased where
there is a long distance from window causing the similar values at the distance about

4 times of window height.
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4.2 The Internal Reflected Component (IRC)

The Mirror box was used in this experiment to reproduce overcast sky
in order to find effect of reflectance of room surface within the buildings.
The comparison is between normal surface model and dark surface model with
qualification of low reflectance as shown in Figure 162. When the gained IRC ratio
being confuted, it is found that the trend of high value is the area close to window but

it will not rapidly decrease and have different effect through the depth of the room.
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Figure 162 The IRC every W/H ratio of mirror box condition
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4.3 Total Daylight Factor (DF)

For the usability, clear sky case is considered in estimation due to the

fact that it is the condition allowing SIPV to work normally as shown in Figure 163.

Sum total of SC and IRC is shown in Table 25 in every forms of W/H of shading

devices in each position of distance from the window using Eq.112.

Percentage (%)
(V)
o

—0— W/H=0.0

L O VSO —
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—x— W/H=2.0 -
| x-W/H=25
—+— W/H=3.0

00 05 10 15 20 25 30 35 40 45 50 55 60 65 70 75 8.0

Room depth (m.)

Figure 163 The DF every W/H ratio of average sky condition

Table 25 The SC and IRC every W/H ratio of average sky condition

SC Room dept
W/H 0.5 1.0 1.5 2.0 25 30 35 4.0 4.5 5.0 55 6.0 6.5 7.0
0.0 4037 2390 141 699 401 254 192 4037 2390 1414 699 401 254 192
0.5 22,52 1425 934 511 329 249 206 2252 1425 934 511 329 249 206
1.0 1281 828 572 335 249 177 149 1281 8.28 572 335 249 177 149
1.5 7.20 486 348 219 153 122 106 720 4.86 348 219 153 122 106
20 4.08 300 223 148 107 086 078 408 3.00 223 148 1.07 086 0.78
2.5 247 184 146 094 073 062 057 247 1.84 146 094 073 062 0.57
3.0 1.59 1.24 .00 069 053 046 042 159 1.24 100 069 053 046 042
IRC 0.5 1.0 1.5 2.0 25 3.0 35 4.0 4.5 5.0 5.5 60 65 7.0
0.0 2.16 .70 133 LIl 090 073 059 216 1.70 1.33 .11 090 0793 059
0.5 2.04 1.63 131 108 089 079 067 204 1.63 1.31 1.08 089 079 067
1.0 205 1.60 128 1.07 091 079 070 2.05 1.60 1.28 1.07 091 079 0.70
1.5 2.06 1.63 130 1.09 092 080 0469 206 1.63 .30 1.09 092 080 0.69
2.0 1.99 1.52 125 105 091 078 067 199 1.52 125 1.05 091 098 0.67
25 1.82 1.39 .17 098 085 075 063 1.82 1.39 .17 098 085 095 063
30 1.60 125 1.08 092 079 071 060 1.60 1.25 108 092 079 071 0.60
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5. The Shading Cocfficient of diffuse radiation (SC,) [Chapter III; page 107]
SCq is a value indicating shading coefficient. From the result of
experiment, the comparison is between sky in the North shown in Figure 164 (top) and
West shown in Figure 164 (below) by testing with shading devices with 3 types of
W/H ratio as follows: 1.0, 2.0 and 3.0. The results shows that two sky conditions
provide similar experiment result and when compared as SCqy as shown in Figure 165
by considering the average between 2 sky curve to be used in creating predicting

equation and to conclude as a constant for each W/H ratio of shading devices as shown

in Table 26.
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i 3 : £ : s W/H=20
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V= 0.4523x - 4.3005
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Figure 164 The solar irradiance ratio with shading to without shading
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Figure 165 The Shading Coefficient of diffuse radiation comparisons

Table 26 Shading Coefficient of diffuse radiation (SCy)

Shading Coefficient of diffuse radiation (SCy)

Clear sky Overcast sky
W/H North West Average
0.0 1.00 1.00 1.00 1.00
0.5 0.80 0.80 0.80 0.52
1.0 0.62 0.61 0.62 0.30
1.3 0.52 0.48 0.50 0.21
2.0 0.46 0.40 0.43 0.15
2.5 0.43 0.37 0.40 0.13
3.0 0.41 0.36 0.39 0.13
3:5 0.41 0.36 0.39 0.13

However, trend of SCq4 in the case of clear sky is a little lower than the
case of overcast sky. It is also found that SCd of W/H ratio at more than 2.5 is quite
stable and tends not to decrease staying permanently at about 0.39 which means no

matter how much longer the shading devices are, SCyq will not decrease.
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Figure 166 shows the comparison of clear sky condition and overcast sky
condition. It is found that SCq is different. Due to the fact that overcast sky might
affect cooling load quite a little and it doesn’t need to open air conditioning system.
This research is, therefore, considering using clear sky condition in estimation.

The equation created by using regression analysis is linear equation with R square at

0.9995.
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Figure 166 The comparisons between clear sky and overcast sky conditions
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Figure 167 The Shading Coefficient of diffuse radiation trend
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SCq = 0.0004 X' + 0.0058 X° - 0.0059 X*-0.2259X + 1.2285 Eql09
X = 2(W/H)+ 1
6. Summary of the experimental part
It is the study to improve equation for prediction of energy systems as
follows:

6.1 To predict total solar irradiance using basic equation of ASHRAE
(ASHREA'’s equation) improved by Eq.109 and Eq.110 in the case of SIPV design

6.2 To predict electric power using equations gained from experiment.
Eq.105 is for the case of half sky condition as it is when total irradiance consists of
beam radiation and sky irradiance. Eq.106 is for the case of half sky as it is when total
irradiance consists of only sky irradiance

6.3 To predict electric power from using inverter by using Eq.107

6.4 To predict electric energy used for the whole 30 years and during 8.00
to 16.00

6.5 To predict illuminance level on working plane using Eq.112

6.6 To predict shading coefficient for shading devices located in each

direction using Eq.113
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Estimation part
The study in this part is to estimate from improved equation in order to
predict the use of energy in air conditioning, light and SIPV energy production
systems.
1. The total solar irradiance on slope surface
Procedure in estimation of total solar irradiance on slope surface is shown

in Figure 168 using Eq.109 and Eq.110 in improving ASHREA’s equation.

l—_"""""[""""""f e ]

i 5 Eq.103 |
i Time i ' Slope s == R
{ Day i | Direction : I Total irradimice I
--------------------------- 1

—+-8IPV 0 degrees

——8IPV 15 degrees

—— SIPV 30 degrees

—=—SIPV 45 degrees

—— SIPV 60 degices

——SIPV 75 degrees

—=—SIPV 90 degrees

~0—General 0 degrees

Figure 169 The estimation of the total solar irradiance on slope surface

From annual solar radiation falling down on SIPV plane in each direction
and angle, it is found that SIPV in the south makeing tilt angle of 30 degrees to
horizontal plane receives the highest level of annual solar radiation. The installation on
the East, South East, South, South West and West should be considered due to the
similar high values clearly unlike the installation on the North East, North and North
West as shown in Figure 169.
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Figure 170 The total solar irradiance on slope surface of N and S
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Figure 171 The total solar irradiance on slope surface of E and W

Hourly solar irradiance shown in Figure 170 and Figure 171 of SIPV is to
compare PV regular installation on horizontal surface turning towards south which is
considered as the best case. It is found that in the cases of North and South, the values
are decreased in month of sun position getting behind the buildings.
In addition, in the cases of East and West, the values are decreased in the afternoon

and in the morning respectively.
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In the cases of North East / South East and North West / South West, the
values are also decreased due to lesser shade of building than in the cases of North,

South, East and West as shown in Figure 172 and Figure 173 respectively.
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Figure 172 The total solar irradiance on slope surface of NE and SE
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Figure 173 The total solar irradiance on slope surface of NW and SW
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Figure 174 The annual solar radiation ratio of general and SIPV installation
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Figure 175 The annual solar radiation comparisons of South direction

Comparing between installation of SIPV and regular installation at the
same tilt angle shows ratio as in Figure 174. It is also found that the ratio of North
East, North and North West is decreasing more than 40%. Ratio of the South is
decreasing the least which contains tilt angle of 30 degrees to 75 degrees.

Building is parameter causing SIPV to receive lower solar irradiance when
compared to regular installation. As Figure 175 shows the ratios for installation
turning towards south, it is found that the decrease ratio is corresponding to relative

coefficient of diffuse solar radiation in the case of half sky condition.



159

180 - : - : : : : :
160
140
s 0 I ;
= ‘ i : ; :
& 100 ; Tt A E : i
g 1 : ey e 3 i :
3 . . “.&u—ﬁ——"w‘_aﬁe}__ﬁ —— -
g 80 g : i . v 5.
= Y : ; t :
g 0 5 :
& e i f | s ' F
ot e
20 - i i
9 5 5 - - : ; : ; ; ;
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
—A— N ——NE =O0—F - SE =3 —*—SW ——W —— NW
(33.97%) (63.23%)  (8549%) (94.19%) (100%) (95.88%) (7791%)  (64.35%)

Figure 176 The solar radiation comparisons every month on SIPV surface
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Figure 177 The solar radiation comparisons of East, South and West direction

Although installation in the South receives the highest level of energy,
sun encircling towards North in summer time of a year can cause the decrease of solar
irradiance and the increase in the winter as shown in Figure 176. Installation in the
south in summer provides total solar irradiance less than installation in the South West
at about 7.19% and only 4.12% higher for the whole yeaf while installation in the

South West is more stable for the whole year as shown in Figure 177.



100%%

90%%

80%

70%

60%

40%%6

Relative ratio

30% |-~

20%

10%

0%

100%6

90%%6

80%

60%

50%

Relative ratio

40%

309%

20%

10%

0%

160

O Building reflected
O Ground Reflected
@ Diffuse

B Beam

N NE E SE S swW W NW

General installation

e 01 Building reflected
O Ground Reflected
Diffuse

| . -.-{ EBeam

W Nw

SIPV installation

Figure 178 The comparisons of annual solar radiation on SIPV every direction

Figure 178 shows ratio of solar irradiance falling down on module. It is

found that in the case of general installation, most effects cause from solar direct

irradiance. In contrast to the case of SIPV installation only in the East, South East,

South, South West and South, most effects cause from solar direct irradiance and a

little bit of effects from building reflected solar irradiance at about 2.5%.
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2. Energy production from SIPV
To convert energy gain from solar irradiance, the following equations are
used: Eq. 104, Eq. 105, Eq. 106 and Eq. 107. This is to predict electric power by SIPV

as shown in Figure 179.

4' Total frradiaice i |Eq.j0¢ EqJO.iI :
iSi.y condition
iPVitype

[ Ambient temperature

I " Array producing power I

Eq.107

| - SIPV energy I‘—I Bn'crrgrmnwrﬂnglmver!

Figure 179 The process of SIPV energy calculation
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Figure 180 The annual producing comparisons between array and inverter yield

The estimation is for both technologies such as amorphous silicon
technology, a-Si and polycrystalline silicon technology, p-Si, technologies in order to
compare benefits gained. Figure 180 shows that installation turning towards South
with tilt angle of 30 degrees is still the best option. When comparing energy
generation per area, polycrystalline silicon technology can generate more energy due

to a clear higher efficiency. When considering the need to use the area for shading
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devices installation, solar cells technology with high efficiency can be chosen as
suitable option throughout the year for the best installation. Amorphous silicon
technology, a-Si and polycrystalline silicon technology can generate energy 77 and
152 kWh/m? respectively and the energy generation can be decreased due to electricity

conversion of inverter.
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Figure 181 The annual energy from SIPV array

Figure 181 shows the amount of energy generated from SIPV of
amorphous silicon technology, a-Si and polycrystalline silicon technology in each

direction and tilt angle of module.
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Figure 182 The annual array yields ratio of SIPV to general installation

Figure 182 shows ratio of comparing the amount of energy produced by
SIPV of amorphous silicon technology, a-Si and polycrystalline silicon technology

and general installation in each direction and tilt angle of module.
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Figure 183 The annual yields ratio of inverter to array conversion

Figure 183 shows ratio of the decrease because of converting electric

current from inverter of amorphous silicon technology, a-Si and polyecrystalline silicon

technology in each direction and tilt angle of module. It is found that the ratio of both

technologies is similar.
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Figure 184 The annual inverter yields ratio of SIPV to general installation

Figure 184 is to compare ratio of the decrease because of electric current

conversion from inverter between SIPV installation and general installation of

amorphous silicon technology, a-Si and polycrystalline silicon technology in each

direction and tilt angle of module.
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Figure 185 The percentage of reducing in conversion process
Figure 185 is to compare ratio of energy conversion due to installation

under half sky condition, cell efficiency and inverter efﬁcienéy which all are

considered as shading effects.
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Table 27 The percentage of energy conversion

Direction Percentage of energy conversion
Half sky Technology Inverter

a-Si p-Si a-Si p-Si

E 27.05 94.52 89.17 14.36 14.33

SE 20.99 94.55 89.22 13.75 13.74

S 18.43 94.56 89.26 13.34 13.32

SW 22.07 94.56 89.27 13.59 13.55

w 35.27 94.52 89.21 15.08 15.02

3. Energy saving in lighting system
One of benefits gained from shading function by using daylight within
buildings to replace light from light bulbs. To estimate electric energy, Eq. 112 is used
to estimate illuminance level on working plane with the minimum of 300 Lux as

shown in Figure 186.
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Figure 186 The process of lighting system energy calculation

When there is not enough daylight in any position of room, energy from
light bulbs is considered as options with the use of control techniques as follows:

1. On/off technique

2. Dimming technique
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Figure 187 The using energies of lighting system with lighting controls

Figure 187 shows the comparison of energy saving by using on/off
technique and dimming technique in electric energy control. It is found that dimming
technique can save more energy; especially without shading devices will save the most

and shading devices being installed in the south will save the second most.
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Figure 188 The using energies ratio of control technique to switch on all time

Figure 188 shows ratio of the use of electricity in lighting system. It is
found that room with depth of 4.0 m. 6.0 m. and 8.0 m. can save electricity
respectively from most to least using both control techniques due to receiving more
daylight from position near window.

4. Cooling load reduction of air conditioning system
Air conditioning system is another system with the use of energy

depending on cooling load. In the process of calculating cooling load gained from
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solar irradiance, outside temperature coming through glass of window and heat from
light bulbs, Eq. 109 is used with ASHRAE’s equation under the condition of COP at

3.22 in electric energy use to make a cooling as shown in Figure 189.
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Figure 189 The process of air conditioning system energy calculation
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Figure 190 The cooling load ratio of the design with shading to without shading

Figure 190 shows the decrease of cooling load due to the sizes of shading
devices determined by W/H ratio. As for direction calculated to prevent direct solar
irradiance for the whole considered period of time, it is found that in the South East,
South West, East, West, South, North East, North West and North provide the values
from the least to the most respectively. The case of being installed in the South

provides the value different from the best case only 0.06.
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Figure 191 The using cnergies of air conditioning system with lighting controls

Figure 191 shows annual total energy use of air conditioning system

separated by room size and direction. It is found that the use is changed according to

room sizes due to the glass sizes and the number of light bulbs.
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Figure 192 The reducing ratio of the design with shading to without shading

Figure 192 shows decreasing ratio of energy use when compared to the
case of without shading devices and with light control system. It is found that room
with depth of 4.0 m. 6.0 m. and 8.0 m. can save electricity respectively from most to

least using both control techniques like the case of lighting system.
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5. Tracking technique
In the case of system being installed in the East and West with the widest

space of solar altitude as shown in Figure 193 of more than 50 degrees throughout the
year and quite stable degree throughout the day as shown in Figure 193, energy

generation of SIPV tracking system is estimated when being installed in the mentioned

directions.
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Figure 193 The moveable effect of the sun angle every month
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Table 28 The estimation of SIPV tracking design

174

Solar Time 8.00 9.00 1000 11.00 1200 1I3.00 1400 1500 16.00
SIPY Slope 75 60 45 30 30 30 30 30 30
W/H ratio 22 23 1.89 149 1.49 1.49 1.49 1.49 1.49
View area (%)
Tracking 14 26 45 70 70 70 70 70 70
Fixed 40 40 40 40 40 40 40 40 40
Room
dimension R4x4 R4x6 R4x8 Rox4 Ro6x6 Rox8  R8x4  R8x6  R8x8
SIPV energy KW-hr/m*Year
Fixed 448 448 448 672 672 672 896 896 896
tracking 447 447 447 670 670 670 894 894 894
Lighting energy  All time 701 934 1168 1051 1402 1752 1168 1752 2336
On/Off 58 325 559 88 487 838 112 583 1167
Dimming 20 119 224 29 179 337 37 206 470
A/C cnergy Alltime 557 619 680 835 928 1020 1052 1206 1360
On/Off 387 458 519 581 687 719 773 898 1052
Dimming 377 403 431 566 605 647 754 798 868
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From the calculation result in Table 28 and installation example as shown
in Figure 194 shows that the result of total energy generation throughout the year is
not different when compared to fixed installation. However, there is an opportunity of
more view opening. Therefore, it is not considered for design due to the need of
maintenance and more complicated design with indifferent result.

6. Summary of the estimation part '

From estimation, the points concluded are as follows:

6.1 p-Si technology is suitable for usability because it has a smaller area
than a-Si technology for installation. It is designed to use the area of building envelope
efficiently

6.2 The tilt angle of module should be between 0-45 degrees for beauty
design. At 30 degrees is considered the best angle in energy generation

6.3 The suitable installing directions of SIPV include E, SE, S. SW. W.
The best direction is in the South for energy generation

6.4 Suitable size of the room for energy saving should not be deep.
The depth of the room at 4.00 m. can save energy the most

6.5 The best lighting system control technique is dimming technique

6.6 Fixed installation should be considered for SIPV installation because

the maintenance is easier when compared to similar benefits gained
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Optimization part
1. Optimization of shading design
The first objective of the study is to optimize shading in order to decrease
heat gain and increase daylight of shading devices integrated photovoltaic system
1.1 Benefits gained from the comparison of energy usability

1.1.1 Reducing cooling load of air conditioning system
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Figure 195 The annual of air condition system energy comparisons between

the design with shading and without shading

Figure 195 shows the comparison of decreasing energy usability due

to SIPV installed in the South. It is found that room with small depth can reduce the use of
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energy more when compared with the equal width of the room. It is because of the decrease in
heat caused from light bulbs as a result from daylight used in both cases of light control
techniques and with the same appearances when being installed in other directions
1.1.2 Saving energy of lighting system

Figure 196 shows the comparison of lighting energy saving
results due to SIPV installed in the South. It is found that in the case of light control
using on/off technique from room with wide format of 4.0 m. and 6.0 m. Room with
small depth can save more energy. In the case of room with large width but with more
depth can save even more energy which shows the same appearances as the case of

light control technique using dimming technique
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Figure 196 The annual of lighting system energy comparisons of

the lighting control techniques
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1.1.3 Producing energy using photovoltaic system
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Figure 197 The annual of SIPV system of slope 30 degrees comparisons with

the reducing and saving energies

Figure 197 shows the comparison of electrical energy

production results due to the use of SIPV installed in the south with tilt angle of 30

degrees. It is found that the use of on/off technique provides less total benefit ratio

gained from energy production than the use of dimming technique.
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1.2 Comparison of installing directions

Figure 198 show the best case of installation with tilt angle of 30

degree. It is found that the highest benefit per using area is the case of room with small

depth using both cases of light control techniques. However, installation using on/off

technique turning towards the South receives the highest benefit. As for dimming

technique in room with small depth of 4.0 m., the best option of installation must be in

the South East and South West. The installation must be in the South for room with

more depth for the best result
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1.3 The comparison to replace the use of energy
Figure 199 shows the comparison of the factors of SIPV design
providing benefits in each part of the use of energy from air conditioning system
and lighting system and part of energy production to replace the use of energy causing
the decrease in total energy. It is found that for the on/off technique, the best ways to
use the benefit from renewable energy production are the system being installed in the

South and system being used in room with small depth (4.0 m.)
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Figure 199 The energy consumption comparisons of air conditioning system,

lighting system and SIPV system
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In contrast to dimming technique, the installation can be in any
direction because ratio of benefit occurred in the part of air conditioning and lighting
systems is more than benefits gained from energy production system. However, in
order to make the best case, room with small depth (4.0 m.) is considered. As for the
case of being energy producing tools, the suitable installing direction is in the South
for the most of energy production

1.4 Visual comfort
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In order to create proper usability corresponding to window function,
there must be a consideration of glare conditions which is a qualitative measurement.
In Figure 200, it is found that mostly illuminance level on horizontal plane of sky at
20-30 klux is about 40% and at 20-40 klux is about 65% as shown in Figure 200.
Illuminance level at 30 klux is the highest average found almost throughout a year as
shown in Figure 201. Besides, illuminance level at 50 klux is the highest value for this

consideration.

W/H=0.0 W/H = 0.5 W/H=1.0 WH= 1.5 WH=2.0 W/H=2.5 W/H = 3.0

30 klux on horizontal plane
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Figure 202 The DGI planning every W/H ratio

Figure 197 shows DGI in each area of room turning towards window.
It is found that area nearby the window is not proper in every case except the case of
shading devices with W/H ratio equivalent to 2.5 in room with width of 4.0 m. and the

case of shading devices with W/H ratio equivalent to 3.0.
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Figure 203 The performance of visual comfortable every W/H ratio from 30 klux

Figure 203 shows the comparison of benefits of daylight and the area
usability in the case of illuminance level outside is at 30 klux. It is found that the more
the shading devices has W/H ratio, the less of the area usability because of glare is.
In the same way, the benefit from daylight is also less. However, shading devices with
W/H ratio = 1.5 is installed in the south is considered the most suitable
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Figure 204 The performance of visual comfortable every W/H ratio from 50 klux

Figure 204 shows the comparison of benefits of daylight and the area
usability in the case of illuminance level outside is at 50 klux. It is found that the more
the shading devices has W/H ratio, the less of the area usability because of glare is.
In the same way, the benefit from daylight is also less. However, shading devices with

W/H ratio = 1.5 is installed in the south is considered the most suitable as well
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2. Optimization of economical impact
Another objective is to optimize cost and benefits of shading devices
integrated photovoltaic system.
2.1 SIPV (Cost of SIPV system)
2.1.1 Price of solar module
In present, world market has explored that the price of p-Si
technology is determined at 23 THB/W, — 40 THB/W,. As for Thailand market,
the price of p-Si technology is determined at 45 THB/W, as shown in Figure 205

showing that devices with defect is not considered in searching for cost because of its

low price
2.0
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Figure 205 The price of PV modules

Source: Amormnsolar [57]; Benefit media Co.ltd [60]; Blogger [61]; Chawna [64];
Ecobusinesslinks [66]; Kamsopha, Sarawut [71]; Mechashop [76]; MJ Shiao
[79]; Solartech center limited partnership [84]; tarad.com [85]; Vera [92]

2.1.2 Total cost of SIPV
Cost of SIPV is different from PV with general installation.
There are several reasons as follows:
1) The support of structure is different. The cost of land price is

not included
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2) Some parts of expenses are included with budget for building
construction

To calculate cost of system, it is to consider from cost
proportion of normal system by deducting some parts off and adding some parts in as
shown in Figure 206 causing the decrease in cost of system. The price is separated
into 2 levels according to market trend as shown in Table 29 for world market and

Table 30 for domestic market

Reference ratio Modified ratio

2%

EModules W Misc. and Overhead - B Labor, Eng, Permitting & Electrical BOS O Shuctural BOS O Tnverter

Figure 206 The ratio of system costs

Source: Martin LaMonica [75]; Michael S. Davies [77]; MJ Shiao [79]

Table 29 The SIPV system costs of the world market prices

Bath % Remark
Modules 3,750 49 30 THB/ Wp and 125 W/m>
Misc. and Overhead - - Include with building investment
Labor, Eng, Permitting 1,731 16 Reference ratio
Electrical BOS 1,406 13 Reference ratio
Structural BOS 1,000 13 Aluminum cladding
Inverter 948 9 Reference ratio
Total 8,835 100
Total adjustable prices 8,800 For minimum estimation

SIPV system prices 70 THB/W,
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Table 30 The SIPV system costs of Thailand market prices

Bath % Remark
Modules 5,625 52 45 THB/ Wp and 125 W/m®
Misc. and Overhead - - Include with building investment
Labor, Eng, Permitting 1,839 17 Reference ratio
Electrical BOS 1,406 13 Reference ratio
Structural BOS 1,000 9 Aluminum cladding
Inverter 948 9 Reference ratio
Total 10,818 100
Total adjustable prices 10,800 For maximum estimation
SIPV system prices 86 THB/W,

2.2 Interest
From statistic 5 years back of the Bank of Thailand as shown in
Figure 207 found that interest in the case of minimum retail rate: MRR was at about
8.0 to 8.5. For this study, constant at 8.0 was chosen because of its suitability in

investment choice.
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Figure 207 The minimum Retail Rates of Thailand banking

Source: Nitidow [80]
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2.3 Price of electricity
Figure 207 shows price of electricity tends to be stable at 4 Baht with

condition of Ft at 0.9255. The use of electricity was more than 1,000 units

RSl

Bath/Unit

30 120 210 300 390 480 570 660 750 840 930 1020 1110 1200 1290 1380 1470
Unlt

Figure 208 The electricity prices trend

2.4 SIPV degradation
Long term SIPV degradation is considered in Figure 209 as it is
guaranteed by company in charge of module selling business mentioning SIPV
degradation of not less than 80% in year 25" leading to the estimation of degradation

of energy produced annually in a form of linear

Percentage (%%)

01 234 567 8 910111213 14151617 18 19 20 21 22 23 24 25 26 27 25 29 30

Year

Figure 209 The degradation of PV efficiency
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2.5 Benefits-Costs ratio (B/C)

The conditions of SIPV price at 70 THB/Wp and 86 THB/Wp are
compared as 3 following options:

2.5.1 Only producing benefits

2.5.2 Producing and reducing benefits

2.5.3 Producing, reducing and saving benefits

From estimating B/C ratio, it is found that only producing benefit
option is not suitable in the matter of investment due to the value of less than 1 in
every case of design. Producing and reducing benefits option is suitable for investment
in several cases of design. Besides, producing, reducing and saving benefits option is
suitable for investment in all cases of design. However, the best case for investment of
each option is shown in Table 31 which is SIPV system installation turning towards

south with tilt angle of 30 degrees.

Table 31 the optimization of SIPV benefits

Direction E SE S SW W
Shading form : W/H 2.50 3.00 1.50 3.00 2.50
Reducing heat ratio : HR 0.280 0.259 0.319 0.257 0.280
Saving lighting ratio : LR 0.26 0.30 0.18 0.30 0.26
Producing ratio | 4 (0.85) 3 (0.94) 1(1.00) 2(0.96) 5(0.77)
Reducing ratio 4(0.92) 2(0.99) 3(0.94) 1 (1.00) 4(0.92)

Saving ratio 2(091)  3(0.86)  1(1.00) 3(0.86)  2(0.91)
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Figure 212 The B/C ratio comparison of the SIPV benefit options
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Figure 212 shows trend of B/C ratio divided according to installation
in all directions. It is found that only benefits from electricity production of SIPV are

not suitable for investment. Considering producing and reducing benefits option of

both cases of lighting control techniques, there is the similar B/C ratio. For producing,

reducing and saving benefits option, dimming technique is the most suitable
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2.6 Payback period
The optimization from considering payback period is divided into 3
following options:
2.6.1 The producing option
Payback period cannot be made in determined period of time for
this option as shown in Figure 213 showing the comparison in a form of B/C ratio with
value of less than 1.0 in all cases. It is found that the most suitable design is to install
turning towards South with tilt angle of 30 degrees to create the highest level of

energy generation

SIPV design

Type : Polycrystalline silicon
Direction : South

Slope : 30 degrees
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Figure 213 The B/C ratio of producing option
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2.6.2 Producing and reducing option
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Figure 214 The payback period of producing and reducing option

Figure 214 shows the payback of producing and reducing
benefits option. It is found that the SIPV installed in the South West / East can make
the fastest payback. However, it is the same to the installation in the south east and
south arranged from the fastest to the slowest in both cases of lighting control
techniques and in room with small depth. Figure 215 shows the resemble relation of
both lighting control techniques
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Figure 215 The relations of B/C ratio and payback period of producing

and reducing option
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2.6.3 Producing reducing and saving option
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Figure 216 The payback period of producing, reducing and saving option

Figure 216 shows payback of producing reducing and saving
option. It is found that room with small depth of 4.0 m. using dimming technique can
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get payback sooner than room with big depth of 6.0 m. and 8.0 m. using on/off

technique and being installed tuning towards South
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Figure 217 The relations of B/C ratio and payback period of producing,

reducing and saving option

Figure 217 shows the trend line which is clearly different.

Dimming technique clearly shows the better trend
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Figure 218 indicates the best design conditions divided

according to cost of system. It is found that the best case for option C is payback in
7.81 years for the cost of 86 THB/W), and 5.48 years for cost of 70 THB/W,
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Table 32 The summary of design guild line

Option control  B/C  Payback Price Slope Direction Room
(Years) (THB/Wp) (Degrees) Ranking (1-3)
producing Both 0.51 - 86 30 S All
Both 0.62 - 70 30 S All
Producing On/Off 1.1 19.6 86 30 SW 8x4 6x4 4x4
and On/Off 1.4 12.9 70 30 SwW 8x4 6x4 4x4
reducing  Dimming 1.2 18.7 86 30 SW 8x4 6x4 4x4
Dimming 1.4 12.5 70 30 Sw 8x4 6x4 4x4
On/Off 1.1 20.8 86 30 S 8x4 6x4 4x4
On/Off 1.4 13.5 70 30 8 8x4 6x4 4x4
Dimming 1.1 20.6 86 30 S 8x4 6x4 4x4
Dimming 1.4 1.3.3 70 30 S 8x4 6x4 4x4
Producing On/Off 1.8 8.9 86 30 S 6x4 4x4
reducing  On/Off 2.2 6.7 70 30 S 6x4 4x4
and Dimming 2.1 7.2 86 30 S 6x8 4x8 8x8
saving Dimming 2.6 D5 70 30 S 6x8 4x8 8x8

The determination of 2 rates of system price has the same trend
in design. Benefits of SIPV system gained from shading function and PV function is
considered attractive for investment despite the drawback of receiving lower solar
irradiance on solar module. However, there are still the benefits from shading function

Therefore, SIPV system can reduce cooling load of air
conditioning system and use daylight to save energy from lighting load. There are also
clear angles for buildings in Thailand

The suitability of design is to install turning towards south with
tilt angle of 30 degrees in order to reduce heat gain and increase daylight usability of
shading device integrated photovoltaic system as much as possible. It is also to create
the suitability of price and benefits of shading device integrated photovoltaic system
due to benefits gained from air conditioning system, lighting system and energy

generation system by using dimming technique to control light within the



CHAPTER V

CONCLUSION

When considering the general energy usage of buildings in Thailand, it is
found that between 75-80% of total energy usage originates from air conditioning
system and lighting systems. From the idea of Green Building design of trying to solve
energy and environment crisis, Shading Device Integrated Photovoltaic system: SIPV
is considered one of design strategies providing more benefit than electricity
generation alone. This system includes the reduction of heat gain from sunlight
affecting cooling load reduction of an air conditioning system and natural lighting
control affecting energy saving of lighting system. It is still considered beneficial
despite the fact that its installation causes less solar radiation receiving than other
installations on rooftop.

The purposes of the study to create suitable design ideas in order to gain the
most advantages out of utilization of installations affected by shading on solar
modules are as follows: first is optimization of solar heat reduction and increase of
daylight utilization of Shading Device Integrated Photovoltaic system including price
and economic benefits optimization of Shading Device Integrated Photovoltaic
system.

However, estimation of solar radiation appeared on inclined plane of sun
shading and reflectance of solar radiation from buildings envelope down on sun
shading cannot be calculated by applying normal equations presented by ASHRAE.
It is because there is a condition of shading and patterns of buildings causing half of
diffuse sky radiation. Therefore, adjustment of some variables in equations is a must
through data collection using models. Besides, there is the study of illuminance level
on working plane in a form of Daylight Factor (DF) and the study of heat reduction
due to diffuse solar radiation in a form of Shading Coefficient (SCq) in term of entire
prevention of direct solar radiation. Features of shading device design are decided by
proportion of extension distance of sun shading to the height of window (W/H ratio)

and clear obstruction in front of the window.
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The result of analyzing the weather and solar radiation from database of Thai
Meteorological Department in Bangkok where it was considered as an example of the
areas with potential in installing the mentioned system and as it is located in the
middle of the country or at latitude 14 degrees North, it was found that the energy
calculated averagely per day was at 18 MJ/m?, the ratio of diffuse solar radiation was
at 40%, the air temperature was higher than comfort zone from 8.00 AM.,, total solar
irradiance was decreased lower than the maximum value of diffuse solar radiation
providing less heat at 16.00 PM: and quite small amount of light. Calculation of
energy value of 3 systems such as photovoltaic energy generating system,
air conditioning system and lighting system were determined to be at the period of
time mentioned above.

The condition of calculation determined by the reference from the National
Energy Conservation Promotion Act (Revised Edition) B.E.2550 was to calculate
lighting level in the working area at 300 lux and use air conditioning system
containing Coefficient of Performance: COP of 3.22. The indicator in suitability
evaluation determined for this calculation was the benefits from energy use for the
whole year. In addition, the determined variables used in the study for the design were
as follows: window direction specified in the pattern of shading device suitable for sun
protection in each direction in W/H ratio, variable of incline angle of solar module,
variable of room size affecting number of light bulb being used and variable of
lighting level control technique. When considering the system working all year long
for 30 years, cost of electricity is at 4 Baht per unit and MRR loan rate is at 8%.
There are 2 levels of stages of cost price: 70 and 86 THB/W,. For 25 years of
usability, éfﬁciency of energy generation has been reduced 20% and amorphous
silicon and polycrystalline silicon modules have been used as case study.

From calculating values, there are many points found as follows:

1. The installation directions appropriate to electric power generation are
such as South, South West, South West, East and West arranged from the most to the
least. Other directions only provided less energy due to sun orbit encircling more to

the south all this period of time
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2. Cooling load value as a result of diffuse solar radiation causing heat
transfer, heat conduction of air temperature outside and heat from light bulbs located
in South West, South East, West, East and South directions arranged from the least to
the most. It is because the stretched out parts of shading device in descending order
from the most to the least and the difference between south west and south is only 5%

3. Incline angle of solar module should do an angle of 30 degrees to the
horizontal plane to be able to produce most energy although incline angle at 0 degrees
is receiving solar radiation reflecting from building envelope the most

4. The stretched out parts of shading device in the South, East, West, South
East and South West directions will allow daylight in arranged in order from the most
to the least

5. Stacking vertically of shading device integrated photovoltaic system causes
the decrease in energy generation due to the devices covering one another

6. Rooms with more distance from windows will receive averagely less light
according to order of distance

7. Glare in case of any usability facing the windows will happen less as it is
manageable through working area arrangement and change in eyesight direction

8. Dimming technique creates most efficient daylight use and helps room
located long distance from the light save energy in total per square metre

9. Proportion of energy generation as a result of shading device integrated
photovoltaic system was less than the rooftop installation, in case of comparing to the
maximum case, about 20%

10. The influence of shading of the buildings slightly affected efficiency of
inverter

When considering the optimization in design from the determined purposes, it
can be concluded as each purpose as follows:

The optimization of solar heat gain reduction and increase in daylight
usability of shading device integrated photovoltaic system by considering an amount
of energy being saved for the whole year, it is found that shading device integrated
photovoltaic system should be installed in the south side which allows solar radiation
in the most. Besides, there should be the stretched out parts of shading device gaining

heat from diffuse solar radiation moderately most suitable for structure and angles of
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windows. In addition, there should be solar module making an angle of 30 degrees to
the horizontal plane and rooms with less distance from light to allow daylight in the
most.

The optimization of economic price and benefit of shading device integrated
photovoltaic system by considering from benefit, investment and payback in
suitability evaluation when determining energy saving strategy, it is found that

1. As solar module only being used to generate energy, there was no cases of
design worth for investment (B/C<1) and no payback during life cycle operation

2. As for the utilization of energy generation and heat reduction, the benefit
of shading was more than benefit in electric power production creating the fact that the
installation of shading device integrated photovoltaic system should be in the South
West or South East direction. However, if the utilization is mainly for energy
generation, installation in the south side should still be considered which provides
similar benefit of total energy, solar module making an angle of 30 degrees to the
horizontal plane and rooms with less distance from windows. This is to say that there
was only a slight difference between lighting control system and Iight'dimming at
about 5%

3. The utilization of energy generation, heat reduction and electricity saving
causes one-third of total energy benefit of producing electricity from solar cell and
lesser when using dimming technique. Therefore, besides the installation of shading
device integrated photovoltaic system in the south side which receive more benefit
from daylight, there is solar module making an angle of 30 degrees to the horizontal
plane, rooms with less distance from windows in case of controlling light by using
lighting control technique and rooms with long distance from the windows in case of

controlling light by using dimming technique
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Figure 219 The design guild line of SIPV

In conclusion, it showed that the utilization with shading device results in the
decrease of electricity production comparing to rooftop installation. However, more
benefit has been shown in more proportion and it is enough for gaining payback which
is faster than rooftop installation design. The example of installation presented in

Figure 219.
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