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ABSTRACT

[n September 1997 LABSOLAR, at Universidade
Federal de Santa Catarina, installed the first grid-
connected, thin-film, building-integrated PV system in
Brazil. In this fully monitored installation, irradiation
levels, temperatures and electrical performance data are
measured and logged continuously. The AC and DC
performance ratios (PR=ratio of actual to expected output}
of this 2kWp doubie-junction a-S8i PV system after over
five years of continuous operation have stabilized at an
average of 82% and 92% respectively, with annual energy
yields of ~1300 kWh/kWp for a ~1500 kWh/m® annual
plane-of-array radiation level at the site. Our results show
that in the stabilized state the PR is independent of the cell
operating temperature, indicating a negligible temperature
coefficient of power and good performance when operated
at a warm site. Under the conditions described,
undersizing the inverter with respect to the PV array
power might lead to considerable power losses.

1. INTRODUCTION

Power and energy rating and performance assessment
of photovoltaic (PV) solar modules can be performed
using a number of different procedures and standards. PV
module rating at Standard Testing Conditions (STC =
1000 W/m’ radiation level, 25°C cell temperature and AM
1.5 spectral content) is still the industry’s preference, but
hardly ever translates real operating output in the ficld [1-
7].

With the growing rate of grid-connected PV system
installation worldwide, and the use of remote performance
monitoring using geostationary satellites [8-10], energy
yields and performance indexes become more widespread.

The performance ratio (PR®) translates a measure of
the actual vs. the expected power, taking into account the
power effectively produced by the device and the
manufacturer’s power rating (which can be more or less
conservative). The PR reveals how close the real power
produced by a given PV module (measured outdoors,
under real conditions) is to the rated or nominal power

* The Performance Ratio (PRacoc) is defined as the ratio of the
AC or DC energy output (Epc or Epc), and the rated DC
efficiency (Msre) times the total solar radiation incident on the
module’s surface (Es):  PRacpe = 100 x [Eacpe / {Miste x Es)) %.
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{measured in the laboratory indoors, at STC) the consumer
has paid for.

Thin-film amorphous silicon {a-Si) is a good choice of
PV technelogy for operation in warm and sunny climates.
The small temperature coefficient of power is present only
while the material is undergoing stabilization and is
cancelled out in the stabilized state. The stabilization of
the light-induced degradation (Staebler-Wronski effect —
SWE [11]) at a higher performance level when operated at
year-round higher temperatures, render a-Si devices good
performers in the warm climates prevailing in Brazil,
especially for building-integrated photovoltaic (BIPV)
systems.  Since Scptember 1997, the Solar Energy
Laboratory (LABSOLAR) at Universidade Federal de
Santa Catarina in Florianopolis — Brazil (27°S, 48°W) is
continuously monitoring the performance of the first thin-
film, grid-connected, BIPV system in Brazil. We present
results for the five years of continuous operation, at the
AC and DC levels, showing energy yields and PR figures
that demonstrate that new generation, multi-junction a-Si
is a good choice of technology for BIPV systems in warm
and sunny sites.

2. PV SYSTEM CHARACTERISTICS

The PV installation consists of a 2kWp a-Si array, plus
DC/AC inverter, irradiance (horizontal and plane-of-
array), and temperature (ambient and back-of-module}
measurement  instrumentation, and a dedicated data
logging system. The generator is comprised of 54 opaque
and 14 semitransgarcm, double-junction (pin-pin), glass-
glass 60 x 100cm” a-Si modules from RWE-Schott, with a
total power output rated at 2078Wp at STC, and a total
surface area of ~40m” The total power is distributed in
four ~500Wp sub-systems, and fed to four independent
single-phase, line-commutated sinewave inverters (from
Wwirth Elektronik GmbH, model WE 5060 NWR, each
rated at 650W). The PV array uses unframed modules
designed for BIPV applications, that were installed onto a
simple steel structure retrofitted as an overhang to the
existing building, facing true nerth with latitude tilt.
Electrical parameters as well as irradiance and temperature
data are continuously measured and stored at four-minute
intervals. Figure | shows the BIPV system, and further
details on PV system design and configuration have been
presented elsewhere [12, 13].
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Figure 1: The 2kWp grid-connected, double-junction a-Si thin-
film BIPV insiallation i Florianopolis — Brazil, The latitude-
tilted (27°), north-facing array operates continuously since
September 1997,

3. RESULTS AND DISCUSSION

As shown in Figure 2, after five years of continucus
operation the PV system output performance has
stabilized, at an average AC Performance Ratio of §2%,
and an annual energy vield of ~1300 kWh/kWp for a
radiation level of ~1500 kWh/m? at the site. The average
sub-system DC Performance Ratio, at inverter input, was
92% for the same peried. The data in Figure 2 also show a
seasonal variation in performance, which is typical of a-Si
[14], with maxima in summer and minima in winter.
These data represent daily average PR values, and include
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operation at low light levels (G < 100 Wim?) occurring in
the early moming and late afterncon, as well as in ovetcast
days, where efficiency is lower. Figure 3 shows a plot of
DC efficiency vs. iradiation level for the system at the
stabilized state, where the low-light level dependency can
be seen, as well as the small influence of temperature on
device performance. The plane-of-array silicon-cell matrix
irradiation sensor used for these measurements presents a
small deviation when compared with broadband
pyranometer measurements; to compensate for this
deviation, the data shown in Figure 3 were corrected
according to a procedure prescnted elsewhere [15].
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Figure 3: Stabilized hourly DC efficiencies of the a-Si PV system
ag a function of irradiance, grouped according to back-of-module
temperature {15].
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Figure 2: Evolution of the daily mean AC Performance Ratio of the 2kWp BIPV thin-film a-5i installation over five years of continuous

operation in Brazil,
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Figure 4 shows the behavior of the total system daily
mean AC Performance Ratio at the stabilized state (year
2002 data only, with G > 200 W/m?) vs. back-of-module
temperature, The plot shows that in the stabilized state, the
a-St PV systern’s output, translated by the Performance
Ratio, is independent of the PV cell operating temperature.
The installation displays a negligible temperature
coefficient of power (TP, *}, a quite important feature for
operation at warm and sunny sites. The high operating
temperatures over the year, and most importantly, a year-
reund high minimum PV cell operating temperature at the
site, have led to the stabilization of the SWE at this
relatively high performance level [16].

Figure 5 shows the distribution of the plane-of-array
irradiation incident at the site (distributed at 100 W/m?
bins), averaged for the five years of operation, It shows
that only less than 10% of the solar energy incident on the
PV array is in the < 200 W/m® Jevel; and nearly 60% of
the energy reaching the modules is in the > 700 W/m’
range. Furthermore, 15% of the incident insolation is in
the > 1000 W/m® level.

These results, together with the independence of
stabilized double-junction a-Si output power on
temperature shown, indicate that the issue of inverter vs.
PV array power rating should be properly addressed in
project design under these conditions [17-18], and that in
order to optimize output, inverter undersizing should be
avoided in a-Si installations at wamm sites.
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Figure 5; Plane-of-array solar energy, at 100 W/m" bins, incident
at the Florianopolis site, averaged over five years.

We have previously shown that Flerianopolis is one of
the sites with the lowest irradiation levels in Brazil [15].
For regions in the country with a higher portion of the
incident solar energy due to clear skies, and therefore
higher irradiation levels, we expect more than the 15% of
the incident radiation measured in Florianopolis to fall in
the > 1000 W/m? level. In these situations, which tend to
occur simultaneously with high ambient temperatures
which penalize inverter performance, inverter undersizing
might also lead to situations where available DC power
from the PV array will exceed inverter maximum input
power, with the inverter in this case becoming unable to
convert all available PV generated electricity.
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Figure 4: The behavior of the daily mean AC Performance Ratio of the 2kWp BIPV installation with back-of-module temperature at the
stabilized state {Year 2002 data, with G > 200 W/m’ measured by a matrix sensor at plane-of-array). The output of the a-8i aray is virtually
independent of the module temperature at the stabilized state.

*TPax = APras/dT X 1/Poyro250c
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4. CONCLUSIONS

We have shown results on the continuous operation
over five years of a 2 kWp gnd-connected, double-
junction a-Si BIPV installation in Brazil. The fully
monitored PV array operates satisfactorily at a high
performance ratio of 82% AC and 92% DC, averaged over
this 60 months period. In the stabilized state our results
demonstrate that the a-Si PV medule performance is
independent of the solar cell operating temperature. We
have also shown that a considerable amount of the
incident solar energy at the site occurs at high irradiation
fevels (= 1000 W/m"), which justifies our recommendation
of oversizing the inverter with respect to the PV array in
warm and sunny climates. In the design of a-8i systems
operating under the conditions described here, these
aspects will result in different optimum sizing of the
systemn, especially in the inverter vs. PV array power ratio
and expected performance, when compared with
traditional sizing methods designed for more traditional
PV technologies and more temperate climates.

ACKNOWLEDGEMENTS

R Riither wishes to acknowledge with thanks the
Alexander von Humboldt Foundation for sponsoring this
project.

REFERENCES

{11 CJennings, “Outdoor Versus Rated Photovoltaic
Module Performance”, Proceedings of the 19" IEEE
Photovoltaic Specialists Conference, {IEEE, New
Orleans, 1987) p. 1257.

[2] ARaicy, HR.Wilson, H.Fischer & K Heidler,
“Realistic Reporting Conditions Efficiency: A New
Algorithm for the Assessment of Solar Cells”,
Proceedings of the 9% Eurcpean Photovoliaic Solar
Energy Conference, (W1P, Freiburg, 1989) p. 641.

[3] M.S.Imamura, “A Systematic Approach to Establish
the Power Rating of PV Plants”, Proceedings of the
1994 NREL Photovoltaic Performance and
Reliability Workshop, (NREL, Lakewood, 1994) p.
535.

[4] KBicher, “Cell and Module Rating at Peak or

Yearly Operating Conditions (SRC, STC, or
RRC?)”, Proceedings of the 1994 NREL
Photovoltaic  Performance  and  Reliability

Workshop, (NREL, Lakewood, 1994} p. 495.

[5] C.Whitaker, W Howard & J.Newmiller, “Module
Energy Rating:An NREL-Support Effort to Move
Beyond the Single-Point STC Module Rating”,
Proceedings of the 1994 NREL Photovoltic
Performance and Reliability Workshop, (NREL,
Lakewood, 1994) p. 521.

[6] T.Townsend, C. Whitaker, B.Farmer & H.Wenger,
“A New Performance Index for PV System
Analysis”, Proceedings of the 1" World Conference
on Photoveltaic Energy Conversion, (IEEE, Hawaii,
1994) p. 1036.

[71 P.Ragot, P.Malbranche & J.L.Martin, “Realistic
Outdoor Performance of PV Modules”, Proceedings

2172 Plenary, Oral

[8]

(9

[10]

(11}

[12]

[13]

[14]

[15]

[16]

[17]

[18]

of the 14" European Photovoltaic Solar Energy
Conference, (WIP, Barcelona, 1997) p. 1684.
H.Beyer, C.Constanzo & C.Reise, “Multiresolution
Analysis of Satellite-Derived Irradiance Maps - An
Evaluation of a New Tool for the Spatial
Characterization of Hourly Irradiance Fields”™, Solar
Energy 55,9 (1995).

C.Reise, E.Wiemken, P.Toggweiler, V.van Dijk,
D.Heinemann & H.Beyer, “Remote Performance
Check of Grid-Connected PV Systems Using
Satellite Data”, Proceedings of the 16" European
Photovoltaic  Solar Energy Conference, {WIP,
Glasgow, 2000) p. 1816.

R.Perez, M.Kmiecik, C.Herig & D.Renne, “Remote
Monitoring of PV Performance Using Geostationary
Satellites™, Solar Energy T1, 255 (2001).

D.Staebler & C.Wronski, “Reversible Conductivity
Changes in Discharge-Produced Amorphous Si”,
Appl Phys. Lert. 31,292 (1977).

R Riither, “Experiences and Operational Results of
the First Grid-Connected, Building-Integrated, Thin-
Film Photovoltaic Installaion in  Brazil”,
Proceedings of the 2™ World Conference on
Photovoltaic Solar Energy Conversion, (IEEE,
Vienna 1998} p. 2655.

R.Riither & M Dacoregio, “Performance Assessment
of a 2kWp Grid-Connected, Building-Integrated,
Amorphous Silicon Photovoltaic Installation in
Brazil”, Prog. Photovolt. Res. Appl. 8, 257 (2000).
R.Riither & J.Livingstone, “Seasonal Variations in
Amorphous Silicon Solar Module Outputs and Thin
Film Characteristics”, Sol. Energy Mater. and Solar
Cells, 36, 29 (1994).

H.Beyer, R Riither & N.Kreutzer, “Estimation of the
Yield of Building-Integrated, a-Si PV Installation in
Brazil Based on Long Term Performance Data of a 2
kWp System”, Proceedings of the 17" European

Photovoltaic  Solar Energy Conference, (WIP,
Munich, 2001) p. 2511.
R.Riither, G.Mani, J. del Cueto, J.Adelstein,

A Montenegro & B.von Roedern, “Performance Test
of Amorphous Silicon Modules in Different
Climates: Higher Minimum Operating Temperatures
lLead to Higher Performance Levels”, This
Conference.

R.Riither, A. da Silva, A Montenegro, I.Salamoni,
M Kratzenberg & R.Araujo, “Assessment of PV
Technologies Most Suited for BIPV Applications in

Brazil: The Petrobras 44kWp Project”, This
Conference.

A Woyte, S.Islam & K.Arenberg, “Undersizing the
Inverter for Grid-Connection — Where if the

Optimum?”, Proceedings of the 18. Symposium
Photovoltaische  Solarenergie, (OTTI, Bad
Staffelstein, 2003) p. 414.

Authorized licensed use limited to: UNIVERSIDADE FEDERAL DE SANTA CATARINA. Downloaded on November 25, 2008 at 13:32 from IEEE Xplore. Restrictions apply.



