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Abstract

The aim of this paper is to highlight the parameters that interfere in the performance of grid-connected
PV systems. In the three years of analysis, the energy generated and the solar radiation were locally
monitored and used to calculate the performance parameters, such as Final Yield, Performance Ratio and
Capacity Factor. The results obtained are related to the three years of operation of the Green Office PV
system located in UTFPR. The case study compares the monitored PV system in Curitiba, as well as the
literature cases in Santa Catarina and Para states, in order to analyze the photovoltaic systems
performance in several conditions. The results were very close in each case, although in Para PV system
case the highest final yield is explained by its location, which is close to the Equator’ line, therefore there
are the highest solar radiations in Brazil. In the end some suggestions were made to improve the GO’s
grid-connected PV system, because it has revealed a significant performance decrement, mainly due to
partial shading losses.
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1. Introduction

The Green Office (GO) main objective is to develop innovative green technologies that are exposed in a
sustainable building, which is situated in UTFPR (Curitiba, Brazil, latitude: 25°43” S, longitude: 49°25’
W), working all together and proving to be technically viable. The project became financially possible
when the university signed some cooperation agreements with over 60 companies, which donated
sustainable technologies and materials [1]. The photovoltaic system is divided into a grid-connected
Photovoltaic (PV) system and a grid-disconnected PV system. The first one is the focus of this paper and
consists of a string containing ten modules of 210 W, which was built with polycrystalline silicon cells,
connected to a single string inverter input of 2000 W. The modules have about 15° tilt angle and 22° west
from due north [2]. It has been operating since December 2011, uninterruptedly, although this paper
focuses on 2012 to 2014 operation years.
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This paper aims to compare the photovoltaic systems in three years of operation in terms of productivity
parameters, while highlighting the factors that interfere in the performance of a grid-connected PV
system. The GO’s facade is noted in Figure 1.

Figure 1. GO’s frontal facade of UTFPR. Source: The authors.

2. Influences on productivity of PV systems

Some of the major performance-limiting factors include: dust deposition on photovoltaic panels, which is
called “soiling” effect; environmental factors (temperature effects; relative humidity; wind
speed/direction; frequency of dust storms; precipitation); corrosion; delamination of the energy
conversion devices; partial shading and, finally, non-optimal tilt and azimuth angles [3].

2.1 Soiling effect

A definitive correlation between accumulated dust concentration density on the module surface and
power output losses were found, which resulted in decrement of performance parameters, such as Yield
and Performance Ratio [3]. Furthermore, the dust deposition is strongly influenced by the tilt angle, so
that large particles decreases with increasing tilt angle, whereas the concentration of fine particles
increases [4].

A huge problem regarding dusty modules is the significantly lower operation voltage, because partially-
shaded cells act as loads to clear cells connected in series. The result is more output power losses
occurring in the formation of the hot spots, which in long-term exposure causes thermal degradation of
the PV arrays [5].

In a study in Taiyuan, China, after a two week exposure of six outdoor PV modules in severe air
pollution, the output power decreased approximately 1.3% and 2.32% per day, for PV modules tilted at
45° and 0°, respectively [6]. Finally, another study related to models for predicting energy-yield loss,
revealed that the average annual loss prediction varies from 1.5% to 6.2% for eight different PV
installation sites in California, Nevada, and Arizona [7].

2.2 Partial shading

The problem involving partial shading caused by dust, mentioned above, still occurs when the shadow is
caused by an adjacent building or anything that blocks the irradiance reaching the modules surface. In a
study related to partial-shading mismatch within a PV system, a methodology was used to estimate the
shadow index of a conventional PV system, which does not have a Distributed Maximum Power Point
Tracking (DMPPT). This index represents the output power losses caused by partial shading and the
overall annual value was 16% [8].

In a wide variety of grid connected PV systems monitored in Europe, an average annual Yield decrement
from 5 up to 10 percent due to partial shading was found [9]. Furthermore, a method for estimating
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energy losses due to partial shading of a grid connected PV system was applied to the PV system of the
UNIVER Project and revealed a shading factor of 14.4% [10].

2.3 Non-optimal tilt and azimuth angles

A general statement is that a surface with tilt angle equal to the latitude of the local installation and
surface oriented to north (Southern hemisphere) receives maximum irradiance. Although it is truth in
most cases, especially in the South of Brazil, the optimum PV inclination and orientation on North of
Brazil has a wide variety of possibilities, assuring a 95% of the maximum generation achieved in
different azimuth angles since the tilt angle is kept up to 15° [11].

When the solar radiation is approximately symmetric during the morning and afternoon, the maximum
available energy may be received by a surface whose azimuth angle is 0° due south (Northern
hemisphere) or north (Southern hemisphere). A research in the ECOS PV system, which is a 13 kWp
situated in the Northern Ireland (latitude: 54°52°N and longitude: 6°17°W), revealed that annual total
incident solar radiation for surface orientation of 30° east or west from due south with 30° tilt angle is
approximately 2% lower than the maximum annual total radiation (30° tilt angle and south oriented),
while the actual inclination of 45° south oriented represented an PV output 2.9% lower than the
maximum value, which permit to conclude that the performance is less affected by surface azimuth angle
than tilt angle [12].

2.4 Inverter performance considerations

The inverter considerably impacts in the productivity of the PV system. It is very important to consider
that multiple inverter configuration implies more reliability, because a failure does not lead to total
system failure. Moreover, the fractional loading, defined as the ratio of the input power to its nominal
DC rating influences the inverter’s conversion efficiency [13].

Another research revealed that Sizing Factor (SF), which is the ratio of the inverter maximum power to
its photovoltaic array power, might be greater than one for PV installations located at low latitude sites
[14]. This is important to be considered in the project of the PV system, since a common practice is to
undersize the inverter due to the fact that array photovoltaic power will not be equal or above their
Standard Test Condition (STC) rated nominal power (STC: 1 kW/m?2 solar radiation, 25° cell temperature
and 1,5 air mass). Such practice leads to a yearly efficiency decrement, because of the losses caused by
inverter power limitation. In addition, actual losses due to inverter undersizing increase with increased
solar radiation averaging time (using one min averages rather than hourly averages), so it is proved that
particularly hourly averages hide important irradiation peaks that need to be considered [15].

3. Material and methods

This paper focus on a comparison between an optimum PV system (tilt angle equal to the latitude of the
local installation and surface oriented to north) and a real PV system in operation in UTFPR. Moreover,
performance parameters previously stated, such as Final Yield, Performance Ratio and Capacity Factor,
were analyzed in the period from 2012 to 2014, so it represents three years of operation of the GO’s grid-
connected PV system in UTFPR. The local solar irradiation in the horizontal plane is obtained from the
Brazilian Institute of Meteorology (INMET) [16] as well as Meteorological System of Parana
(SIMEPAR) [17]. This information is the entrance for the software Radiasol [18], which provides the
solar irradiation to different inclinations. The energy generation is recorded by the PVP 2000 inverter of
the GO’s grid-connected PV system, which is online monitored through the internet. The analysis
involves the limiting factors for photovoltaic systems, as well as suggests ways to improve its operation
performance.

3.1 Performance of PV systems

The performance analysis of GO’s grid-connected PV system is based in electricity generated during
these three years of operation and also irradiation values that were incident on the surface of the PV
panel. Then the electricity generated and the solar radiation were locally monitored, therefore the
performance parameters were calculated, such as Final Yield, Performance Ratio and Capacity Factor.
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3.2 Generated energy trough the GO’s PV system of the UTFPR

Analyzing the PV system working of the GO in the years 2012, 2013 and 2014, was observed a total
generation of 7,1 MWh in this time. The electricity generation was proportional at solar radiation
reflected into PV panel, whereas in the summer months (higher solar radiation) there is higher generation
than the winter months (lower solar radiation). Figure 2 shows the electricity generated in each operation
month of GO’ PV system of the UTFPR.

350 ELECTRICITY GENERATION (kWh/month)
300
250
200
150
100
8 Mar Apr Mav Aug Sep Nov Dec
H2012

H2013 225 188 175 185 147 112 144 170 184 258 216 202
W2014 304 278 193 151 149 134 148 197 181 244 215 221

Figure 2. Electricity generation (kwWh/month) for the years 2012, 2013 and 2014. Source: The authors.

3.3 Irradiation reflected on PV panel of the GO’s PV system

The irradiation values reflected on PV panel were used as basis to calculate some of the performance
parameters of the PV system. These values were acquired through National Meteorology Institute
(INMET) database for the A807 station, located in Curitiba [16]. Besides INMET database, the
SIMEPAR Technological Institute, other metrological database, was consulted during to period from
07/19/2014 to 10/08/2014, when the INMET site was unavailable to data collection, caused by technical
problems. Although the INMET and SIMEPAR pyranometers are installed in horizontal position, it is
necessary to use the RADIASOL program to determine the real irradiation reflected on PV panel of the
GO system. The RADIASOL is available for the Federal University of Rio Grande do Sul [18], and it
allows to identify the irradiation values to any surface (different azimuth angles and tilt angle related to
North) through insertion of the irradiation values on horizontal surface. Figure 3 presents the irradiation
values mean diary on horizontal surface to each month of the year for the place cited.

In the software RADIASOL were created the stations “EV_UTFPR_2012”, “EV_UTFPR_2013" e
“EV_UTFPR_2014", with the irradiation values of Figure 3.

MEAN DAILY IRRADIATION (kWh/m?.day)

7,00
6,00

5,00
4,00
3,00
2,00 ]
T1
0,00
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

W2012 565 521 531 | 3,76 2,78 215 2,81 4,28 4,65 4,69 5,22 5,45
2013 5,12 468 378 4,16 3,07 239 2,95 3,66 370 511 482 5,55
2014 6,14 532 435 3,14 2,97 2,59 3,03 4,18 4,39 5,85 5,27 5,28

Figure 3. Mean daily irradiation on horizontal surface provided by INMET A807 station (KWh/m2.day).
Source: The authors.
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Figure 4 shows the initial software interface that allows you to choose parameters according to the
specific place where the PV panel is installed.
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Figure 4. RADIASOL initial software interface. Source: The authors.

Having adjusted the tilt angle to 15° and the azimuth angle to 22° west, the graphic presented at Figure 5
and the irradiation values incident on GO’ PV panel surface are presented in the Figure 6.
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Figure 5. RADIASOL interface showing the mean irradiation graphic during the year at the GO’s PV
panel. Source: The authors.

MEAN DAILY IRRADIATION OBTAINED FROM
RADIASOL PROGRAM (kWh/mZ.day)

7,00
6,00
5,00

4,00
3,00
2,00
0,00

Mar Apr May Aug Nov Dec
W2012 5,62 5,26 5,54 3,99 2,98 2,30 3,09 4,75 4,92 4,79 522 542
2013 5,12 4,73 3,89 4,47 3,34 2,59 3,27 3,96 3,85 5,22 4,83 552
M2014 6,09 537 4,50 3,28 322 2,85 3,38 4,62 4,62 5,99 527 5,26

Figure 6. Mean daily irradiation on GO’s PV panel surface obtained from RADIASOL software
(kWh/mz.day). Source: The authors.
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3.4 Comparison between an optimum PV system and a real PV

A grid-connected PV system presents the following technical features: the PV panel has tilt angle equal
to the local latitude of the installation; the PV surface orientation should be to the northem hemisphere
and also any shading effect should be avoided. The comparison of the generation that would be obtained
from an optimum system in operation was done with the generation obtained in the real system in
operation. In result, it was presented an analysis related to limiting factors of the grid connected PV
system performance. Furthermore, the guidelines are provided to optimize the grid connected PV system
performance [19].

To calculate the PV generation prediction was applied the Equation 1, where E: electricity generated
(kwh); P: PV Peak power (kWp); Hror: solar monthly irradiation reflected on panel surface
(kwh/m2.month); G: irradiance in standard test conditions (1 kW/m?); PR: Performance Ratio,
considered 0,75 in the optimum system.

_ P.Hror.PR
G

E 1)

Finally, the comparison between the PV generation to an optimum grid connected PV system and the real
one (PV system of the GO) is showed, obtaining the relative percentage deviations (D) according the
Equation 2, while: Egp: electricity generated by the optimum grid connected PV system; Ego: electricity
generated by the GO’ grid connected PV system.

_ Eor—Eco
Eco

D 100 )

3.5 Performance parameters

Final Yield, Reference Yield, Performance Ratio and Capacity Factor are going to be described [20],
[21].

Final Yield (YF) is defined by the daily, monthly or annual net AC energy output of the system (E)
divided by the rated or nominal power of the PV array at STC (Ppy). Equation (3) represents this
parameter.

E _kWh
Ye = = 3
] PPV[kWp] ®)

Reference Yield (YR) is calculated with the ratio of the total in-plan solar irradiation Hr (kWh/m?) to the
array reference irradiance (1 kW/m?). In summary, Reference Yield represents the duration of time with
the highest solar irradiation, according to (4). The Hy has the same meaning as Hror, which is used in
Brazilian literature.

Hr KWh/m2
Y = AWM= 4
=1 Do rme? )

Performance ratio (PR) quantifies how much of the available solar energy is converted into electricity. It
indicates the overall effect of losses, caused mainly by the factors that influences on productivity as
mentioned in section IlI, such as environmental factors (temperature, wind speed, soiling, partial
shading). Moreover, performance ratio permits to compare the PV systems independent of location,
nominal rated power capacity, orientation and tilt angle. Equation (5) is the calculation process to obtain
PR.

TS
PR = (%] (5)
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To conclude, the capacity factor is defined as the ratio of the actual annual energy output (E) to the
amount of the energy that the PV system would generate, if it operated at full rated power for 24 hours
per day for a year.

E

— 0,
- va.24.365[/0] ©
3.6 Other practical cases
The photovoltaic system of the Solar Energy Laboratory (LABSOLAR) is located in the Mechanical
Engineering building of Federal University of Santa Catarina (UFSC) in Florianopolis city, at Santa
Catarina state. This system was installed in September 1997, and it was the first grid-connected
photovoltaic system installed in Brazil [22].
The LABSOLAR PV modules consist of the thin film silicon cells, 54 opaques modules and 14
semitransparent of amorphous silicon. The system composes one photovoltaic panel with 2015 Wp of
power and one 2500 W inverter. The modules have about 27° tilt angle and the main influences on
productivity are temperature effects and solar radiation spectrum, which present typical seasonal
variations of amourphous silicon [22].
An excellent PR of 74% and YF of 1126 kwWh/kWp were presented. Some replacements were made since
it started to operate due to connector and inverter failures. In despite of this the system presented
reliability and great performance, besides being suitable to integrate to urban environment [22].
The UNICRED Building was the first commercial building that had a grid-connected photovoltaic
system installed and is located in downtown Belem city, at Para state. The plant of 12.6 kWp was
installed in 2011, however due to great results the system was enlarged to 47.16 kWp in October 2013
[23].
The UNICRED photovoltaic generator was installed for Study Group and Development of Alternative
Energy (GEDAE) of the Federal University of Para (UFPA) team. The system consists of the
polycrystalline silicon cells. The 204 modules are installed on the UNICRED roof with 10° tilt angle and
5 inverters (3x3.8 kW and 2x15 kW), as well as other installation accessories [23].
This expansion can supply almost 50% of the building’s energy consumption. There are several problems
involving shading, lack of maintenance and also limitations regarding on-site measuring devices, which
resulted in the decrement of system’s performance [23].
The monitored data in 20 months, from 2012 to 2013 demonstrated the YF of 1208 kwh/kWp, the PR of
69.55 % and the CF of 13.8% [23].

4. Results and discussion

The comparison between the PV generation of an optimum grid-connected PV system and the real GO’s
grid-connected PV system are presented in Figures 7, 9 and 10 in the three years of operation. The
parameter Eqp means the electricity generated by an optimum PV system while the Ego means the
electricity generated by GO’s PV system.

A monthly mean deviation was found equivalent to 6.5%, 11.8% and 9.9%, in 2012, 2013 and 2014,
respectively. Considering the PV annual accumulated generation in each year, the deviation was equal to
6,2%, 11% and 8,6% from 2012 to 2014, respectively.

According to Figure 7, from January to July in 2012 the deviation was kept low between the real GO’s
grid-connected PV and the optimum one. However this deviation had increased significantly on August.
On August 31" 2013 was done a general cleaning of the PV modules aiming to eliminate the
accumulated dust, according to Figure 8. As a result, the dust on PV panel demonstrates its significant
interference in the electricity generated by the GO’s PV system.

Figure 9 is possible to notice the low relative deviation between the optimum grid-connected PV system
and the real GO’ grid connected PV in September and October, due to the PV cleaning. On the other
hand, a deviation of almost 30% was found in December, probably because of a short period when the
monitoring system was not working, and then the electricity generated in this month could not be as
accurate as the rest of the year.
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Figure 7. Comparison between the optimum grid-connected PV system and the real GO’s grid-connected
PV in 2012. Source: The authors.

Figure 8. Cleaning of the modules of the GO’ grid-connected PV system. Source: The authors.
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Figure 9. Comparison between the optimum grid-connected PV system and the real GO’s grid-connected
PV in 2013. Source: The authors.

Finally, in 2014 there was higher electricity generation by the GO’s grid-connected PV than the optimum

one from January to February, which might be justified by the lower tilt angle than the optimum system,
so that the generation in Summer is increased.
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Figure 10. Comparison between the optimum grid-connected PV system and the real GO’ grid-connected
PV in 2014. Source: The authors.

The literature shows that the tilt angle equal to the local and the orientation faced to Equator’ line,
maximize the annual accumulated PV generation, in other words, results in increment of the PV
electricity generated. This aspect is a challenge inside urban environment, where the PV panel
architectural integration, which does not always leads to the optimum parameters. Besides, the shading
caused by adjacent buildings became other limiting factor to the maximum yield obtained in grid-
connected PV system in urban environment [24].

The yield in 2013 was lower than 2012 because of two reasons: less solar incidence in 2013, according to
the Figure 11, and the accumulated dust on the PV panel, which was cleaned on August 31%, 2013. After
the cleaning was noticed the yield increment. In the first two months in 2014, the yield was higher than
two previous years, due to the higher levels of solar irradiation in this period.

PR indicates the amount of losses occurring in the operation of the PV system and in the UTFPR’s GO
the partial shading has a strong influence on productivity decrement, mainly during the winter when the
adjacent building blocks a significant amount of solar radiation after 16:00, according to the Figure 12.

YIELD (kWh/kWp)

1400
1200
1000
800
600
400
200

o [ e e s e e S S e Sl SR N

Jan | Feb | Mar | Apr | May | Jun Jul _Aug ‘ Sep ‘ Oct | Nov | Dec Yearm.
M2012| 130 | 114 | 130 | 89 | 65 | 53 | 75 | 93 \100\ o8 | 104 | 111 | 1164
M2013| 107 | 90 | 83 | 88 | 70 | 53 | 69 | 81 | 88 | 123 | 103 | 96 |1050 |
M2014) 145 [ 132 | 92 | 72 | 71 | 64 | 70 | 94 | 86 | 116 | 102 | 105 |1150]

Figure 11. Monthly and annual Yield of the GO’s grid-connect PV system of the UTFPR. Source: The
authors.
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Figure 12. Irradiance curves obtained at panel surface in July [19].

The mean performance ratio in 2013 was higher than 2012 and had significant improvement after the
cleaning done on PV in 2013. Analyzing immediately the previous months after the cleaning of the PV
panel noticed a gradual reduction in this level, and after the cleaning, the monthly performance ratio
returned to level noticed in the first operation months of the grid-connected PV system, remaining higher
than 75%. Furthermore, the grid connected PV system performance ratio increased from 66% in august
to 76% in September of 2013, according to the Figure 13.

In the beginning of 2014, the performance ratio remained high due to the high irradiation levels in this
period.

The mean capacity factor in 2013 was lower than 2012, because of the lower solar irradiation in the year
2013 and dust accumulation on PV panel, however there was significant improvement after the cleaning
occurred in 2013. In 2014, due to the high irradiation levels observed, there were also higher capacity
factors, which are presented in Figure 14.

It is important to mention that the low tilt angle in UTFPR’s GO PV system affects the self-cleaning of
the modules by the rain, so they tend to accumulate more dust than Santa Catarina’s PV system, which
not only increases energy losses but in the long-term cause thermal degradation of the PV array.

PERFORMANCE RATIO (%)

':Jan.Feb Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec

Year

2012|745 | 74,8 | 754 | 743 | 70,5 | 77,2 | 786 | 63.4 | 68,1 | 66,1 | 66.2 | 66,3 | 71,3
m2013| 67,5 | 67,5 | 69,1 | 657 | 67,5 | 685 | 67,6 | 65,8 | 75,8 [ 75,9 | 70,9 | 56,2 | 68,2
M2014| 76,7 | 87,9 | 659 | 73,0 | 71,1 | 746 | 67,3 | 654 | 62,2 | 62,5 | 64,7 | 64,5 | 69,7

Figure 13. Monthly and annual Performance Ratio of the GO’s grid-connect PV system of the UTFPR.
Source: The authors.
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CAPACITY FACTOR (%)
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2013 14,40 (1332 11,20 12,24 9 41%|7,41%|9,22% | 10,88 | 12,17 16,51| 14,29 | 12,93 12,00
M2014| 19,46 19,70 | 12,35 9,99% 9,54%  8,86%|9,47% 12,61 | 11,97 | 15,62 | 14,22 14,14| 13,16

Figure 14. Monthly and annual Capacity Factor of the GO’s grid-connect PV system of the UTFPR.
Source: The authors.

5. Conclusion

The comparative analyses between the optimum grid-connected PV system and the real GO’s grid-
connected PV system, allowed to observe a performance reduction along of the year due to factors:
partial shading of the PV panel through adjacent building; different PV panel angle tilt of the optimum
angle; deviation related to the geographical north (to south hemisphere locations) and dust accumulation
due to the low panel angle tilt, which harm the self-cleaning due to raining action.

During the winter period was observed a great reduction on electrical generation, caused mainly by
stronger partial shading and by the disadvantageous angle tilt of the modules in this period of the year.
By other hand, the low PV panel angle tilt improved the electrical energy generation in the summer
period, because made it possible higher irradiation incidence, besides lower shading on PV modules in
this season.

Due to less angle tilt chosen for the PV panel, it is recommended to make an annual cleaning on modules
aiming to eliminate the dust produced by animals and mainly by car soot.

Observing the years from 2012 to 2014, which comprise the entire annual season, it was revealed an
electrical energy reduction in the GO’s grid-connected PV system of the 9,4% in comparison to optimum
grid connected PV system, which highlights the yield loss in installed grid-connected PV systems under
different of the optimum conditions.

The Final Yields obtained in the PV systems of Curitiba and Santa Catarina were very close. The highest
Final Yield was obtained in Para state, due to the fact that it is situated in the highest solar radiation area
in Brazil, as well as close to the Equator’ line. The two literature PV system cases and the PV systems
monitored in this paper revealed very similar values of PR and CF, although the UTFPR's GO case was
considerably lower, which is mainly caused by the partial shading losses.

In summary, some suggestions to improve the performance of UTFPR’s GO PV system are stated:
increment the tilt angle in 10° in order to enhance the annual average solar radiation in the panel surface
and also the self-cleaning; implant an inverter with better conversion efficiency; study the possibility to
implant a DMPPT to reduce the GO PV panel partial shading losses and, to conclude, as a future
research, study about the power generation profile during the highest solar irradiation days in order to
identify if the undersized inverter is limiting the output AC power.

Regarding the global performance of the building related to energy efficiency, were obtained excellent
results due to the UTFPR’ GO design, which within the bioclimatic architecture principles, collecting the
natural maximum light, with large and well windows positioned, applying LEDs to light all the
environment and the application of the wood framing systems with recycled PET blankets for thermal-
acoustic isolation.
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These characteristics conjunct, linked to the PV generation, as well as the PV generation, result in a
sustainable building, which is a model of construction and the employed strategies are constantly
evaluated.

The monitoring in these three years of GO’ grid-connected PV system operation in Curitiba confirm to
be a system of high reliability, as long as it is operating uninterruptedly since its installation. . Moreover,
the electricity generation is in accordance with the expected values, operating quietly and it does not
need additional area, and any carbon emissions. Those characteristics make the PV generation the most
promising distributed generation for the urban environment.
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