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ENERGY YIELD GENERATED BY A SMALL BUILDING
INTEGRATED PHOTOVOLTAIC INSTALLATION

Abstract: In the recent years photovoltaic (PV) industry leaperienced a major growth, caused by the ever
present annual decrease in module production paiceéghe expanding awareness of the general paltitms of
renewable energy. There are numerous ways to ingoierRV modules as an additional energy source for
a building, be it mounted on the rooftop, or builgliintegrated (BIPV). An analysis of BIPV consigtiof

8 modules with the power of 250 \Wach was carried out for the building of the ClstrpiFaculty of Gdansk
University of Technology (GUT). It included monthilyadiance and energy generation values and cadghem

to data obtained by the means of PV-GIS systerar afterting site specific coordinates. Additioredearch on
the same type of a single module with the powet7df W, was conducted to provide more insight in this eratt

A comprehensible analysis allows for defining afinonclusion for the decrease in energy yieldGoT BIPV
installation. Data outputs are lower than expediaded on PV-GIS values, as for the most time toad@a
mounted PV system experiences partial soft shafdorg the nearby park. Furthermore, it is not lodadéectly
facing south, but rather south-east which doeprarpt ideal working conditions.
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I ntroduction

The ever growing demand for energy and reductioB@f emissions has lead to rapid
growth of renewable energy sector. Photovoltaité) (B expected to play a significant role
in world electricity production, with its power genation oscillating between 2-3 US cents
per kwh [1]. In Europe the supply for electricity predicted to reach 3,566 TWh in year
2030, which can be covered by increasing the overargy input from alternative energy
sources to 65 % [2].

Building integrated photovoltaics (BIPV) is a prainig source of green energy
experiencing rapid development, as it exhibits mlper of practical advantages, outside of
its most important function of energy generatioiirst-of all, it does not reduce the
available ground area, which can be otherwise lzaqubd [3]. Additionally, PV modules
may substitute architectural elements and matetiaéd for such building components,
e.g. for external walls, rooftops, windows, blinols shutters [4]. By choosing BIPV the
overall cost of front elevation materials is less{b]. Finally, PV installation mounted on
the building facade provides extra heat, as the sfféct of solar irradiance absorption [6].

Mass production for BIPV purposes includes suchroonities:

- standard modules,
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- frameless modules,

- glass modules,

- modules with enhanced resistance to marine salt,
- PVrooftiles.

Criteriafor BIPV design part

Regardless of project scale, BIPV implementatisgisr@ipon finding optimal solution
to fully utilize solar radiation for given localidan. First and foremost, each building
integrated installation ought to be designed inhsacway to maximize electric energy
production. This, however, depends on locationnidésl for specific installation, namely
latitude and azimuth [7]. The optimal module titigte to the ground surface for maximum
energy Yyield corresponds to latitude, so the furtweay it is from the Equator, the higher
angle values are, which corresponds to the relshipnin Figure 1.
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Fig. 1. Optimal tilt angle for PV installation agumction of latitude (on the basis of [8])

Moreover, shadowing factor should also be takem éonsideration during design part,
as it reduces amount of irradiance reaching sals and consequently decreases energy
generation [9]. Other buildings in the area, cangton elements or trees might shade the
PV installation partially or completely, depending the daytime and season. Several
possible ways of PV installation integration aregemted in Figure 2.

Mounting options
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Fig. 2. Possible mounting of BIPV installation [10]
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Facade mounted BIPV system

The photovoltaic installation able to generate powé 2 kW, (kilowatt-peak)
at Standard Test Conditions is integrated with ls@atst facade of the Chemistry C
building of Gdansk University of Technology, defindy its geographical coordinates
54.37 °N and 18.62 °E. It comprises of 8 framelgsmocrystalline silicon glass-glass
modules BEM-250 manufactured by the company BrukSsar, covering the total area of
12.89 M. A single module is expected to generate maximomvegp of 250 W and the
efficiency provided by the producer reaches 15.51 %

A full technical specification of such module isvgn in Table 1. It also contains
values for monocrystalline silicon glass-glass BERD, which was used in field conditions
experiment discussed in more detail further in #nitcle. Figure 3 presents current-voltage

characteristics for different solar irradiation we$ for both modules, BEM-250 and
BEM-270.

Table 1
Electrical and physical properties of a single nwgstalline photovoltaic modules: BEM-250 and BEVB2
BEM-250 BEM-270
Electrical properties Value Value
Maximum power Prax [Wy] 250 270
Short circuit currentisc [A] 9.20 9.42
Open circuit voltageyoc [V] 38.80 35.75
Maximum power current ., [A] 8.80 9.00
Maximum power voltageVmx [V] 28.45 30.00
Module efficiency [%] 15.51 16.90
Power tolerance [y 0+4.99 0+4.99
Temperature coefficient voltage [%/°C] -0.31 -0.30
Temperature coefficient power [%/°C] -0.39 —-0.40
Physical properties Value Value
Number of solar cells 54 54
Type Monocrystalline Monocrystalline
Dimensions [mm] 1634 x 986 x 8 1634 x 986 x 8
Mass [kg] 27 27
Junction box IP67 IP67
Number of busbars 3 5
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Fig. 3. Current-voltage characteristics at 1000 ¥\{t@d colour), 800 W/f(yellow colour), 600 W/rh
(green colour), 400 W/fr(blue colour) and 200 W/n{violet colour) of solar irradiation intensity
for PV module: a) BEM-250, b) BEM-270


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

AN\ MOST

33¢ Ewa Klugmann-Radziemska and Matgorzata Rudnicka

Each photovoltaic module is connected to a singi@sp inverter Fronius Galvo 2.0-1
with maximum DC current 17.8 A and maximum pernittBV generator power of
4.0 kW,. The maximum efficiency of Galvo 2.0-1 inverter amts to 96.0 % and
European standard efficiency - to 94.9 %. Tableains technical data provided by the
inverter producer.

Table 2
Technical parameters of output, input data and rgéimdormation of a Fronius Galvo 2.0-1 inverter
Input data Value
Maximum input currentipcmx [A] 17.8
Maximum short circuit current of module array [A] 6.8
Input voltage rang&/bcsart [V] 120-420
Starting point voltage [V] 140
Useful voltage range [V] 120-335
Maximum generator power KW 4.0
Number of direct current connections 3
Number of MPP trackers 0
Qutput data Value
Power rating of alternating current [W] 2000
Maximum output power [VA] 2000
Output AC currentlac [A] 8.7

Mains connection (voltage range)

1-NPE 230 (+17208%)

Frequency (frequency range) [Hz]

50/60 (45-65)

Total harmonic distortion [%] <4
Power factor (cagac.) 0.85-1.00
General information Value

Dimensions [mm] 645 x 431 x 204
Mass [kg] 16.4
Protection level IP 65
Protection class 1
Qvervoltage category 2/3
Power consumption at night [W] <1
Ambient temperature range [°C] —25 to +50
Permitted air humidity [%)] 0-100
Maximum elevation above sea level [m] 2,000/ 3,000

Fig. 4. View of the whole

BIPV system on the soattst building facade
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As seen in Figure 4 that includes the view of whpfgallation, a partial shading effect
is expected to appear, due to the fact that th&/BiBtallation is located in a close distance
to a park surrounding the whole university campgudsreover, because modules are not
facing directly south, some decrease in generabeeepshould be expected. Additionally,
there is a discrepancy between ambient temperatode module surface temperature.
Sensors connected to PV installation measure balies and record it in reports. It has
been observed that module temperature is higharahdient temperature by a few Celsius
degrees from September 2018 to February 2019, gnudre than 10 °C in March and
following months.

M ethodology

The scope of this research includes such factovalaes of solar irradiation measured
by the sensor on a facade, generated energy andrpabtained by using the Fronius
measuring software, as well as reference dataatetlefrom Photovoltaic Geographical
Information System (PV-GIS) [8]. Values are autoaly saved in the Fronius
application that allows for a real-time insightg&iie 5 shows the preview of the application
homepage.

0z
0.00 ruy

o
° .
{0
Wi

P 5280k

Fig. 5. Homepage for Fronius application software

The monitoring system consists of ambient tempesatmodule temperature, solar
irradiance and solar irradiation sensors. Additipnaurrent and voltage measurements are
taken on both sides of BIPV installation - for direurrent (DC) and alternating current
(AC). Taking the before mentioned data into accpwuftware provided by Fronius
company allows for generating daily, weekly and thbnreports.
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PV-GIS

Photovoltaic geographic information system is afinensite that allows for accurate
both on-grid and off-grid PV installation paramstealculation, such as monthly, daily and
hourly irradiation and energy output data. In thiglysis PVGIS-CMSAF database was
applied, as well as calculated horizon option far isage of terrain shadows. Based on the
exact location for a planned PV system, togethéhn akimuth and tilt angle, its solar cell
type, installed peak power, estimated system loasdsan information whether it would be
at fixed-angle or equipped with tracking system B\& estimates such irradiation values:

- clear-sky irradiance [W/f,

- global irradiance [W/Aj,

- direct irradiance [W/A,

- diffuse irradiance [W/rj,

- global horizontal irradiation [kWh/fy

- global irradiation at optimum angle [kWh7m
- global irradiation at specific angle [kWhin
- diffuse to global irradiation ratio [-],

- direct normal irradiation [kKWh/fh

External measurement

Similar module as BEM-250, namely BEM-270 framelgkss-glass monocrystalline
silicon module manufactured by the company Bruk-Betar, was tested outdoors for
a better understanding of external conditions an d@hergy yield. In order to carry out
measurements required to plot current-voltage chewiatic a movable test stand with
adjustable tilt angle was built, in accordanceh® $cheme in Figure 6a. BEM-270 module
was situated in the same way as BIPV installatfaoing south-east and at 90° tilt angle.
Irradiance value was measured by placing pyrananietiew evenly distributed point on
the solar module surface. Figure 6b pictures thelevtest stand with mounted module.

a)

ST i
Fig. 6. a) Scheme of the measuring unit, b) whpfgearance of workstation built for BEM-270 module
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Calculations

Monthly reports generated for the whole year frompt8mber 2018 to August 2019 by
the means of Fronius software helped to obtaiwiataon, DC and AC current, DC and AC
voltage values. Those were later presented indha bf comparison charts with PV-GIS
generated data for this specific 2 KBIPV installation located at 54.37 °N and 18.62 °E
and facing south-east direction vertically, whiarresponds to —70° azimuth in PV-GIS
system.

Relative difference in irradiation and energy getien values for the whole
installation area are calculated in accordance feittmula (1) and (2) respectively:

GR=GGGF-5-100% D)

E —Ep
E
where:Gg - relative difference between irradiation value Fopnius software and PV-GIS
system [%], G - irradiation value for a given month obtained frd?V-GIS system
[kWh/m?, Gg - irradiation value for a given month obtained nfrdronius software
[kWh/m?, S- total area of photovoltaic installation fnEg - relative difference between
generated energy value for Fronius software and3P¥ system [%]E - energy generated
value for a given month obtained from PV-GIS sysf&Wh], E- - energy generated value

for a given month obtained from Fronius softwar@/[{.
The efficiency of BIPV installation is calculategt bsing formula (3):

Ep = 100 % (2)

T Gp-S
where:z - photovoltaic installation efficiency [%Er - energy generated value for a given

month obtained from Fronius software [kKWI@; - irradiation value for a given month
obtained from Fronius software [KWHh/nS- total area of photovoltaic installation fn

Monthly DC to AC conversion rate is obtained onlasis of formula (4):

n -100 % )

P
CR=-5.100% (4)
DC
where:CR- conversion rate [%Fpc - direct current value for a given month obtaineaf
Fronius software [W]Pac - alternating current value for a given month afedi from
Fronius software [W].

Results and discussion

Figures 7 and 8 represent monthly values of entdrglycomes from solar irradiation
and PV generated energy, respectively. They andpamndata obtained from Fronius
software for 2 kW installation integrated with Chemistry building @tlansk University of
Technology and information from PV-GIS system aftglotting coordinates and
specifications of the testes system, and are catmlifor the whole installation area, that is
12.89 M. The results show that both solar irradiation @mérgy yield are higher in
PV-GIS. However, the overall course of irradiatimd energy yield steady growth from
winter to spring and then the decrease of those fagtors in autumn months is also
observed for the real-time installation, as presticby PV-GIS. Similar relationship has
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been observed for a 15.5 k\Wstallation in Bialystok, which was located o tlooftop of
a detached building [11]. The only deviation frohe ttrend set by PV-GIS occurs from
May to August, where there are noticeable changswden values for neighbouring

months.

100
20
RO
70
50
40
30
0
‘Aldad
0

09/2018 10/2018 11/2018 12/2018 01/2019 02/2019 03/2019 04/2019 05/2019 06/2019 07/2019 08,2019

Monthly irvadintion energy [KWh/u 7|
2
2

Time [month]

Fig. 7. Monthly irradiation values obtained fromoRius software (black colour) and PV-GIS system
(red colour)

Such mismatch between Fronius and PV-GIS valuekl dmiexplained by the fact of
locating the installation next to the park. Sofagbwing caused by the leaves limits the
amount or solar irradiation reaching solar cellgjolv translates to lowered energy yield, as
presented in Figure 8. The highest generated eneagyobserved in month April with the
value of almost 114 kWh. However, other months leixlmuch lower values, in the range
of 50-100 kWh in the Summer, and way below 20 k\WhWinter.
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Fig. 8. Monthly energy generation values obtaineanf Fronius software (black colour) and PV-GIS
system (red colour)

Significant difference rates between data acquirech Fronius software and PV-GIS
system has been observed and are presented ineFgurhe relative difference is the
biggest for autumn and winter period, with irraitiat difference above 60 % for time
period from November to January and energy gemeratifference exceeding 70 % for
months from September to February. The lowest miffee ratio is observed for April in
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both, irradiation Gg = 3.0 %) and energy yieldg = 31.9 %). This is the month in which
the highest number for solar irradiatio®:(= 101.8 kWh/m) and produced energy
(Er = 113.8 kWh) has been noted.

Interesting discussion concerning the effect o&mdl factors on working parameters
of PV modules was conducted by the research growGdl University of Science and
Technology, Krakow, Poland. They've highlighted tlksue of non-uniform temperature
distribution, which means some solar cells heattaphigher values, thus impacting
negatively energy yield of the whole installatidt?]. Such outcome may be even more
enhanced if the system has poor cooling conditibmghe case of PV installation at GUT in
Gdansk the front part is adequately chilled by wimawever the backside is closely moved
against the building facade and most likely faaestricted heat flow. The negative impact
of high temperatures has been linked to an ovEMlimodule efficiency [13].
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Fig. 9. Relative difference between irradiationrgyeblack colour) and energy generation (red cglou
values obtained from Fronius software and PV-GSey

The flow of both functions, for irradiation and egg generation, is similar. Relative
difference reaches the lowest values in spring smehmer, which could indicate its
dependence on environmental conditions and additimodule shading from trees. Table 3
contains efficiency values for the whole year.

Table 3
Efficiency 5 of BIPV installation based on BEM-250 modules
Month | Il I v \ \ \il VI IX X Xl Xl
y [%] 6.2 7.7 8.7 8.1 8.4/ 83 7.0 7.9 39 4|8 4.0 5.p

The biggest efficiency values fall within springdasummer period, however they
never exceed 9 %. This would mean that there i®residerable discrepancy between
15.51 % efficiency given by the manufacturer anel dlctual annual efficiency of 6.7 %.
Additionally, lower efficiency values for some mbatcould be caused by the accumulation
of soil on the PV module surface [14].

Annual DC to AC conversion rate analysis for Frenfsialvo 2.0-1 inverter is plotted
as a function of time in Figure 10. Power conversiate on average lays in the range
between 70 and 80 %, with the exception in Octal@gR = 66.8 %) and November
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(CR=62.2 %). DC to AC conversion rate is noticeabledr than the maximum efficiency
given by the inverter manufacturer.
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Fig. 10. DC to AC power generation conversion rate

BEM-270 measur ements

Experimental analysis carried out for BEM-270 meduhanufactured by the same
producer responsible for manufacturing BEM-250 ntesldior BIPV installation provided
more insight in the low values of irradiation, emerield and power in comparison with
PV-GIS system. Figures 11 and 12 contain currefisge and power-voltage
characteristics respectively that were measureénincdiance 632 W/ffor two different
conditions, without shade and with natural shadenfthe nearby tree covering one third of
the module.
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Fig. 11. Current-voltage characteristic at 632 Wirmadiance without shade (black colour) and with
natural shade (red colour)

Maximum power point power measured for a verticadifpon and on a clear-sky day
reached 139.4 W, however after partially shading ttodule in one third of its area it
dropped to 18.9 W, displaying the 86.4 % differemceaximum generated power.
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Fig. 12. Power-voltage characteristic at 632 Wimadiance without shade (black colour) and with
natural shade (red colour)

The maximum power yield observed for the BEM-270dmie corresponds to
efficiency value 1.9 % for a shaded module and PA.Without any shade covering the
module. Such results give a difference of 31 % betwefficiency, between data observed
in real clear-sky conditions and 15 % efficiencgtet by the manufacturer for 600 W/m
BEM-250 however exhibits higher differences reaghdi® % for month March to August,
and 65 % for the rest of the year. This relatiopstliearly suggests that the working
conditions are more optimal for spring and sumnadthough in those months there is
a factor of soft shading that impacts the efficienegatively.

Conclusion

This work focuses on analysing annual irradiatemergy yield and generated power
data that corresponds to the BIPV installation ntednon the building facade facing
south-east, precisely 54.37 °N and 18.62 °E. Comg@dhose values to the ones provided
by PV-GIS system has proven considerable disphétyween two data sets. Most important
aspect that could account for such losses is ttle ¢d placement optimisation, as such
system should be facing directly south and bedtifie optimal angle, which is around 35°
for Gdansk. Additionally, there is also a factorirdtallation shading from the nearby trees
that impacts generated power. They are locateccttlirdefore installation, in 5 meter
vicinity, and greatly limit the amount of solar adiance reaching solar cells. Such
plummeting decrease observed between values faridgsoftware and PV-GIS system
could be explained by the suboptimal placement. tihero drawback is the heightened
module temperature, especially for Spring and Sunmmanths. It has been stated that it
impacts the monthly system efficiency negativelgce PV modules generate more power
in lower temperatures. The analysed installatiowehar, does not provide a sufficient heat
dissipation, as it is mounted closely to the buijdifacade, thus the back side of each
module reaches higher temperatures than their ftomers. Final factor adding to the
overall diminished energy yield in comparison wRV-GIS prediction is possible soil
accumulation on PV module surface. It can buildoupr the course of months and cover
completely some places of installation, which blsklar energy passing through the glass
surface.

Measurements carried out for BEM-270 module placedhe same way as BIPV
installation proved that soft shade covering oriedtbf all solar cells in total drastically
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reduces power output, thus resulting in efficiedegrease. Additional analysis should be
planned for the future experiments for BEM-270 mlediiited at the optimal angle and
facing directly south.

Authors of this work highlight the importance okiteg real environmental effects into

account during BIPV constructing part. Designingdtional PV system cannot rely solely
on a module’s data sheet and manufacturer speaifisa but rather should take a broad
approach, recognizing the value of every factaimath, tilt angle, additional shading and
area specific whether conditions.
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