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THE PHOTOVOLTAIC INSTALLATION APPLICATION
IN THE PUBLIC UTILITY BUILDING

ZASTOSOWANIE INSTALACJI FOTOWOLTAICZNEJ
W BUDYNKU U ZYTECZNO SCI PUBLICZNEJ

Abstract: The article presents the use of photovoltaic Ilzgtan in a building with office space and a sentfor
kindergarten to support the production of eledlyiaising solar energy. Accepted technological ifegian
solution, capital expenditures to be incurred fa project and payback time are shown. Paper pgeeenresults
of the performance simulation of the PV system &elbplepending on the angle of photovoltaic parizsigned
photovoltaic installation consists of 62 panelswattotal nominal power of 15.5 kW. The use of pkottaics in
the facility allow reducing carbon dioxide emissianto the atmosphere by approximately 52%. In ihlanost
of the electricity produced is still based on caal lignite. Photovoltaics is one of the renewaddarces of
energy, so-called "Green" energy. The investmentdcbe made thanks to the Regional OperationalrBnome
Podlaski, Activity 5.2 Development of local infrastture, environmental protection 2007-2013.
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Introduction

The use of energy systems gaining electricity errtial energy from renewable energy
sources (RES) can give us energy independence tharsd reduce operating costs for
heating, hot water heating, and lighting in thdding [1-4], and additionally it can provide
reduction of harmful compounds emission into theiemment, such as GONQ,, SQ, or
heavy metals.

The European Union in its activities strongly suppoand promotes RES
development. EU legislation on RES support hasedsa number of projects and
directives. The most important one is Directive 2Q8/EC (April 23, 2009) on the use of
energy from RES (e.g. sun, water, wind, biomasslaril is obliged under this directive to
obtain a minimum 15% share of RES energy produdiip8020 [5, 6].

Solar energy among all types of energy sources h@racterized by unlimited
resources, easy accessibility, the least negatiyaét on the natural environment. The
difficulty in obtaining solar energy resulting frodiurnal and seasonal variability is its
main disadvantage [7-10]. In Poland, the most sitenintensity of solar radiation falls on
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the spring - summer period. The solution could be accumulation of solar energy,
unfortunately there is still no cheap and effectiay of storage.

The use of photovoltaic installation seems to b@raspective and fast-growing
technology that makes it possible to obtain endérgyn RES to cover the part of the small
dispersed facilities needs [11-13]. The interegsh@aapplication of RES in buildings results
from the possibility of relieving the existing pomgrids and reducing the costs associated
with their operation.

The paper presents a completed investment in whickw photovoltaic installation
with a nominal power of 15.5 kWp was made to sec¢heecelectrical needs of the office
building. Adopted technological solutions, cost sflar installation, payback time and
savings as a result of its application were shown.

Location and description of the building

The building is located in Bialystok, in the westepart of the macro-region of
Bialystok Upland, lying in the north - eastern pafithe Poland. Location of the object is
define by the geographic coordinates: latitude B%'N and longitude 23°7'9"E. The
climate of Bialystok is quite raw with the cleaflirence of continental climate, which is
characterized by harsh winters and hot and dry semmmCharacteristic for the city
climatological conditions are as follows: the awgraannual temperature is 6.9°C; the
number of heating days is 232; average daily hugidi 88%; the average insolation is
1,720 hours; average cloudy 5.3 octanes (0 octanectouds, 8 octane - total cloud cover).
This area is dominated by westerly winds, with giatéon south to north with an average
speed of 2.5 m/s. The number of frosty days is &0abth 110-138 frost days, snow cover
period of 90-110 days.

It is a detached building (Fig. 1), made with ttidhial, built in 2003. The total area of
the building is 758.91 frand 2,078 rvolume. At the offices is intended Il and 1l floof
the building, and the whole ground floor is occuplisy a kindergarten.

The dimensions of the available roof area, on whiehphotovoltaic installation can
be mount, are 18 m x 25 m, but it is limited byiwas structures installed on the roof,
i.e. ventilation chimneys, walls of fire, the ekist two vacuum solar collectors (Fig. 2),
hence actually available area is 372 il of these elements are unfortunately a soafce
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local shading. Another element hampering instalfatiof photovoltaic panels is
heterogeneous roof structure of the building, addedtie north - eastern part of the roof of
the third floor (Fig. 3), so the roof has two leel

Fig. 2. Rooftop view of the elements of shadingntilation chimneys, fire wall and system of solar
collectors (for removal) [photo: author]

Fig. 3. Rooftop view with a fragment of the fire liwvand protruding third floor annex building
construction [photo: author]

Mounted third floor (Fig. 3), is unfortunately arbstacle to the installation of
photovoltaic panels in the lower north - westerrt pathe roof because of its shading.

Computational thermal power for heating purpose28i® kW, thermal power heating
system for domestic hot water is 6.3 kW. Annualrgpeconsumption for the building
heating is 385.4 GJ.

Electricity is consumed in the building for lightin DHW (Domestic Hot Water)
heating, office equipment like fax machines, ptigtecomputers, shredders, etc., air
conditioners and devices included in the servem,oms well as automatic control unit and
circulation pump in the boiler room. Annual constimp of electricity in the building is
24174 kWhlyear.

As part of comprehensive modernization of the epesgstem of the building was
made the concept of the use of renewable energge®(RES), business plan and acquired
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funds from the Regional Operational Programme Pb@a Activity 5.2 - Development of
local environmental protection infrastructure.

In the realized investment was made a new photaigolhstallation with a nominal
power of 15.5 kW, was installed high-efficiency aolcollectors with a total area of
5.619 i absorber, and to protect the heating needs dfuliding was installed heat pump
type brine/water heat output 38 kW with verticabtieermal probes for the total length of
800 m.

The paper presents the use of photovoltaic insitaflain a building of mixed-use
functions: office - kindergarten to support the gurotion of electricity using solar energy.
Accepted technological solution installation cofttlee investment and savings resulting
from the application were shown. The results ahautation of the PV system performance
according to different angles of photovoltaic panexposed in a southerly direction were
presented.

Description of the photovoltaic installation technology

The photovoltaic system consists of 62 photovoltpanels 250 W power each
mounted on the roof of the building.

The total designed installation power is 15.5 k\Wotevoltaic panels are divided into
three sections. The first and second section Idoatethe lower part of the roof consists of
23 panels modules, 5.75 kW power and a third sedticated on the upper part of the roof
consists of 16 panels modules, 4 kW power. Figdresnd 5 show the positioning of the
three sections of photovoltaic panels in the mdfatient way to eliminate shading zones
on the roof.

Fig. 4. Deployment of photovoltaic panels, Sectloforange) and Section 2 (yellow) 23 modules each
on the lower part of the roof [14]

With the setting of photovoltaic panels accordimg Rigure 4 degree of shading
modules in Section 1 and Section 2 ranges fromt®.82% per year. Two photovoltaic
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panels in Section 2 indicated as "1.2.1.12" an@.1121" had a degree of shading ratio
11.1 and 12%. So it was necessary to change thédowmf these two panels.

In Section 3, as shown in Figure 5 the degree aflisly in the year is from 0.5 to
4.1%, therefore setting the solar panels is optimal
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Fig. 5. Deployment of photovoltaic panels, SecBamed) 16 modules on the upper part of the roéf [1

Shading of photovoltaic panels exceeding 10% reslube efficiency of the cell,
shaded modules are exposed to the risk of so-catledpots which after a few years of use
can permanently damage the shaded field. The efiigi of these photovoltaic panels is
further reduced [15].

When installing photovoltaic panels horizontal wif%® the minimum distance
between adjacent rows of photovoltaic panels isrdehed based on consideration of the
shortest day of the year and on the angle of theadlich then occurs, should be 1.87 m.

Fig. 6. An exemplary proposed method of photovolfsnels installation on a supporting structure, fo
example, the Electrical Technical School buildingialystok [photo: author]

The total gross floor area of photovoltaic panetgalled is 101.38 nThe dimensions
of a single photovoltaic panel are 983 mmx1670 nefiiciency specified by the
manufacturer 15.3%, resistance to static loadsdvgnow, ice), approximately 800 kgim

Photovoltaic panels on the roof were installed gidiallast design, used in the earlier
analysis anchored assembly to the roof structuosvshin Figure 6, excluded due to the



522 Joanna Piotrowska-Woroniak

design of the roof and its insulation 20 cm layEmgulation with two layers of tar paper
finish.

Initially, photovoltaic panels were to be installed an angle of 25 but due to
exceeding the permissible roof loads by load ofalsgl the angle of the panels to the
horizontal plane is reduced. Additionally, the saé®of area have been calculated for
example for snow load by means of a specially magtufed for this purpose snow layer
thickness indicator. Exceeding the maximum levetked on the dipstick may result the
damage of the roof structure. Snow layer thickriedicator and angle of the photovoltaic
panels on the roof are shown in Figure 7.

In the winter, photovoltaic panels must be cleaoktksidual layer of snow on them,
because the angle at which photovoltaic panelsremented on the roof, does not provide
a complete snow slide.

Fig. 7. The setting angle of the photovoltaic panels onrtie# of the Ferrox company and safe snow
cover indicator [photo: author]

Photovoltaic panels were connected with dedicat€dades to circuit systems that are
connected to the inverter, in which electrical gyeis converted to a voltage with
a frequency of 50 Hz and further transferred to gdver switchgear. Where is localized
measurement of the energy produced gross and @ualisecurity system. View switchgear
with control and measuring system is shown in Fédiir
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Fig. 8. View of the switchgear and the control -asierement system [photo: author]

Used in the photovoltaic installation invertersaintomatic mode, adjust the parameters
of the produced electricity to the network parametand ensure safe operation by
preventing them from working insular. The inverteaage equipped with an internal
monitoring system, which allows monitoring of thetiee photovoltaic system. Inverters
have up to three independent DC inputs each, witbparate controller. These controllers
allow to optimize the work of a team of PV modulas reducing the influence of local
shades [16]. They were made three independentisatipg sections of photovoltaic panels,
a failure or a jam one of the section does notaftfee other.

Working photovoltaic Section 1 and Section 2 modnte the lower part of the roof
are shown in Figure 9 and Section 3 mounted orugper part of the roof is shown in
Figure 10.

Fig. 9. View of the photovoltaic panels mounteduiangle of 1% Section 1 and Section 2, on the lower
part of the roof [photo: author]

Changing the angle of the solar panels fromta5L5 will affect the installation yields
in the autumn and winter and early - spring, inrfenths from October to March.

Important elements of the photovoltaic installatiaffecting their operation and
performance is to ensure optimal ventilation to biaek of photovoltaic panels, allowing
a reduction in temperature, and thus obtain a higiféiciency. Also important is
maintaining the cleanliness of the surface of phaitaic panels, where in case of surface
contamination is reduced both their performancevel as efficiency. A large impact on
reliability has also the aging process of cells.
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Fig. 10. View of the photovoltaic panels mountediatangle of 15 Section 3, on the upper part of the
roof [photo: author]

The photovoltaic system is working in parallel withe electricity network without
putting energy into it. Photovoltaic cells are naarking only for the internal network. For
a period of five years after the end of the progrdma company cannot sell surplus
electricity to the grid. In the event of a surptfslectricity its flow is currently blocked.

Technical-economic analysis

The total power of all installed electrical equipthén the building is approximately
16 kW, including the power to cover only the neefithe lighting is 3 kW. Connected load
of the building is 31 kW.

Based on the electricity bill the value of annuak#icity consumption in the building
was estimated and it amounts to 24,174 kWh/yeae @&hnual costs of purchasing
electricity in the tariff C11 before the PV systenstallation is about 19,082 PLN
(4,786.3 €).

Monthly consumption of electricity, together withet costs incurred by the investor on
the basis of invoices per Euro, is shown in FidLke

To cover the total power of all equipment, the eystconsisting of 62 photovoltaic
modules with 250 W nominal power each, mountednaaregle of 18 with two inverters
was selected. The total designed output of thaliasion is 15.5 kWp. The installation is
divided into three sections respectively 5.75 k\8 B2/-modules) in Sections 1 and 2 and
4 kW (16 PV-modules) in Section 3. The gross afgzhotovoltaic panels is 101.35°m

In Table 1 are listed the total expenditures toirmmurred for the construction of
photovoltaic installations with 15.5 kWp power. Ttests include equipment with control
and supervisory systems together with installatioomnmissioning and installation of
software systems supervising the work of the estytem.

Total investment costs of purchase and the phataizobystem installation in the
building, without the use of subsidies, will be ab$16,850 PLN (29,309 €).

Using the subsidies, e.g. within the frameworkhe&f Regional Operational Programme
Podlaski, Activity 5.2. Development of local enviraental protection infrastructure can be
count on financing investment of 65%, hence thal iotvestment costs of purchase and the
photovoltaic system installation in the buildingllveimount to approximately 40,898 PLN
(10,258 €).
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Fig. 11. The registered electricity consumptiopamticular months, including the costs for the consd
electric energy given in Euro in 2015

Table 1
Expenditures for the 15.5 kWp power photovoltagtatiation
Specification Total cost without subsidies
[PLN] [€]*
The support structure for 62 photovoltaic panels ,000 4766
Installation of 62 photovoltaic modules with 2500diVa single panel, th 52 250 13,106
total power of 15.5 kWp with the control system angervising ’

Installation of fittings and accessories (inverteabling) 23,750 5,957
Total net 95,000 23,829
The total cost gross 116,850 29,309

*1€ = 3.9868 PLN (26.04.2015)

Analysis of electricity production from photovoltaic panels

Production of electricity by photovoltaic panelissely related to the potential use of
solar energy, which significantly depends on thHenatic conditions in Poland, and thus
cost-effective service life of PV installations.

Average monthly radiation on a horizontal planeBialystok occurring in individual
months, is shown in Figure 12. In the graph caoliserved that the most favorable period
is from April to September, it falls on him approtely 79.4% of the total annual
insolation for Bialystok. Whereas the average ahraumshine directly related to the
insolation which was 1,720 h is about 3,230 MJ/m

The share of direct radiation in Bialystok totaldmee of radiation on a horizontal
plane per year on average is about 30.7%, whigfuish smaller than the diffused radiation
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amounting to 69.3%. In the period from January taréh and from October to December
(winter months) percentage of diffuse radiatiod1s5%, which reflects Figure 12.
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Fig. 12. Monthly radiation between 1971 and 200@mthe horizontal plane in Bialystok (based on]}17

In Table 2 the intensity of solar radiation [KWH]nfor installed 62 photovoltaic
modules with nominal power of 250 W each and efficly of 15.3% with different angles
of inclination of the planes exposed in a southdifgction to the horizon is given. It was
estimated for that setting and a total area of @rataic panelsk = 101.35 ) annual
energy production [kWh] without taking into accolmgses caused by shading panels. The
system losses because of local shading on theofatbie building through the ventilation
ducts, walls of fire and the existing two vacuurfaseollectors were 12.5% and taken into
account in Table 3.

For building located in Bialystok the most intersaar radiation for photovoltaic
panels directed in a southerly direction can baiobd at summer (June to August) when
the PV panels are set at an angle 30°, and thdesminat an angle 90°. The intensity of solar
radiation planes exposed in a southerly directibrara angle 30° amounts in summer
409.6 kWh/m, and the amount of energy gained from the surfa6é.35 M of
photovoltaic cells is 6,352 kWh. By setting the fuivoltaic panels at an angle 90° in the
summer time lower solar radiation, by about 18 lca achieved and therefore a smaller
amount of electricity is produced. However, in thimter (December, January, February)
the greatest amount of solar radiation intensitgkitained when the angle of photovoltaic
panels is 60° south, it amounts to 90.4 kWh/and the amount of produced electricity is
then 1402 kWh. By setting the photovoltaic instédia during the winter at an angle from



The photovoltaic installation application in thebfia utility building

527

0° to 15° the lowest yields of solar radiation ahd production of electricity from PV

panels are obtained.

Table 2

The value of solar radiation [kWhfjrwith different angles settings in a southerlyedifon and amount of
acquired electricity [kWh] from the surface of pbwtltaic panel§ = 101.35 riwithout taking into account
losses due to local shading in particular montH3iatystok

Month The intensity of solar radiation [kWh/m?] [17]
0 15 25 30 45 60° oF
[ 20.8 242 265 277 30.0 315 314
T 27.7 319 34.7 36.1 38.8 40.2 38.7
I 59.7 64.2 67.2 68.7 70.8 711 66.4
v 938 973 99.6 100.7 100.9 98.8 88.4
v 137.1 139.9 1418 1427 139.3 131.9 108.¢
Vi 1428 1436 1442 1445 1406 133.9 114 ]
Vi 139.1 1405 141.4 1419 138.6 132.4 114
Vil 1155 119.4 122.0 1233 1231 120.2 107
X 845 90.6 94.6 96.6 98.6 97.6 87.1
X 405 44.2 46.7 48.0 50.1 51.0 48.8
X 19.7 219 234 242 25.7 26.5 25.9
Xl 16.0 16.9 175 17.8 184 18.8 18.8
=Xl 897.1 934.6 959.6 972.1 974.8 953.7 850.4
Summer
VIVII) 397.3 403.5 407.6 409.6 402.3 386.5 336.1
Winter 64.5 73.0 78.7 81.5 87.2 90.4 88.8
(XI1-11)
Month The amount of energy acquired [kWh]
0° 15 25 30 45 60 oF
I 323.0 328.9 4111 4288 4658 488.7 4864
1l 429.1 432.8 538.2 560.0 601.4 622.5 5994
i 926.4 871.2 1,041.8]  1,064.4 1,097.9 1,102.7 1,029.9
v 1,454.8 1,319.9 | 15443 15621  1,5644 15314 713
Y 2,125.9 1,8984 | 2,198.7 22132  2,160.0 2,0457 86165
Vi 2,136 1,0488 | 2,236 2,240y  2,1798 2,076 7807
Vi 2,157.0 1,006.2 | 2,192.8  2,199.9  2,1488 2,063 714
Vil 1,790.4 16196 | 1,891.3 10116  1,900p 1,864  621%
X 1,310.6 1,088 | 1,466.8 14981  1,502856 15120 51113
X 627.2 599.7 724.2 743.6 777.1 790.8 756.1
X 304.8 297.4 363.3 375.0 398.0 4105 401
Xl 2487 2293 270.9 275.4 284.8 290.8 2901
=Xl 13,9115 | 12,681.0 | 14,879.68 15073p 15,1155 14,789.1 13,186.4
Osl‘l"cm‘)*r 6,161.0 54746 | 63203 63521 | 6,237.8 5,993.1 5,212.3
&’I'I”ff;r 1,000.8 991.0 12202 12642 13520 1,402.0 1,377.4
Table 3

Relative annual energy yield [kWh/kWp] taking irocount losses due to local shading for photovwottalls
15.5 kWp power depending on the setting angle

The setting angle of the photovoltaic pané]s [ 0 15 25 30 45 60 90
Annual production [kWh] taking into account lossek2,173| 12,681( 13,020] 13,189| 13,226| 12,941| 11,538
The relative annual yield [kWh/kWp] 784 818 840 851 853 835 744
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The optimum angle in this case, taking into accdhatcriterion of maximum yield of
solar radiation and the amount of electricity proghli by the stationary solar photovoltaic
systems directed south is arf 4Bgle of inclination.

Annual relative yield [kWh/kWp] of electricity proced from modules with
1 kWp power, depending on the angle of PV panaiination has also been calculated.
The relative yield of electricity from the 1 kWpwwer modules, taking into account losses
due to the local shading, is shown in Table 3.

Table 4
Predicted relative energy yield [kWh/kWp] in paudtiar months at the photovoltaic panels differergles settings
towards the south in Bialystok, taking into accdosses due to local shading

Angle [ Relative energy yield [kWh / kWp] of photovoltaic panels 15.5 kWp power
January February March April May June
0 18.2 24.2 52.3 82.1 120.0 125.0
15 21.2 27.9 56.2 85.2 122.5 125.7
25 23.2 30.4 58.8 87.2 124.1 126.2
30 24.2 31.6 60.1 88.2 124.9 126.5
45 26.3 33.9 62 88.3 121.9 123.1
60 27.6 35.1 62.3 86.5 115.5 117.2
90 275 33.9 58.1 77.4 95.2 100.4
The share of energy
production [%] for the 2.6 34 6.9 10.3 15.0 15.4
15° angle
Angle [ Relative energy yield [kWh / kWp] of photovoltaic panels 15.5 kWp power
July August | September| October |November December Total
0 121.8 101.1 74.0 354 17.2 14.0f 785.3
15 123.0 104.5 79.3 38.6 19.2 14.8| 818.1
25 123.8 106.8 82.8 40.9 20.5 15.3] 840.0
30 124.2 107.9 84.6 42 21.2 15.5| 850.9
45 121.3 107.8 86.3 43.8 225 16.1] 853.3
60 115.9 105.2 85.4 44.6 23.2 16.4| 834.9
90 100.0 93.9 76.3 42.7 22.6 16.4| 7444
The share of energy
production [%] for the 15.0 12.8 9.7 4.7 2.4 1.8 100.9
15° angle

Based on simulations for the installed 101.35 afphotovoltaic panels and power
output of 15.5 kWp highest relative annual energgldy taking into account local losses
can be achieved by setting angle of 45°, and thallest at an angle 90°. Angle of 15°,
which was adopted for public building allows forethelative annual energy vyield of
approximately 818 kWh/kWp. For comparison, the airenergy yield of installed PV
system for southern Poland is not less than 942/kWh [18-20].

The relative annual electricity yields in individuaonths of photovoltaic panels with
different settings is shown in Table 4, it was atatculated the percentage share of energy
produced at an angle 15° in the next months. Thge$ electricity production is in June
and it amounts to 15.4% of year-round energy prtdac In the remaining summer
months, the percentages range from 12.8 to 15.0%2p.

Figure 13 shows the each month relative electrigigld at selected angles of the
photovoltaic installations exposed to the southe filimerical values given in the chart in
individual months correspond to the set of phottaiolpanels at an angle 15°.
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Fig. 13. The relative energy yield from the photovoltaictaiiation 15.5 kWp power for selected angles
15°, 30°, 45°, 60° and 90°

If we want to use solar energy to obtain elecyiatr thermal energy, it is very
important to find the optimal angle of the pan&l8][ Maximum total radiation energy is
the most frequently selected as a criterion foec@lg the optimum angle. According to
this criterion, the optimum angle of the planesasqu in a southerly direction to the
horizontal, for latitude 52° north, correspondinegRoland, Germany, the Netherlands, and
the UK is shown in Table 5. In the case of statigrsystems directed south most preferred
angle of inclination for the summer period (from WM& September) is the angle
approximately 42.5° and for a cold period (from @er to April) the angle is about 70° to
the horizontal given by Klugmann-Radziemska [24hilev according to Chochowski and
Czekalski [25] most optimal angle for the full-ygaeriod (from January to December) is
the angle 30°, and for a cold period (from April@atober) is the angle 23°, the highest
values of solar radiation in the summer can beinbtbat angles from 10° to 30°.

Table 5
Optimal flat surface absorbing solar radiationiimation from the horizontal for the latitude®5orth for the
southern exposure [25]

Month o v v I M1 X XIp X Iv-X - Xl |

_ Angle 60| 55| 45| 30| 15 10 19 30 4 0
of inclination []
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(65
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The author, after a study of changing the PV panelgle setting, found that the
optimum perpendicular installation angle was 45heW setting panels at an angle of 30°,
the relative annual energy yield will be about 0.8%er than in the optimum setting.

Taking into account the results obtained in Tahlea¥ing regard the specificity of the
terrain, local shading of nearby objects and oB¥rmodules, when it was graphed and it
was approximated by the 4th order polynomial fil &y the Gaussian function as shown in
Figure 14, the optimum angles were respectivelyatif 39.5°. The results obtained by the
author are very close to the values of the annpiinum slope planes exposed to the south
in Poland of about 37°.
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Fig. 14. The optimum angle of the solar panelsaifedfon at a relative annual output from PV
installation (15.5 kWp)

Photovoltaic panels on the roof of the building édeen set at an angle of°%nd
directed to the south. The selected angle of P\élgas the most optimal for the summer
months, when the highest energy production fromcbles occurs, but also the choice of
the angle was dependent on technical considerations

Based on the results can be seen that in the autwimter season photovoltaic system
reaches a minimum performance due to the limitedbar of sunny days, as illustrated in
Figures 12 and 13. The situation is changing in sheng-summer season, when the
plentiful insolation makes the PV system work ire tmost optimal phase. In the
spring-summer season system shows the largesaseie yield electricity (Fig. 13).

In addition to the intensity of solar radiationgtefficiency of photovoltaic cells is
strongly influenced by the materials and technolaggd to produce them. The efficiency
of photovoltaic cells from monocrystalline silicis currently between 18-26.3% [26-30]
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and from polycrystalline cells is between 14-21.734, 32]. The lowest efficiency is

photovoltaic organic cells 8.7-12.1%, called thgeneration ones [33, 34]. Continuous
technological development increased the efficientgilicon solar cells to 26.7%, which

was confirmed by the Japanese National InstituteéAd¥anced Industrial Science and
Technology (AIST) and by the Fraunhofer Institute $olar Energy Systems (FhG-ISE) in
March 2017 [34].

The economic efficiency analysis of the investment-deternation
of the simple payback time $PBT) and the investment net present
value NPV)

The project simple payback tim8RBT [years]) related to the installation of 15.5 kWp
power photovoltaic system was determined by thentfida.:

SPBT=—— 1)

where: N - the planned costs of the photovoltaic instalatconstruction [PLN/year];
AO, - annual savings of electricity purchase costsiltieg from the application of

photovoltaic installation in the building [PLN/yéar

Simple payback time defines the time period aftéictv the total savings resulting
from the reduction in electricity consumption agual with the invested capital and will
generate the profit to the investor in the formlo@fver fees for the consumed electric
energy, assuming constant energy prices and omifflct of inflation.

The second indicator of economic efficiency of istveents the present valiNPV
[PLN/year] has been appointed, defined as the salmevof future cash flows from the
investment, taking into account the loss of timkigaf money:

NPV z (1+ r) (2)

where:NPV - net present value [PLN/yeaf}f; - net cash flow in period t;- the discount
rate [%]; N - the planned costs of the photovoltaic installatamnstruction [PLN/year];
t - subsequent years of the investment operationgjiea

The annual amount of energy used by office equipnieamputers, printers, fax
machines, shredders, etc.), electric water heatemssumed by air-conditioners in the
summer, whether consumed on the operation of thieeincluded in the server room and
boiler room (circulation pumps, automation), asIwad for lighting during the annual
operation of the building is 24,174 kWh/year.

The aim of modernization is to reduce the amountcafisumed electricity from
conventional sources for technological purposab@building. The use of PV installations
will allow for the reduction and thereby reducirasts for the consumed electricity.

Figure 15 shows the monthly statements of eletgriconsumption in the building
from the PGE network, and forecasted electricitydpiction of photovoltaic PV 15.5 kW
power installations installed in a southerly dii@etat an angle of f5on the roof of the
building.

Designing a photovoltaic system produces energy dat their own building.
In a situation where the building's energy demarckeds the production of electricity
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from photovoltaic installations, which takes plaoethe autumn-winter period (Fig. 15)
additional energy is drawn from the PGE power grid.
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Fig. 15. Consumption of electricity by building fnonetwork (PGE) and the amount of electricity
produced by photovoltaic (PV) 15.5 kWp power, addl& to the South

Estimated annual output of PV installations 15.5 pkWdower will be about
12,681 kWh/year, and the annual relative yield wélabout 818 kWh/kWp (Tables 3 and
4), it decreases the amount of energy drawn franP®BE grid.

The investor in the settlement of electricity ugdd tariff. The cost for the consumed
electricity before installing the photovoltaic syst in the building was 19,082 PLN
(4,786.3 €).

Table 6 shows the estimated amount of electricibdpced, annual savings from the
use of PV installations and calculated SPBT and Nét\a period of 15 years. Values are
given for two variants - without a subsidy and wétlsubsidy of 65% of investment costs
[35, 36].

After the modernization and installation of phothi&i system amount of power
drawn from the PGE grid will be around 11,493 kW& Fees for electricity in the
building after modernization, with charges accogdie the C11 tariff will amount to
10,109 PLN/year. Savings from installation of phmitaic scheduled annually will be
about 8,973 PLN/year (2,251 €/year).
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Table 6
Forecasting the amount of electricity produced fi@vhinstallations, annual cost savings, simple pahime
SPBT and investment net present valbiPy)

The amount of electric SavingsAO, Capitgl SPBT NPV
Venture energy PV [PLN/year] expenditure lyears] [PLN]
[kWhlyear] N [PLN]
Installation of W|ithout subsi(|ji$
photovoltaic 116,850 13.0 -19,816
system 12,681 8,973 with subsidies 65%
15.5 kWp 40898 | 46 | 56,136

Simple payback time, in the absence of fundingl, vélapproximately 13 years. When
installing the photovoltaic 15.5 kWp power systemestor benefited from the funding,
hence the expected payback period will be 4.6 y&arthe absence of subsidizing
investmentdNPV is negative, this means that in real terms theeedjpure on investment
will not return to the investor, and therefore ization of investments in this case is
unprofitable from the point of view of the investd®nly in the case of grants for
investments you can count on the success of theqtrdA positiveNPV means that the
project offers capital growth faster than the disting rate, and therefore is an profitable
investment [37, 38].

Keep in mind that th&lPV calculate is based on forecast cash flows from Imgsiness
in the period of several years. The key size, whiffacts the value of this indicator, in
addition to the actual results of the new busiessa value used to calculate the discount
rate, which in practice is similar to the interetes on bonds or bank deposits.

Using funding under théRkegional Operational Programme Podlaski, Activity 5.2.
The development of local infrastructure for environmental protection, for a period of five
years, the investor cannot sell surplus energy ymed from PV installations. After this
period, when the electricity produced from PV ifiations will exceed the demand of the
building, the surplus of electricity, mainly in tsemmer months, during the holiday period,
can be sell to the grid, which will bring additidteenefits to the investor.

The photovoltaic system (Figs. 9 and 10) has baanched for the first time in late
December 2014 and produced 77 kWh of electricity PMduction of electricity from PV
installations in the winter as expected and sinmhat was not high. In 2015 registered
production of electricity from PV installations wasounted to 11,286 kWh. That is the
real amount of energy actually produced from PV andrgy consumed by a building
during this period. It is about 11% lower than ibwld with forecasts, taking into account
local losses.

Emissions of carbon dioxide and other harmful substances redtion
after the photovoltaic panels application

Actual registered electricity consumption for theeds of about 24,174 kWh shows
Figure 11. Summary of the amount of electricitydarced by photovoltaic PV 15.5 kWp
power angled 15 degrees to the south, taking iotount the local losses is prognostic ally
12,681 kWhl/year and is presented for each montlrigare 13. Based on these data,
reduce emissions of carbon dioxide and other hdrsifibstances after application of
photovoltaic panels is calculated in this article.
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In Poland, emissions to the atmosphere when ugiagetectric energy network is
connected with the production technology basedaoah ¢

The size of the annual emissions (£60,, NO, and dust) in a building are calculated
with the emissions indicators [39, 40].

Ecological effects4E, resulting from the reduction of the amount oflgisints that
can be obtained as a result of the installed plodtaie system was determined as the
difference of emissions of pollutants into the with electricity consumption excluding
photovoltaic installation work and the electricitpnsumption including the work of the
photovoltaic system. It was determined from thatiehship:

AE=E, -E ®3)

where: E; - the annual emissions of pollutants (SOIO,, CO,) resulting from the
consumption of electricity in the building withotihking into account the electricity
produced by the photovoltaic system [kg/ye&];- annual emissions of pollutants (§O
NO,, CO,) resulting from electricity consumption in the ifdg including the production of
electricity from photovoltaic installation [kg/ydar

Annual emissions of pollutants (3ONO,, CO,) introduced into the air resulting in the
use of electricity without considering and takimgpi account operation of the photovoltaic
plant are determined from the following relationshi

E,.E, = By,B W (@)
where: By, B; - annual amount of electricity consumed without cdesition of the
photovoltaic plant operation and taking into acdoofhthe photovoltaic plant operation
[MWh/year]; w - emission factor of sulfur dioxide, nitrogen dioxidearbon dioxide,
according to [kg/MWh], [Mg C@MWh].

Dust emission&y.« [kg/year] was determined based on the followirgti@nship:

Equst 0 Eaqus 1 = Bo, By W [L00-77)/(100-K) (5)

where: W' - dust drift indicator [kg/fuel Mg]y; - dust collector efficiency [%]k - content

of combustible dust, according to the Certificaftéuel [%].

To calculate the annual emission reductions froenutbe of the electricity network, the
following emission factors were took into accoustifur dioxidew = 2.203 kg/MWh,
nitrogen dioxidew = 1.230 kg/MWh, sling dusw’ = 1.812 kg/MWh, carbon dioxide

w = 0.812 Mg C@MWh [39-41].

Table 7
Predictive reduction of emissions entering to ttmecsphere
after the 15.5 kWp photovoltaic installation apation
Emission of pollutants [kg/year] If?edgctl_o n
The emission - of emiSsions
No. | Pollutants factor Excluding the Taking into account the
photovoltaic - h [kglyear]| [%]
: - photovoltaic installation
installation
Electricity from the Polish electricity network
1 SQ 2.203 kg/MWh 53 25 28 52.3
2 CQ 812 kg CQ/MWh 19,629 9,332 10,297  52.1
3 Dust 1.812 kg/MWh 44 21 23 52.8
4 NO 1.230 kg/MWh 30 14 16 53.3
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After application of photovoltaic systems with dalonominal power of 15.5 kWp to
support electricity production with the participati of solar energy, a reduction of
emissions into the atmosphere were achieved, tleianof reduction was about 52%.

Table 7 shows the results of calculations of emissibefore and after the installation
of a photovoltaic system in the building. Polluticeduction calculations were made based
on the values obtained by simulation.

The values of the relative reduction of emissiohsS@,, NO,, and dust in [%] in
graphical form is shown in Figures 16 and 17 shgwaphically the reduction of GO
emissions.

Conclusions

The aim of the modernization was to reduce the arnoficonsumed electric energy
from conventional sources for technological purgosethe building. The application of
PV installations will allow for the electric energgduction by 52.5% and simultaneously
will reduce carbon dioxide emissions to the envinent by 10,297 kg/year (52.5%). The
investment was financed at 65% under the ROP Pkidk@97-2013 and in 35% of own
funds. When the investment is supported paybadkgés expected in less than five years,
the NPV is positive, the investor can count on the sucoéske project. In the absence of
subsidizing investmentslPV is negative, in this case the investment is naffifable
without subsidies from the point of view of the &stor, the payback time is approximately
13 years.

Costs for the consumed electricity after the pholtaic system installation will
decrease by 8,973 PLN (2,251 €/year).

The building photovoltaic system is working only their own needs. When demand
for electricity of the building exceeds the prodotfrom the photovoltaic installations,
additional energy is taken from the power grid PGE.

The electricity generated from PV panels will co82c5% of the total electric energy
demand of the building and approximately so muchi décrease emissions to the
atmosphere after the installation of the photovoiitastallation.

PV modules performance during the summer is vegh,hthis is related to from
intensity of solar radiation, which in Polish is shintense in the spring-summer season.

Installation of the photovoltaic working of techogly needs in the object improves the
environment by reducing the gaseous emission artl Halso helps to promote the local
market for other forms of energy generation, and owoly the use of energy from
non-renewable sources. It allows raise public anese of the need and the possibility of
using renewable energy sources, as well as impremesgy security of the region and
contributes to the attractiveness and competitisené Podlaskie.
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