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ABSTRACT
The degradation rate analysis of 38 commercial
crystalline-silicon (c-Si) photovoltaic (PV) power plants
fielded for up to 16 years in a hot-dry climate of Arizona
has been evaluated. Based on the metered kWh data and
modeled weather data of these systems, the linearity and
degradation rate analyses of PV modules are statistically
determined using three different performance
approaches: PR (Performance Ratio), PI (Performance
Index), and Raw kWh. The evaluation approaches
developed and used in this work are validated using the
in-field current-voltage measurements previously
performed in four commercial systems.
Index terms: Performance, Degradation, Power Plants,
Statistical
I. INTRODUCTION
It is a known fact that the photovoltaic (PV) modules
deployed in the field degrade in performance overtime. Some
PV technologies such as CIGS, CdTe, and a-Silicon modules
are also known to degrade non-linearly with time whereas cSi has been traditionally assumed to degrade linearly. The
rates of degradation can also vary based on environmental
conditions such as UV dose, ambient temperature, humidity
and etc. It has previously been reported that c-Si modules
located in harsher climates that experience hot-dry and hothumid conditions tend to degrade at more than the industry
standard of 1.0%/yr whereas modules located in the milder
climates, cold and temperate, degrade at less than 1.0%/yr. In
this work, we evaluated 38 commercial c-Si PV systems to
statistically determine the hot-dry climate specific
degradation rate of the c-Si modules and to assess whether
the degradation trend is truly linear or not. Out of these 38
systems, 34 systems are installed on the ASU campuses. All
evaluated power plants are located in the Phoenix-Metro area
of Arizona, with the majority of sites (20) being fixed rooftop
systems and parking structures (11). All other sites were other
types of fixed tilt structures for either shading for pedestrians
(3), fix tilted ground mount systems (3), or ground mounted
1-axis trackers (1). The evaluation approaches developed and
used in this work are validated using the in-field currentvoltage measurements previously performed in four
commercial systems installed outside of ASU campuses [1].
Using data sets available from a large number of PV systems,
as compared to smaller number of systems reported by our
group [2], is presented in this paper. A detailed analysis on
this study is reported elsewhere [3].

II. METHODOLOGY
Based on the metered kWh data of the thirty eight
systems and weather data corresponding to these systems, the
linearity and degradation rate analyses of PV modules were
statistically determined using three different approaches: PR
(Performance Ratio), PI (Performance Index), and Raw kWh.
Since these systems did not have their own plane of array
(POA) irradiance and module temperatures, they were
determined through the selection of most accurate irradiance
and temperature models specific to the hot-dry climate of
Arizona. There are 12 decomposition models and 10
transposition models published in the literature for modeling
the POA irradiance from GHI and DNI. Therefore, a total of
120 possible combinations were evaluated to select the best
possible combination specific to this climate. Similarly, at
least nine different temperature models have been reported in
the literature. Due to the page limitation of this paper, the
selection procedure of the Arizona-specific POA irradiance
and module temperature models are not presented here but
are made available elsewhere [3].
2.1 Degradation Rate Analysis using PR
The performance ratio (PR) is the ratio of measured
energy to expected energy (based on nameplate data and
measured/modeled irradiance). For all evaluated systems,
daily PR values were calculated using measured kWh data
and the calculated expected energy based on the system rating
and modeled irradiance data. The methodology of calculating
performance ratio is similar to that previously reported by
Shrestha et al. [2], but was slightly modified in order to fit
the type of data that was available in this study. Daily PR
values were calculated for each system with any period with
an irradiance higher than 40 W/m² being analyzed as this was
considered to be the limit for daytime operating conditions.
When processing the data, any days that were shown to
obviously not fit the overall trend of the year-to-year data sets
were removed. The median PR of each month for each year
was calculated by taking the median of remaining nonremoved data points corresponding to that particular month.
In order to calculate the degradation rates experienced by the
systems, the slope of a line for a particular month vs. number
of years was then determined to be the degradation rate per
year for that particular month leading to 12 slopes for 12
months of a year. Based on the previous research done by
Shrestha et al. [2], the months that have the least amount of
variability in satellite data are those from April to October.

These months’ degradations were then averaged together to
produce the true degradation rate experienced by the PV
modulus in the system.
2.2 Degradation Rate Analysis using PI
Performance index (PI) is a more accurate representation
than PR since it corrects not only for insolation, but also for
other losses such as module temperature, soiling, balance of
system (BOS), wiring, and etc. In this study, the expected
energy generated by the systems’ was corrected for
irradiance, temperature, module mismatch, inverter
efficiencies, and a wiring loss of a nominal 1%. A 3.3%
module mismatch loss, based on previous in field
measurements from ASUI-PRL, was used. The same
procedure as that of the PR procedure was used for
calculating degradations rates using the PI approach.

III. RESULTS AND DISCUSSION
3.1 Degradation Rate Determination
In order to provide the most accurate performance and
degradation rate assessment of the evaluated systems, it was
crucial to decide on the most accurate POA irradiance and
thermal models specific to the climatic region. In order to
determine the validity of multiple performance metrics, the
degradation rate found through in-field I-V measurements
reported by Shrestha et al. [2] with measured POA irradiance
was used. The system used to validate all performance
models was chosen due to the fact the system was only
unavailable for 59 days of the total 3,431 days the system was
evaluated for. The plot shown in Fig. 2 indicates the
availability of the system with any down times resulting in a
break in the bar chart (white spaces).

2.3 Degradation Rate Analysis using Raw kWh
Figure 1 shows the flowchart for the newly developed
analytical process in this work.

Fig. 2. System availability check of commercial PV system
used for performance validations and degradation rate
calculations
After having determined the best irradiance and thermal
models specific to the climatic region [3], and validating the
three performance metrics (PR, PI, and kWh) against in field
I-V measurements, the three performance metrics were
applied to the 34 systems of ASU campuses and the results
are shown in Figures 3, 4 and 5, respectively.
The output of modified raw kWh analysis was validated
against four previously measured commercial PV systems.
The degradation rates of the four systems were calculated
using in field I-V measurements, the most accurate linear
method of degradation rate analysis (i.e. “true” degradation).
The systems were all located in the same region as the other
systems analyzed in this study and contain c-Si PV modules,
so the use of them in this validation would be ideal. The
results of the measured vs calculated degradation rates from
kWh data is shown in Figure 6.
Fig. 1. Flowchart of newly developed kWh degradation
method based on statistical analysis

Fig. 3. PR degradation rates of all systems and measured I-V
degradation rates of 4 previously measured systems

Fig. 4. PI degradation rates of all systems and measured I-V
degradation rates of 4 previously measured systems

Fig. 5. kWh degradation rates of all systems and measured IV degradation rates of 4 previously measured systems.

Fig. 6. Comparison between newly developed kWh analysis
and in field measured I-V data (9.4-16 years old plants with
clipping and shading issues)

In a few systems, negative degradation rates (indicating
increased performance over time) have been surprisingly
observed. Slightly higher degradation rates for the systemkWh approach as compared to the module-IV method shown
in Figure 6 may be attributed to site specific issues over the
years including: shading losses, blown fuses, heavy soil
deposition, etc. Increases in performance over time, Figure 7,
could possibly be attributed to a number of unknown events
over the system lifetime including: warranty replacement
with new modules (due to safety or performance issues),
inverters that were down for long periods of time before
either being fixed or replaced, and any other system
downtime issues that was corrected at a later date. Systems
that were also shown to be clipping for the majority of the
year, as seen in Figure 8, were also found to be a problem
during analysis since it was not possible to see the “peak”
generation of the system and analyze whether that “peak”
generation was decreasing or not. Due to these uncertainties
in most of these calculated degradation rates shown in Fig. 3
through Fig. 5 (especially for the newer systems), the systems
that have unexpected degradation rate behaviors (very high,
near zero or negative degradation rates) or had instances of
clipping were removed for the determination of the extent of
degradation linearity (linear or non-linear degradation)
presented in the next section. This study indicates that the
degradation rate determination based on PR, PI or kWh
method for the newer systems (less than four years old
systems shown in Figs. 3, 4 and 5) cannot be fully trusted due
to very low number of data points (less than 4 data points)
infested with several issues including irradiance modeling
from the SolarAnywhere data (from zero degree tilt to POA
irradiance),
significant
insolation
variation
from
SolarAnywhere data in one or more of these four years,
unknown events (cutting the shading trees, variation in
soiling etc.), and frequent or extended clipping in newer
plants. The degradation rate determination using PR and PI
method can be significantly improved if a ground mount POA
irradiance data is used and the other issues including clipping
are appropriately accounted. The kWh method can also be
improved by addressing the issues related to year-to-year
clipping variation, shading variation etc.

Fig. 7. Hourly kWh generation for one of the ASU systems
that shows a high initial degradation rate and then a sudden
increase in performance in the later years possibly due to
cutting of the shading trees or replacing underperforming
modules/strings under warranty.

Fig. 8. Hourly kWh generation for one of the ASU systems
that shows inverter clipping and thus the unavailability of
looking at a degradation trend
A list of all sites with their calculated PI degradation
rates is shown below. The list also indicates whether a system
was used for the analysis or not.
Table 1. List of all evaluated sites and their calculated
degradation rates based on PI method
System
Name
ASU-U
ASU-AC
ASU-AH
ASU-X
ASU-AF
ASU-AA
ASU-AB
ASU-Z
ASU-R
ASU-T
ASU-S
ASU-J
ASU-Y
ASU-AE
ASU-Q
ASU-AD
ASU-AG
ASU-L
ASU-G
ASU-E
ASU-I
ASU-N
ASU-K
ASU-B
ASU-D
ASU-H
ASU-P
ASU-F
ASU-C
ASU-G
ASU-V
ASU-M
ASU-A
ASU-O
CT
G
BRO1
BRO2

Age
(Years)
1.94
1.94
1.96
2.04
2.05
2.10
2.10
2.10
2.10
2.23
2.92
2.97
2.97
2.99
3.03
3.05
4.01
4.01
4.08
4.09
4.09
4.12
4.22
4.23
4.28
4.28
4.28
4.36
4.40
5.25
5.31
5.32
5.66
6.00
9.40
12.00
16.00
16.00

DC System
Size (kW)
230.4
252.54
86.22
250.56
310.32
204.6
224.4
89.1
66
254.1
69.3
214.86
138.6
246.06
65.82
166.38
2132.48
705.6
144.48
57.12
188.16
497.28
168
63.84
94.08
64.68
67.2
94.08
63.84
289.8
248.64
141.12
150.15
23.1
97.2
249.9
113.4
113.4

PI Deg. Rate
Used for
(%/yr)
Analysis
0.03%
Yes
-0.02%
No
-0.41%
No
0.08%
Yes
0.04%
No
0.15%
Yes
-0.04%
No
0.05%
Yes
0.18%
No
-0.03%
No
0.17%
No
1.73%
No
0.22%
No
0.21%
Yes
0.15%
No
0.23%
No
0.82%
No
0.83%
No
0.13%
Yes
0.29%
Yes
-0.74%
No
-0.80%
No
0.81%
No
0.19%
No
0.38%
Yes
0.30%
Yes
0.41%
No
1.39%
No
0.34%
Yes
1.76%
No
0.48%
No
0.73%
Yes
0.64%
Yes
0.74%
Yes
1.33%
Yes
Only for kWh analysis
Only for kWh analysis
Only for kWh analysis

3.2 Degradation Linearity Analysis
Figures 3 through 5 are presenting interesting data: if the
degradation is linear, then the degradation rate should be the
same (for example 1%/year), irrespective of the age of the
power plant. Since this does not seem to be the case, it could
be construed that the degradation of crystalline silicon PV
systems is not truly linear. To determine this possibility in
detail, distribution of yearly PI for the evaluated PV power
plants was analyzed. In order to view whether or not a system
is having a linear degradation rate, a minimum of 4 data
points was determined to be needed since any systems with
less than 4 years of age would potentially show a high linear
correlation due to the lack of sufficient data. This imposed
data restriction in our analysis resulted in only 10 qualified
systems (out of 38 systems) for the degradation trend
analysis. Figure 9 shows the results obtained for one of the
ten systems with age of 9.4 years (system code CT) using the
PI method.

Fig. 9. Degradation trend (linearity) analysis of a 9.4 years
old PV system (system code: CT) using the PI method
In Fig. 9, the degradation trend analysis is shown using
the median with: A) Distribution of PI values per year based
on 12 months data using a log fit, B) Distribution of PI values
per year based on 7 months data using a log fit, C)
Distribution of PI values per year based on 12 months data
using a linear fit, D) Distribution of PI values per year based
on 7 months data using a linear fit, E) Distribution of PI
values per year based on 12 months data using a 2 slope linear
fit, and F) Distribution of PI values per year based on 7
months data using a 2 slope linear fit.
The same trend analysis was conducted on the other 9
remaining systems. Data for three out of these nine systems
are shown in Fig. 10 through Fig. 12. The six remaining sites
are not shown here due to page limitations, but have similar
trends as that of Fig. 10 through 12 and provided elsewhere
[3].

When looking at the results from these figures (Fig. 9
through 12), it can be seen that the general trend is for the
logarithmic degradation to have a higher correlation value
than that of a linear trend line, but as the systems increase in
age, the difference in correlation values decreases. What this
may tend to indicate is that in the initial years, the systems do
not degrade linearly (or the data is infested with several issues
identified in the previous section), but after a period of time,
the degradation rates may seem to then level out into a
consistent linear degradation. Fig. 13 shows a comparison of
the calculated degradation rate of the “good” ASU systems
for PR, PI, and kWh methods as compared to I-V
measurements previously found at older PV sites [1, 2] .

Fig. 10. Degradation trend (linearity) analysis of a 5.6 years
old PV system (system code: ASU-A) using the PI method

Fig. 13. Degradation rates for 13 evaluated ASU PV systems
using PR, PI, and kWh methods as compared to previously
reported I-V degradation rates [1, 2]

Fig. 11. Degradation trend (linearity) analysis of a 5.3 years
old PV system (system code: ASU-M) using the PI method

Fig. 12. Degradation trend (linearity) analysis of a 5.3 years
old PV system (system code: ASU-O) using the PI method

From Fig. 13, it can be noticed that the calculated degradation
rates for systems that have less than 5 years of field exposure
are significantly lower than what would typically be expected
to be found in hot climates (about 1% per year). There could
several reasons for this unexpected deviation and the two
major reasons are given below. The first reason could be due
to the fact there are uncertainties that arise from the use of
modeling irradiance and module temperature values from
SolarAnywhere data, instead of having physically measured
POA values using ground mounted weather stations. The
irradiance values, as taken from SolarAnywhere, have a built
in uncertainty of 5% before even being converted to POA
irradiance values. By using this data source, it is possible that
the year over year (YOY) degradation rate may occasionally
have an increase in performance from the first year to the
second. The second reason for this occurrence may stem from
the fact that the insolation from one year to another may have
changed drastically in which one year had more rain than
another, or more soil deposition occurred, or etc. These types
of performance behaviors do occur as shown by Figure 14
below.

expected value of ~1.0%/yr and should not be used when
looking at the overall degradation rate of the hot-dry climate
of Arizona since the uncertainties in irradiance and
temperature models and assumptions in the kWh method
heavily dominate calculated degradation rates for systems
less than 5 years of age.

Fig. 14. Overview of degradation trend of a commercial PV
system where some year over year degradation rates show a
positive slope (red ovals) as compared to the overall negative
trend (blue oval)
For the long-term warranty and energy predictions, the
linear degradation rate assumption typically used by the
industry appears to be practically acceptable; however, this
linearity assumption may need to be verified with a large
number of older systems (> 10 years of age) rather than just
10 systems, mostly aged between 4 and 6 years. The
continuation of this study as the systems increase in age or
evaluating other older systems would be beneficial to develop
a definitive answer to the overall degradation linearity trend
question.
CONCLUSION
The best POA irradiance and module temperature
models for developing accurate operating conditions,
degradation rates, and degradation trend analysis have been
determined for the hot-dry climate of Arizona and is
presented elsewhere [3]. Using these optimized models for
PR, PI, and kWh performance evaluations, it has been
determined that PI is the second best method, after the I-V
method, for calculating degradation rates; encouragingly, the
kWh degradation rate calculation method also gives similar
results as that of the PI method without the need of using
complex models for module temperature and POA irradiance
determination. While the developed kWh degradation
approach does produce better results than those of the PR
calculation, but cannot be used to determine any specific
system component losses since it is purely a statistical
calculation without having any other operating conditions
being taken into consideration.
The trend and rate of degradation for crystalline silicon
PV systems was found to be slightly nonlinear with
logarithmic degradation rates having more correlation than
that of the single slope linear degradation rates. When
reviewing this trend, it was only observed in systems that
were 5 or more years old, since any systems younger then this
had too few data points to make conclusions about the trend
of the data sets. The overall average degradation rate (using
the standard one slope method) of the 13 ASU PV power
plants that were analyzed showed an average degradation rate
of only 0.31%yr. This value is significantly lower than the

This study shows that the rate and trend of degradation
can only be assumed as true when: A) there is a large
unclipped data set available in which a system has 5 or more
years of field exposure, B) the on-site measured values (POA
irradiance, module temperature, weather, etc.) are used for
calculating performance and degradation rate analysis instead
of modeled data, and C) in-field measured IVs are performed
when the system(s) is initially installed and then are measured
again at set incremental periods of time.
Overall, the typical linear degradation rate assumption
used by the industry appears to be practically acceptable;
however, this linearity assumption may need to be verified
with a large number of older systems.
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