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A B S T R A C T   

Annual degradation rates of PV modules are important in the yield prediction. For a high-quality PV module, 
these rates are lower than the measurement uncertainty of a nominal power measurement performed in todays 
most advanced certified photovoltaic reference laboratory. Therefore, the analysis requires a well thought out 
methodology that can compare the data relative to each other or relative to an unused module stored in the dark 
on an annual base. Over the past 10 years, several multi c-Si and HIT modules have been accurately monitored in 
a string and single module setup by an outdoor performance measurement system. Additionally, all modules have 
been dismantled and measured using an indoor flasher measurement system once every year. With this unique 
measurement setup, the annual degradation rates of multi c-Si modules and HIT modules are quantified based on 
three different analysis methodologies. The multi c-Si modules showed an average annual degradation rate of 
0.18% ± 0.06% and 0.29% ± 0.06% measured by the outdoor and indoor system, respectively. The indoor 
analysis of the HIT modules yielded an average annual degradation of 0.26% ± 0.05%. That corresponds to half 
of the degradation observed by the outdoor analysis method. Further evaluations of the performance ratio PR 
confirmed the results gained by the indoor methodology. The comparison of the standard PR with a temperature- 
corrected PR’STC for both technologies showed that the benefit of the lower temperature coefficient of the HIT 
technology is eliminated by its worse low light behaviour.   

1. Introduction 

One of today’s most challenging parameters in the field of photo-
voltaic are the long-term degradation rates of PV modules and their 
uncertainties. It is the key for the economic calculation of the PV power 
plant yield over its service life. Reducing the uncertainties of the long- 
term yield predictions directly reduce the plant price due to the reduc-
tion of the economic risks. Performance loss rate (PLR) is a widely used 
indicator to specify the PV power plant performance over time. PLR is a 
complex interaction of the degradation of PV module nominal power, 
individual soiling, increasing ohmic losses in the PV plant wiring due to 
degradation of the electrical interconnectors and inverter efficiency drift 
related to semiconductor degradation. To achieve accurate and reliable 
results on PV plant PLR, a lot of manpower, time and effort must be spent 
on the proper monitoring of different PV systems using high-quality 

measurement setups. The key to a successful PLR analysis is to sepa-
rate the different loss mechanism, such as the usually predominating 
degradation of the PV module nominal power. This effort needs in-
vestment in high-quality sensor and metering equipment together with 
manpower over many years to achieve accurate and reliable results. It 
will not be achieved by the development of a quick data mining 
approach because it depends on the quality of the measurement data and 
not the amount. 

Various literature [1–4] from different laboratories include degra-
dation rates for different PV module technologies using their individual 
analysis technique with either indoor or outdoor data. The compendium 
of photovoltaic degradation rates [4] includes degradation rates from 
different PV module technologies and climates collected from various 
international studies. For c-Si PV modules that are monitored periodi-
cally over multiple years in moderate climates since 2010, the median 
degradation rate is lower than 0.5%. The compendium also shows that 
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there are very few studies for HIT PV modules where the PV modules 
were monitored periodically since 2010. However, the median of the 
HIT degradation rates was shown to be around 1% for non-continuously 
monitored PV modules over all climates. 

The presented results were established by a detailed analysis of 
highly accurate indoor and outdoor measurements of crystalline silicon 

PV modules over 9 years [5,6]. All modules have been installed and 
monitored on a rooftop in Dietikon, Switzerland, since 2009 (Fig. 1a). 
Once a year, the modules were dismantled (Fig. 1b) and measured in-
door by the Swiss Mobile Flasher Bus (Fig. 1d) equipped with a 
high-quality industrial flasher. The two completely different measure-
ment setups and analysis methods are used to identify the degradation 
rates for multi c-Si and HIT modules under outdoor conditions. 
Furthermore, the unique outdoor measurement setup allows gaining 
information about the losses in the cabling by comparing the measure-
ments of the single and the string application. Finally, the presented 
fitting method of the outdoor data is also used to analyse the tempera-
ture coefficients of each analysed year. This is done for the single module 
as well as the string application and for the operating points at open 
circuit and MPP. 

2. Measurement setup and equipment 

The unique outdoor PV test power plant was designed in collabora-
tion between ZHAW and the electric utility EKZ and was installed at the 
technical headquarters of EKZ in Dietikon, Zurich in December 2009. 
The installation contains multi-crystalline silicon (multi c-Si, Sunways) 
and high efficiency mono-crystalline heterojunction silicon (HIT, 
Sanyo). Table 1 contains the detailed data of the two different PV 
module types and their string configurations, which are analysed in this 
work. 

The module mounting position and electrical wiring was not changed 
during the whole period of monitoring. Not one of these analysed multi 
c-Si and HIT modules had to be replaced, providing a very good base for 

List of abbreviations: 

c-Si Crystalline silicon 
DUT Device under test 
FF Fill factor 
HIT Heterojunction with intrinsic thin layer 
HJT Heterojunction technology 
MPP Maximum power point 
OC Open circuit 
PLR Performance loss rate 
POA Plane of array 
PR Performance ratio 
PR’STC Performance ratio corrected at TSTC 
PV Photovoltaic 
SC Short circuit 
SMFB Swiss mobile flasher bus 
STC Standard test condition 
TC Temperature coefficient  

Fig. 1. The outdoor PV test plant is equipped with 66 modules of different PV module technologies shown in the photo a). All modules were dismantled once a year 
as can be seen in the photo b) to be measured indoor with the SMFB in photo d) [7]. The PV test power plant is equipped with a weather station including pyr-
anometers and silicon reference cells shown in photo c). 
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analysing the degradation rates. 

2.1. Indoor monitoring (Swiss Mobile Flasher Bus) 

The Swiss Mobile Flasher Bus (SMFB) was developed in 2009 with 
the aim of bringing the PV test laboratory to the customer’s site by 
needing only a standard driver’s license. Therefore, a large Mercedes- 
Benz Sprinter Panel Van has been equipped with a commercial high- 
quality PASAN sun simulator 3c. The main characteristics are [7]:  

- 10 ms pulsed light source  
- Class AAA  
- Irradiated surface of 2 m × 2 m  
- 5.5 m light tunnel with 5 diaphragms for light trapping  
- 2 optical filters set for low light and spectral response measurements 

A platform can be pulled out of the backside of the SMFB, on which a 
scaffold can be mounted. This structure is covered with a black cloth 
used in photographic labs to build the dark 5.5 m light tunnel with 5 
diaphragms for light trapping. The device under test (DUT) is placed at 
the end of the tunnel and the xenon lamp, the capacitor bank, the 
electronic load and the control hardware are installed behind the 
driver’s cabin. Additionally, different optical filters can be moved in 
front of the light source to measure the low light performance and the 
spectral response respectively. The irradiance on the DUT can be 
adjusted by using 4 different optical filters (100 W/m2, 200 W/m2, 400 
W/m2 and 700 W/m2). For the spectral response measurement, optical 
bandpass filters (15 filters at 50 nm each) are used ranging from 400 nm 
to 1100 nm [8]. 

The maximum area of the DUT is 2 m by 2 m. The non-uniformity of 
the irradiance within this area is better than 1% (class A). This criterion 
together with the stability criteria of the irradiance during the pulse 
(<1%) and the quality criteria of the spectrum being also class A results 
in an overall class AAA measurement system [7]. 

The maximum pulse duration of the light source is 10 ms. During that 
time interval, the electronic load measures the I–V characteristic at a 
maximum sample rate of 4096 within an adjustable electrical range of 
300 V/30 A [7]. For PV modules with a high capacitance e.g. HIT PV 
modules, a longer light pulse duration would be needed. Therefore, a 
multi-flash mode is available, whereby the IV curve is split in parts and 
measured separately. The number of light pulses can be adjusted for 
each high capacitive PV module technology individually. 

A detailed uncertainty budget was estimated, resulting in an overall 
measurement uncertainty of 3.2% (k = 2) [8]. In 2011, an intercom-
parison was performed between the SMFB and the stationary EU JRC 
ESTI calibration lab resulting in a maximal difference of nominal power 
measurement of less than 0.5% for the same DUT (c-Si Module) [9]. Five 
years later, an additional round robin test confirmed that result and 
underlined the stability of the SMFB [10]. Fig. 1d shows the SMFB in 
operation. 

2.2. Outdoor monitoring of the PV test power plant 

The outdoor test field consists of a string and a single reference 
module for each technology. The reference modules are not connected to 
the string but mounted in between the string modules. The string is 
feeding the electricity into the grid via standard inverters available on 
the market. The voltage and current of the DC and AC side of the inverter 
is measured and logged. Simultaneously, the I–V curves of the single 
reference modules are measured by the electronic loads with four- 
terminal sensing. Between the I–V scans, the module is tracked at 
MPP. All these reference modules are equipped with one PT100 tem-
perature sensor that is attached on the PV module backside. Several 
metrological sensors are installed to measure the irradiances, ambient 
temperature, wind speed and direction. The setup includes six irradiance 
sensors – two for the global horizontal irradiance (pyranometer 
Kipp&Zonen CMP21 and non-filtered monocrystalline silicon ISE 
reference cell) and four for the plane of array (POA) irradiance (pyr-
anometer Kipp&Zonen CMP21, non-filtered and filtered mono-
crystalline silicon ISE reference cells). All these irradiance sensors were 
recalibrated once in 2015. The outdoor test field and the metrological 
equipment is shown in Fig. 1c. 

Each sensor is logged every 2 s and the mean minute value is stored 
in the database. Additionally, a second value per sensor is stored in the 
database that is synchronised with the start of the I–V curve measure-
ments carried out once per minute. The following Table 2 shows all 
parameters of the outdoor measurements system including intervals and 
uncertainties. 

A logfile is in place to track the occurring measurement or system 
errors, the software updates, the changes in the test setup, the irradiance 
sensor cleaning and the people that are visiting or working on the roof. 

Table 1 
Since 2009, different PV module technologies were monitored at the same time 
[5]. In this work, the focus lies on the multi c-Si and HIT module technology. The 
shown parameters represent datasheet values and string configurations.  

General information and string 
configuration 

Module parameter 

Manufacturer Sunways Sanyo Manufacturer Sunways Sanyo 

Model SM210UA65 HIP- 
215NKHE 

Nominal 
power PN 

[W] 

230 215 

Technology multi c-Si c-Si/a-Si 
HIT 

VMPP at STC 
[V] 

29.3 42.0 

Module 
efficiency 

13.8% 17.1% IMPP at STC 
[A] 

7.86 5.13 

Installation 
date 

Sep 2009 Sep 2009 VOC at STC 
[V] 

36.9 51.6 

Total # 
modules 

15 10 ISC at STC [A] 8.34 5.61 

Nominal 
power PN 

[W] 

3450 2150 TC PMPP 

[%/K] 
− 0.43 − 0.30 

Tilt angle [◦] 30◦ 30◦ TC VOC 

[%/K] 
− 0.36 − 0.25 

Mounting Fix Fix TC ISC [%/K] 0.06 0.03 
# serial 

modules 
15 10 Length [m] 1.68 1.58 

# parallel 
branches 

1 1 Width [m] 0.99 0.798 

VMPP at STC 
[V] 

439.5 420 Area [m2] 1.663 1.261 

IMPP at STC 
[A] 

7.86 5.13 # serial cells 60 72 

VOC at STC 
[V] 

553.5 516.0 Tilt angle [◦] 30 30 

ISC at STC [A] 8.34 5.61 Weight [kg] 24 15  

Table 2 
Measurement intervals and uncertainties of the indoor and outdoor setup. The 
uncertainties are relative to STC values except for the module temperature 
(70 ◦C).  

Measurement Interval Uncertainty (k =
2) 

minute mean 
value 

minute single 
value 

multi c- 
Si 

HIT 

Irradiance 
(pyranometer) 

X x 1.19% 

Module temperature x x 0.55% 
DC voltage (String) x x 0.14% 0.33% 
DC power (String) x x 0.19% 0.36% 
DC voltage (Module)  x 0.24% 0.20% 
DC power (Module)  x 1.24% 1.32% 
PRDC (String) x x 1.21% 1.24% 
PRDC (Module)  x 1.72% 1.78% 
Flasher measurement   3.20%  
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The records include when, by whom and why there was interference 
with the measuring system. As a result, each affected sensor is marked 
for the specified time interval within the analysis tool and excluded from 
the analysis. 

2.3. Framework conditions 

The outdoor monitoring started on 1st of March in 2010. In the first 
two years, a lot of knowledge about the operation of the monitoring 
system was gained and optimised, such as temperature sensor mounting, 
irradiance sensor cleaning, maintenance service of the automatic data 
acquisition system and analysis of the electrical data sets. This knowl-
edge is the key for analysing the degradation rates because the presented 
and applied methods are very sensitive to these types of measurement 
and the resulting annual degradations rates are usually lower than 1%. 
The experience led to a proper sensor mounting using heat-conducting 
paste and capton tape since September 2010. This type of mounting is 
renewed every year after the flasher session. Furthermore, the sporadic 
irradiance sensor cleaning was changed to monthly based cleaning since 
June 2012. The verification of the test setup including the influence of 
the sensor cleaning is shown in Fig. 2 as an example of the temperature 
coefficient (TC) analysis performed by a linear regression between PV 
module power and temperature measurements at a specific outdoor 
irradiance over one year. The plot shows a downward drift of the linear 
relationship between power and temperature at MPP. The reason for 
that is that the sensor cleaning was not frequent enough. For the plot b), 
the pyranometer was used for the data selection. This type of irradiance 
sensor shows a lower sensitivity to soiling because of its spherical dome. 
Since June 2012, the sensors have been cleaned on a monthly basis. 

3. Analysis methodology 

Three different analysis methodologies are applied to analyse the 
degradation rates. First, the degradation rates of the indoor STC power 
measurements are carried out. Then, the linear fitting of specifically 
selected outdoor data close to STC irradiance and the calculation of the 
annual PR over 10 years of outdoor operation enable the determination 
of two further degradation rates. 

The uncertainties related to the determined degradation rates will be 
given directly in the results section together with the value in the form x 
±σ (k = 1). The measurement uncertainties and uncertainties of the 
calculated performance ratios are given in Table 2. Finally, the un-
certainties of the annual STC powers determined by the linear regression 
are lower than 0.59% (single module) and 0.61% (string modules) for 

the multi c-Si PV modules and k = 1. The corresponding uncertainties of 
the HIT modules are lower than 0.71% (single module) and 1.06% 
(string module). 

3.1. Indoor methodology 

The PV modules from the reference PV power plant were dismantled 
for the indoor characterisation each year until 2017. After that, the 
procedures have been changed to a two-year interval. The measurement 
procedure took place in spring or summer. Before each measurement 
session, the modules were cleaned and stored in the same room where 
the measurement took place, so that the module temperatures were 
stabilised and close to the ambient room temperatures. The temperature 
was measured on the backside of each module by a PT100 sensor and the 
temperature correction to 25 ◦C STC condition was performed using the 
typical PV module manufacturer temperature coefficients. 

The duration to complete the indoor measurement procedures was 
between three to four days in each year. Therefore, the stability and 
reliability of the measurement system was verified by measuring a 
calibrated multi c-Si PV reference module (Sunways SM210 UA65) 
before each measurement session and after each measurement inter-
ruption. These measurements were also used to recalibrate the mea-
surement system. The calibration factor was within ±1.1% during all 
those measurement campaigns and showed no long-term trend. The 
reference module has been stored in dark over all the years since 
commissioning of the SMFB in 2009. 

There are two different I–V curve measurement modes used. The 
multi c-Si modules are measured directly (from ISC to VOC) within a 
single 10 ms light pulse by the SMFB (Fig. 1d). Conversely, the HIT 
modules need a longer light pulse due to the higher capacitive pn- 
junction. Therefore, the measurement of the I–V characteristic is split 
into 15 direct measurements with light pulse duration of 8 ms each. The 
250 and 600 data points are stored in a database together with the 
extracted parameters such as ISC, IMPP, VOC, VMPP, PMPP, FF, RS and RP. 

The degradation rate is calculated by the linear regression of all PMPP 
indoor measurements between 2011 and 2019. The first two years are 
disregarded to avoid the influence of initial degradation of c-Si PV 
modules on the long-term degradation rates. This is done for the single 
reference module and the average module power of the string. 

3.2. Outdoor methodology 

The analyses focus on STC power and voltage parameters for a single 
module and a string application on a yearly basis. The irradiance related 

Fig. 2. The two graphics include the PMPP measurements of the multi c-Si module at STC irradiance (1000 ± 10 W/m2) with respect to its temperature in 2011. The 
colouring indicates the day of the year starting at the 1st of January. The data selection for plot a) was done based on the non-filtered monocrystalline silicon ISE 
reference while in plot b) the pyranometer was used. 
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evaluations and the selection of the data in the first step are performed 
using the pyranometer data oriented in plane of array. Additionally, 
only the data were proceeded on which clear sky condition prevailed to 
reduce transient effects of the sensors and DUT. The clear sky detection 
is performed by the algorithm developed at the Sandia Labs, US [11]. 
This model uses five parameter differences between the modelled clear 
sky and the measured irradiance data. The whole irradiance dataset is 
divided into 10min intervals for which the clear sky model is compared 
to the measurement according to the five criteria in Table 3. The 
measured irradiance is classified as clear sky if all five criteria are ful-
filled. This classification is performed for each interval. 

The voltage, power and temperature measurements in 1-min in-
tervals are then selected according to these clear sky days in each year 
providing that the irradiance was within 1000 ± 10 W/m2. The linear 
correlation between the determining PV parameters and the module 
temperatures is used to extract the STC value by linear regression 
method as shown in Fig. 2b) for the MPP power or Fig. 9 for the MPP and 
open circuit voltage of both module technologies in 2012. The module 
temperatures are measured only at the backside of the single reference 
modules. Therefore, the assumption was made that the string modules 
have the same temperatures. This procedure is repeated for each year. 
Finally, the degradation rate is extracted in the same way as for the 
indoor analysis using the linear fit of all PMPP measurements between 
2011 and 2019. Again, this was done for the single reference module as 
well as for the string. 

The second method calculates the annual PR and the annual 
temperature-corrected performance ratio PR’STC at TSTC according to the 
standard IEC 61724–1 (2017). This is done for the single module and the 
string including all measurements and not only clear sky measurements 
as in the previous explained method. Every mentioned PR value is 
determined on the DC level and regarding STC power from the datasheet 
unless otherwise mentioned. This method is needed as an additional 
verification and it can be used to explain some differences between in-
door and outdoor analysis or single module and string analysis. 

The entire analysis is performed using the POA pyranometer mea-
surements because these sensors are less sensitive to soiling and they 
showed less long-term degradation than the crystalline reference cells, 
even though they were recalibrated 5 years after commissioning. As 
mentioned before, the pyranometer measurement are used to determine 
the clear sky condition and select the data (power, voltage and module 
temperature) for the irradiance condition 1000 ± 10 W/m2. A linear 
regression is performed between the selected power and module tem-
perature to determine the power at STC as seen in Fig. 2b. There is an 
angular and spectral mismatch between the DUT and the pyranometer. 
The evaluation of the angle of incidence for the described data selection 
for the year 2011 showed that the average angle of incidence was 
around 11◦. Thus, it can be assumed that angular mismatch is close to 1. 
The spectral mismatch is assumed to be small and constant during noon 
throughout the analysis. This yields to a small and constant error in the 
absolute value of the fitted annual STC that is consistent across all fitted 
STC values and should not affect the slope of the final regression for the 
determination of the degradation rate. Furthermore, Fig. 3b) illustrates 
the spectral mismatch at irradiance levels of around 800 W/m2. The 
analysis performed by a secondary class pyranometer leads to an 
intraday drift of the power or current vs. temperature behaviour that is 

caused by the spectral mismatch between the pyranometer technology 
and the c-Si module technology. The influence of the spectral mismatch 
can be reduced either by performing the analyses around 1000 W/m2 or 
by using a crystalline ISE reference cell as shown in Fig. 3a). For the sake 
of completeness, the voltage vs. temperature is not affected by this 
mismatch. 

4. Degradation results of multi c-Si and HIT modules 

The long-term degradation is calculated by a linear regression of 
PMPP values over the time in years gained from the indoor and outdoor 
methodology. The indoor measurement from 2009/10 and the outdoor 
measurement from 2010 are excluded to select between the initial PV 
module degradation and the long-term degradation processes. 

The manufacturers of the analysed PV module technologies guar-
antee an annual degradation of 0.8% (multi c-Si Sunways) and 1.0% 
(HIT Sanyo), respectively. Nowadays, the guaranteed annual degrada-
tion rates for the both PV module technologies are in the range of 0.5% 
[12,13]. 

4.1. Multi c-Si modules from sunways 

The analysis of the indoor measurements of the multi c-Si modules in 
Fig. 4 shows an annual degradation of 0.23% ± 0.12% for the single 
reference module and an average degradation of 0.29% ± 0.06% for the 
string. The outdoor methodology yields lower annual degradation rates 
of 0.19% ± 0.07% and 0.18% ± 0.06%, respectively. Ignoring the initial 
degradation and looking at the total degradation during 8 years of 
operation, the absolute degradation difference (average of reference and 
string modules) between the indoor and outdoor results is 0.6% and very 
small. This is very promising for the used methods which deals not with 
the absolute STC uncertainty but only the relative change of the nominal 
PV module power close to STC conditions. This determined degradation 
value is much smaller than the absolute measurement uncertainty of a 
single PV module STC measurement performed in todays most advanced 
certified photovoltaic reference laboratory. It must be considered that 
the PV modules were cleaned before the indoor measurements took 
place, which is a difference in the DUT setting of the comparison. 

The gained results are less than or equal to the median of the 
degradation rates for c-Si PV modules installed in the last decade ac-
cording to the study compendium of photovoltaic degradation rates. 

For c-Si PV modules that are monitored periodically over multiple 
years in moderate climates since 2010, the median degradation rate is 
around 0.3% [4]. 

4.2. HIT modules from sanyo 

The analysis of the indoor measurements of the HIT modules in Fig. 5 
shows similar results to the multi c-Si modules. The annual degradation 
is 0.29% ± 0.06% for the single reference module is close to the 0.26% 
± 0.05% representing the average value for the string. The outdoor 
analysis yields annual degradation rates that are twice as high (0.55% ±
0.08% for the single reference module and 0.50% ± 0.08% for the string 
modules). 

The further analysis based on the PR evaluation in Fig. 6 supports the 
achieved indoor results for the single (0.29% ± 0.07%) and the string 
modules (0.28% ± 0.08%). The most obvious explanation for these 
losses is an increased series resistance originating in the cabling system 
because it appears only at high irradiance in the STC fitting method. The 
two module types have different connectors (Tyco for Sunways and MC3 
for Sanyo modules). The comparison of the outdoor measurements be-
tween the multi c-Si modules and the HIT modules resulted in a 3.3 times 
higher voltage drop in the string cabling. The single module is measured 
by four-terminal sensing, but that is after the first connector. Therefore, 
the connection points are the most obvious source of the losses that are 
not eliminated by the measurement setup. 

Table 3 
Five criteria and their applied thresholds for the clear sky 
detection.  

Criteria Threshold values 

Mean value difference ±100 W/m2 

Max value difference ±100 W/m2 

Length difference − 5 < L < 10 
Variance of slope 0 < σ < 0.05 Hz 
Max deviation of slope ±12 W/m2  
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Fig. 3. The plots show the MPP power of the multi c-Si reference module with respect to its module temperature over the year 2014. These plots include only data 
where the irradiance measurements were between 790 W/m2 and 810 W/m2. The analysis in graphic a) is performed by using the non-filtered monocrystalline 
silicon ISE reference cell and whereas in the graphic b), the secondary class pyranometer was used. The colouring corresponds to the time of day at which the 
measurement was performed. 

Fig. 4. Measured PMPP relative to nominal power of the multi c-Si modules determined by the indoor and outdoor methodology and their corresponding degra-
dation rates. 

Fig. 5. Measured PMPP relative to nominal power of the HIT modules determined by the indoor and outdoor methodology and their corresponding degradation rates.  
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There are much less degradation rate studies available for HIT PV 
modules than for standard c-Si PV modules. The median of the HIT 
degradation rates was shown to be around 1% for non-continuously 
monitored PV modules over all climates. The analysed PV module 
manufactured by Sanyo showed a degradation rate that was smaller by a 
factor of 2 (outdoor) or 4 (indoor). This shows that the HIT technology 
does not necessarily have to have much worse ageing. It strongly de-
pends on the individual HIT production technologies and the quality of 
the PV module manufacturer. 

5. Performance ratio comparison between multi c-Si and HIT 
technology 

The analysed PR are based on the pyranometer measurements in 
POA and the initial STC powers of the DUT according to the manufac-
turer datasheet. In the first year of the comparison, both PV module 
technologies, c-Si and HIT, reveal the same value of PR close to 0.94 
(Fig. 7). In addition, the PR’STC is calculated according to the standard 
IEC 61724–1 (2017). At the start of the survey, the PR’STC of the c-Si PV 
module is about 2% higher than the corresponding value for HIT due to 
the higher performance at low irradiance conditions during the whole 
year. In other words, the benefit of the lower temperature coefficient of 
the HIT technology is eliminated by its worse low light behaviour. Over 
the eight years, the spread of about 4% between PR and PR’STC does not 
change for the c-Si technology. This is not the case for HIT. In this special 

case and after 8 years, the performance losses of the HIT modules due to 
degradation are in the same range as the losses due to the module 
temperature. 

As expected, the PR of the string is lower than the PR of the single 
module for both technologies (Fig. 8). However, the lower string per-
formance of the multi c-Si modules is driven by the IMPP mismatch and 
lower string performance of the HIT modules is driven by the increased 
series resistance and therefore by the lower UMPP. 

6. Analysis of temperature coefficient of VOC, VMPP and PMPP 

The temperature coefficient of the voltage and power are stable over 
the 10 years of outdoor operation as expected. Fig. 9 contains the linear 
regression of VOC and VMPP for 2012. The difference of the temperature 
coefficient at MPP and open circuit could be quantified and, therefore, a 
linear relationship of the ratio VMPP to VOC is calculated resulting in 
value of 0.79 (multi c-Si) and 0.82 (HIT) at STC. The corresponding 
uncertainties are 0.10% and 0.07% at k = 1. These ratios have a tem-
perature coefficient of − 0.129%/K for the multi c-Si modules and 
− 0.063%/K for the HIT modules as illustrated in Fig. 10. Table 4 com-
pares all measured temperature coefficients by this survey with the 
temperature coefficient from the manufacturer datasheet. The absolute 
uncertainties of the temperature coefficient are lower than 0.003%/K (k 
= 1). 

Fig. 6. The resulting degradations within the measured PR of the HIT modules confirm the indoor measurement results.  

Fig. 7. The PR and PR’STC are calculated for the multi c-Si and HIT single reference modules.  
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7. Conclusion 

The annual degradation rates given by the manufacturer are lower 
than 1.0%. This value is smaller than the uncertainty with which the 
international test laboratories were able to determine the nominal 
output then as now. The used method in this work compares identical, 
unused indoor modules with outdoor modules. In this case, the absolute 
measurement uncertainty is of less importance than, e.g., when 
comparing energy ratings where the average expanded uncertainty in 
measurement of PMPP under STC is typically 1.88% [14]. 

The annual indoor long-term degradation rates of the multi c-Si 
module results are 0.23% ± 0.12% for the single reference module and 
0.29% ± 0.06% in average for the string during the survey over nearly 
the first decade. The annual degradation rates determined from the 
outdoor measurement are lower, with 0.19% ± 0.07% for the reference 
module and 0.18% ± 0.06% for the string. This results in a difference of 
only about 0.6% between both methods over the 8 years, which were 

included for the determination of the long-term degradation rates. 
The analysis of the indoor measurements of the HIT modules shows 

similar results as the multi c-Si modules. The annual degradation is 
0.29% ± 0.06% for the single reference module and 0.26% ± 0.05% on 
average for the string. The outdoor analysis yields annual degradation 
rates that are twice as high, with 0.55% ± 0.08% and 0.50% ± 0.08%, 
respectively. The further analysis based on the PR evaluation supports 
the achieved indoor results for the single and the string modules. The 
most obvious explanation for these losses is an increased series resis-
tance originating in the cabling system because it appears only at high 
irradiance in the STC fitting method. The two PV module types have 
different connectors (Tyco for Sunways and MC3 for Sanyo modules). 
The comparison of the outdoor measurements between the multi c-Si 
modules and the HIT modules resulted in a 3.3 times higher voltage drop 
in the string cabling. However, the single module is measured by four- 
terminal sensing, but that is after the first connector and therefore the 
connection points are the most obvious source of the losses. 

Fig. 8. The PR and PR’STC are calculated for the multi c-Si and HIT string modules.  

Fig. 9. Linear regression of VOC and VMPP measurements at an irradiance interval of 1000 ± 10 W/m2 with respect to the module temperature measurements of both 
module technologies in 2012. 
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The comparison of the PR with PR’STC for both technologies showed 
that the benefit of the lower temperature coefficient of the HIT tech-
nology is eliminated by its worse low light behaviour. In this special case 
and after 10 years, the performance losses of the HIT modules due to 
degradation are in the same range as the losses due to the module 
temperature. 

The temperature coefficient of the voltage and power are stable over 
the 10 years of outdoor operation as expected. The difference of the 
temperature coefficient at MPP and open circuit could be quantified and, 
therefore, a linear relationship of the ratio VMPP to VOC is calculated 
resulting in 0.82 (multi c-Si) and 0.79 (HIT) at STC. These ratios have a 
temperature coefficient of − 0.065%/K for the multi c-Si modules and 
− 0.128%/K for the HIT modules. These results could help improving the 
MPP tracking algorithms because of the relationship between VMPP, VOC 
and module temperature. Further analyses are required regarding other 
irradiance and shading conditions. 
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