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This article proposes to apply active building-integrated solar systems for independent energy sup-
ply of buildings, their classification is presented. The classification of building-integrated photovoltaic
(BIPV) technologies is carried out. The international qualified standards of BIPV systems are pre-
sented. International market and economic aspects of BIPV systems implementation are analyzed in
the article. The methodology of calculation of solar radiation income on variously oriented surfaces
in real cloudiness conditions is given. The software, which was developed in order to calculate solar
radiation income on differently orientated inclined surfaces in real weather conditions, is described.
Also paper contains calculations of solar radiation income on variously orientated surfaces and rec-
ommendations for optimal disposition of photovoltaic modules and solar thermal collectors.
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INTRODUCTION * Photovoltaic (PV) systems
» Solar thermal systems
* Photovoltaic and thermal systems

Solar photovoltaic (PV) systems are one of the
most promising renewable energy technologies
for building application, producing electricity di-
rectly from solar radiation without harming the
environment. Building integrated photovoltaic
(BIPV) systems (Figure 1, left), where solar cells
are integrated within the climate envelopes of
buildings and utilizing solar radiation to produce
electricity [15].

Construction of power-efficiency buildings is one
of the actual tendencies of modern architecture.
Implementation of active building-integrated solar
systems for independent energy supply of build-
ings creates the necessary prerequisites for zero
energy and zero emission buildings construction
that will contribute the improvement of ecological
situation in big cities and increase the energy effi-
ciency of urban development [02, 03, 05, 22, 26].

Active building-integrated solar systems can be
categorized into three groups:

Figure 1: Examples of BIPV (left) and BIST (right) fagcades
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Also it is possible to integrate solar thermal sys-
tems (BIST) into the buildings in order to trans-
form solar energy into thermal (Figure 1, right).

One of last technologies in this sphere is build-
ing-integrated photovoltaic and thermal (BIPVT)
systems, which supplies generation of electrical
and thermal energy at the same time.

These competitive new technologies may repre-
sent a powerful and versatile tool for reaching
main goals with respect to aesthetical, economi-
cal and technical solutions.

Moreover, article gives BIPV systems classifica-
tion, considered international qualified standards
of BIPV systems. The methodology of calculation
of solar radiation income on variously oriented sur-
faces in real cloudiness conditions is given. Based
on this methodology, was developed the software
in order to calculate solar radiation income on dif-
ferently orientated inclined surfaces in real weath-
er conditions in point with inputted geographical
coordinates. Paper contains calculations of solar
radiation income on variously orientated surfaces.
Recommendations for optimal disposition of PV
modules and solar thermal collectors in climatic
conditions of Saint-Petersburg are given.

PV SYSTEMS CATEGORIZATION

There are two main types of design decisions for
PV systems disposition on building:
» Building-applied photovoltaic (BAPV) sys-
tems: placement and consolidation of PV
modules over the building construction.

» BIPV systems: replacement parts of the build-
ing construction using integrated PV modules.

BAPV systems are maintained on the building af-
ter construction is complete, hence not directly re-
lated to the building structures aspects. Neverthe-
less, in the historical center of Saint-Petersburg,
according to the regional legislation, disposition of
facilities on frontal facades of historic buildings is
practically forbidden. In this case, BIPV systems
are one the most perspective solutions [01, 10,
21]. At the same time, for apartment block and for
industrial buildings outside the city center there is
a possibility to apply both technologies.

The range of BIPV products is very wide, and they
may be categorized in several different ways.

The categorization mainly performed based on
the product description. BIPV products can be
divided into following groups [14]:

* BIPV tile products
* BIPV foil products
+ BIPV glazing products

BIPV tile products may cover the entire roof or se-
lected parts of the roof. This type of BIPV products
looks like traditional roof tiles with the identical prop-
erties, but with the PV modules functions [19, 20].
BIPV roof tiles are suitable for easy roofs retrofitting.
Example of BIPV tiles is presented on Figure 2.

BIPV foil products are lightweight and flexible,
which leads to easy installation prevailing weight
constraints. As a rule, BIPV foil products are
made from thin-film cells to maintain the flexibility
in the foil. Considering its characteristics, such

Figure 2: Example of BIPV tiles.
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as flexibility and lightweight, this kind of BIPV
products can be maintained into practically any
part of the building: roof, facade, etc.

BIPV glazing products provide a great diversity
of options for windows, glassed or tiled facades
and roofs (Figure 3).

o

The solar cells glazing modules transmit daylight and
serve water and sun protections. The distance be-
tween the solar cells depends on needed transpar-
ency level and the criteria of electricity production.

Figure 3: Examples of BIPV glazing products for roofs (left) fagade (right)

REQUIREMENTS AND STANDARDS FOR
BIPV SYSTEMS

BIPV systems are considered as a functional part
of the building structure or they are architecturally
integrated into the building design, thus serving si-
multaneously as both a building envelope material
and a power source generating electricity. l.e., the
BIPV system must fulfil the requirements of both the
building envelope material and construction, and the
PV solar cells. Such characteristics of BIPV system
as mechanical properties, durability versus climatic
exposure conditions, rain and wind tightness, vari-
ous building physical issues (e.g. heat and moisture
transport in the building envelope) have to be con-
sidered and accounted for [16, 17, 18].

BIPV systems must obey specific standards in
force in the country of use, most important of
them are: EN 61646 "Thin-film terrestrial photo-
voltaic (PV) modules - design qualification and
type approval” (equal to IEC 61646) [07], EN
61215 "Crystalline silicon terrestrial photovoltaic
(PV) modules - Design qualification and type ap-
proval” (equal to IEC 61215) [06], EN 61730-1
"Photovoltaic (PV) module safety qualification
— Part 1: Requirements for construction” [08],
EN 61730-2 "Photovoltaic (PV) module safety
qualification — Part 2: Requirements for testing”
[09] and UL 1703 "UL standard for safety flat-
plate photovoltaic modules and panels”. Thus
currently existing European standards does not
completely regulate requirements for BIPV sys-

Journal of Applied Engineering Science 12(2014)3 297

tems in terms of Building standards (ISO, CEN),
development of new standards and methods of
testing BIPV systems is essential.

ECONOMIC ASPECTS OF BIPV SYSTEMS

The global market for BIPVs grown to $1.8109
in 2009 and expected to grow to $8.7-109 in
2016 (according to consulting firm NanoMarkets,
New York). As PV panels occupy a large area
for installation, the associated financial chal-
lenge could be best answered by space-saving
technologies like BIPV systems. Incorporation of
PV materials into products such as roofing ma-
terials, windows and glassed facades provides
the opportunity for cost reduction by replacing
common building materials with PV materials at
marginal costs [24, 25]. In comparison to steel,
aluminum, glass or other more conventional
cladding materials, installing BIPV systems adds
only a marginal extra cost (2-5%) to the overall
construction costs of a commercial building. For
a building owner, the installation and operation
cost of the BIPV system might be offset by selling
the surplus electricity to a utility company. Over
time, the cost of a PV system will decline with
the improvement of technical advances, result-
ing into a lower price per kW installed [15], which
is an important part of the development aimed
at making installation and building integration of
PV products profitable without subsidies [28-33].
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METHODOLOGY OF SOLAR RADIATION
INCOME ESTIMATION IN REAL WEATHER
CONDITIONS

In the task of solar and thermal technologies ef-
ficiency definition it's necessary to know electri-
cal or thermal generation value, which depends
on solar radiation income in real weather con-
ditions. That is why, for right efficiency defini-
tion and appropriation of their installation firstly
should be defined solar radiation income on the
inclined surface, value of this irradiance depends
on inclination angle and orientation.

To define solar radiation density on horizontal
surface considering atmosphere losses (absorp-
tion and scattering) was applied parametrical
model «Igbal model C» [13]. In this model direct
normal irradiance on horizontal surface (W/m?)
can be calculated by the formula (1),

i T -T_-cos® (1)
or w a Zz

09751-E-A(n)-7,-7,, 7T,
where the factor 0.9751 is included because the
spectral interval considered is 0.3-3um; EC is the
solar constant which can be taken as 1367 W/m2;
A(n) (dimensionless) is the eccentricity correc-
tion-factor of the Earth’s orbit, depends on the day
number of the year; Tr, Toz, Ta, Tgas, Tw
(dimensionless)are the Rayleigh, ozone, aero-
sols, gas and water scattering-transmittances re-
spectively; @, - incidence angle on the horizontal
surface. The horizontal diffuse irradiance E:;ff
(W/m?) (2) is a sum of three components corre-
sponding to the Rayleigh scattering after the first
pass through the atmosphere, Dr (W/m?); the
aerosolsscattering after the first pass through the
atmosphere, Da (W/m?); and the multiple-reflec-
tion between the ground and sky, Dm (W/m?):

E¥ =D +D_ +D, (2)

hor
Finally, density of global solar irradiance Ef:b
(W/m?) can be calculated by the formula (3):

(E>~+D +D

hor

I~ 3,
where P (dimensionless) - the albedo of the cloud-
less sky; ; Pg (dimensionless) the ground albedo.
Additional information about model applied may
be found in the studies [11, 28].

Adoption to the real cloudiness conditions in the
hour density of solar radiation calculation accom-
plished in condition that daily average irradiance

Ege’ob - Ebeam +Ea‘1ﬁ ) (3)

hor hor hor
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income in clean sky conditions approximate
daily average irradiance income in real weather
conditions (4) [04].

where EE"‘*azr , E*= and E””f“ , EX (KWh/m?)-
minute values of direct and dlffuse solar radiation
densitv in clear skv and in real cloudiness condi-
tions; W2, , W2 and WV, T e (kWh/m?) —

measured and cafculated value of direct and dif-
fuse radiation income on horizontal surface;

/] B: ] d
E"":rscx.i' L Ebofsen' o h[}rj . dr&cx} — dcls-en’ % ho}:j (4)
hor; hor; 77 Beats hor; hor; gl
hor_j harj

j - day number of the year.
Calculation of solar irradiance income on the
surface considering their orientation:

» Direct solar irradiance is calculated by the

formula (5),

where ©); - incidence angle on the oriented surface.
Cosine of this angle can be defined by the formula (6).
where [} - inclination angle of surface; Y - the
sun azimuth angle; ¢- hour angle.
For instance, for differently oriented, vertically
inclined surfaces ( [3=90°), cosines of incidence
angle are given by the formulas for:

- South orientation, Y =0° (7);

- South-West orientation, Y =45° (8);

- West orientation, Y=90° (9);

- North-West orientation, '=135° (10);

- North orientation, *=180° (11);

» Diffuse solar irradiance is calculated by the
formula (12).

If inclination angle differs from 0°, then on surface
there is also the reflected from the Earth part of
global solar irradiance.

Income of reflected solar radiation on inclined
surface mainly depends on ground albedo and
inclination angle of the surface itself (8) and de-
fined by the formula (13). Finally, density of glob-
al solar irradiance on differently orientated sur-

faces E = _(kWh/m?) defined by formula (14).

oriented
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oriented hor
cos@,
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oriented hor
I cos0,
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+c0s0, -sin 45° -sin @,
cos®; =-—sind, -cos@, +cosS, -sin@,, -Cos @, (8)
cos®, =cosd, -sin @, 9)
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+cosd, -sinl35" -sinw,
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1+cosf
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2
1+ cosf
d?" d?’
Eor;:ﬂed T hajd : (1 3)
2
Ereal i Breal Arogl real
oriented " oriented ol Eorfe}ﬁed <& Ereﬂecfed (1 4)

SOFTWARE

Based on the presented in part 5 algorithm of
solar radiation calculation income on inclined ori-
ented surface was developed the software. This
software gives a possibility to calculate daily,
monthly and annual income of global solar irra-
diance on differently orientated inclined surfaces
in point with inputted geographical coordinates

Program initial data, entered by user, is: latitude
and longitude of the region, calculation period
(day numbers), inclination and azimuth angles,
ground albedo value and factors necessary for
atmosphere characteristics determination.Pro-
gram main window and block diagram are shown
on Figure 4 and Figure 5 respectively.

Output data, which consists of daily, monthly and
annual income solar radiation density values, is

(longitude, latitude) considering atmosphere ) :
losses in real cloudiness conditions. recorded into the text file.
:' Extenica ol <ot {Eation Dower e .—:_ﬂ__'
Day No. Latitude  Longtitude St Petersburg : Ground Albedo [0-1)
i [#= [ EET Calculation [0z
[ = = Movocheboksarsk Ut srwegeeresrt 018 - 0122
[mom3 =] [ni2m3 | Angle above Horizon e e 1755
[ sy Coreces | Graph Fieh s 062
¢ L gﬁmﬂnﬁﬂuﬁs
Azimuth Direction % Madrid Wit ephan 018
45 i 15 Map Corciete 1.250.5
o o Londan T
Coppe 078

Solar Cell Efficiency, %
[=

Height abowve ses kvl {m)
E7 [14

Water vapour thicknass{om)

Temparatune [C)

[z 0.3

Ozoné ophcal path length (om)

Figure 4: Program main window
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/Fnitfal data for calculation,

Operation Operation results \
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Calculation of solar iradiance
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/ *Igbal madel ¢ hor > “hor
Latitude and longitude . /
of the point, rated LT | r o 4\ /
period, ground albedo, Calculation of minute and
atmospheric factors average monthly values of ‘s 5
direct and diffuse
components — | bm 'd:mr
& . ) J
The measured average Calculation of solar radiation /
oRthly amotnt of direct income, considering cloudiness »
and diffuse components ——| | we n
hor har,
b Wd Ee'dn e 7 Ed_ .E T e dey
W 15}-.* * “hon har, e [T E E
hot; hor; WMP‘, WharI hor; > hor,
1 "
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Calculation of solar radiation
. income considering surface
Surfacgnn:;rli::taimn __"___d___—-"” ek E i Edm! E
=4l \, mm'ea‘ oriented oriented reflected
(B, v) - -

i

\ / Daily solar radiation income 4/"/

calculation per square meter

\ ,L o
{ ™
Monthly solar radiation
income calculation per
square meter

¥

Annual solar radiation
income calculation per
square meter
\_ J

" Values of daily, monthly )
and annual solar
radiation per square

\ meter )

Figure 5: Block diagram.

RESULTS Calculation for vertical surface

By means of developed software was calculated In case of vertical inclination, the most important
annual solar radiance income in the climatic con- ~ Parameter, which defines the efficiency of inte-
ditions of Saint-Petersburg for the most popular ~ grated solar system, is orientation. That is why

variants of solar systems integration into the for making optimal design decision in choosing
buildings: orientation for photosensitive surfaces instal-

lation, comparative analysis of calculated solar
irradiance data per square meter with different
orientation was conducted.

Results are presented in Table 1 and on Figure
6. As it is evident from the Table 1, most efficient
is south orientation, that was predictable. How-
ever choosingSouth-West (South-East) orienta-
tion, annual solar irradiance income decreased

» Facade integration- vertical disposition of
active solar surface

* Roof integration- inclination angle of surface
is the same as the roof has - from 0 to 60
degree
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just by 6,36%. Also, as it is evident from figure
6, from May to July South-West orientation is the
most efficient.

Calculation for inclined surface

Taking decision about value of orientation and
inclination angle of the roof made with imple-
mentation of power-supply integrated systems,
it is necessary to take in to consideration density
of solar irradiance power flow per square me-

o

ter of oriented surface. From previous results it
is known that South orientation is the most ef-
ficient. In this case calculations in order to find
optimal angle conducted in the assumption of
South orientation.

Results are presented on Figure 7, which describes
year solar irradiance income on South-oriented
surface in real cloudiness conditions and without
cloudiness depending on the inclination angle.

Table 1: Annual solar radiation income on vertically inclined differently oriented surfaces.

Surface orientation Annual solar radiation density, kWh/m2
South 762,41
South-West (South-East) 713,94
West (East) 536,71
North-West (North East) 312,02
North 193,91
120
—8—South
100 ——South-West (South-West)
b8 —i— W est
é —e— North-West (North-East)
= &0
=
-
= 60
E
=
E
_:5 40
=
L
20
0
, . s, S o, 2 2 e A A A
F & & & & & &
o z = ' 25 oF ol F
& &~ o
Month & ~

Figure 6: Monthly distribution of vertically inclined PV module power generation density.
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Figure 7: Annual solar radiation income density on differently inclined south oriented surface

The graph on Figure 7 shows that for calculation
in cloudlessness conditions the most efficient
angles are from 55 to 60 degrees. These results
correspond with standard recommendations for
selection optimal inclination angle, equal to the
latitude of the area. For calculations considering
cloudiness, optimal inclination angles are from
30 to 40 degrees. Maximum annual income of
solar irradiance is about 1045,83 kWh/m2. How-
ever choosing angles from 15 to 55 degrees
losses make up no more than 5%.

CONCLUSION

1) Proposed to use building-integrated solar
systems for independent power-supply of
buildings.

2) The methodology of calculation of solar radi-
ation income on variously oriented surfaces
in real cloudiness conditions is presented.

3) Developed the software in order to calculate
solar radiation income on differently orien-
tated inclined surfaces in real weather con-
ditions in point with inputted geographical
coordinates considering atmosphere losses.
Calculations performed by this program play
an important role in taking design decision

240

about building-integrated solar systems dis-
position on fagade or roof of the building.

4) Optimal orientation of PV or solar thermal
panels, integrated into vertical facades-
on South, however in case of South-East
(South-West) orientation losses are marginal
(6,36%). Maximum annual solar irradiance
income in weather conditions of Saint-Pe-
tersburg, 762,41kWh/m2, can be reached
with South orientation.

5) For active integrated solar systems usage
optimal roof inclination angle is from 30 to 40
degrees, not 60 degrees (the latitude of the
area), because of the cloudiness.

6) Maximum annual income of solar irradiance
in the weather conditions of Saint-Petersburg
is about 1045,83 kWh/m2, it can be reached
in case of South orientation.
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