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Abstract: This paper presents the results of the analyses of operational performance of small-sized
residential PV systems, connected to the grid, in The Netherlands and some other European countries
over three consecutive years. Web scraping techniques were employed to collect detailed yield
data at high time resolution (5–15 min) from a large number (31,844) of systems with 741 MWp
of total capacity, delivering data continuously for at least one year. Annual system yield data was
compared from small and medium-sized installations. Cartography and spatial analysis techniques
in a geographic information system (GIS) were used to visualize yield and performance ratio, which
greatly facilitates the assessment of performance for geographically scattered systems. Variations
in yield and performance ratios over the years were observed with higher values in 2015 due to
higher irradiation values. The potential of specific yield and performance maps lies in the updating
of monitoring databases, quality control of data, and availability of irradiation data. The automatic
generation of performance maps could be a trend in future mapping.
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1. Introduction

Recent years have seen a constant growth in solar photovoltaic technology (PV). Several countries
have utilized this potential to create a competitive market in view of a green energy future, which led
to an increase in small and medium-sized residential solar PV installations [1,2]. These small-sized
installations (with capacities less than 10 kWp) are scattered and operate under diverse conditions
without adequate monitoring equipment. Studies show that most of these systems perform adequately,
but due to a lack of systematic data collection, performance validation was mainly focused on specific
geographic areas with a limited amount of systems [3,4].

A “Photovoltaic Geographical Information System” (PVGIS) system was designed to provide
performance assessments to an accuracy that is suitable for small installations and for estimating
the potential solar energy over large regions at any location in Europe [5]. Although this large-scale
GIS (Geographic Information System) database of solar radiation and ambient temperature has been
created to estimate energy output from crystalline silicon PV systems and solar water heating systems,
it does not provide continuous monitoring or performance evaluation for small-sized, grid-connected
PV systems.

Currently available monitoring technology in the market is capable of providing owners with
sophisticated web tools to monitor their production and system performance at any point during the
day, besides measuring energy production. With the advent of such hardware and smart-metering
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technology, high-resolution monitoring data is publicly available, which is uploaded daily on web
platforms, however, in some cases only owners can view this data.

With the huge amount of data that is available due to the monitoring equipment, abnormalities
can be compared with additional data (remote sensing imagery) for identification of reasons for
underperformance or fault detections [6]. Monitoring small grid-connected PV systems to minimize
financial losses has also been explored [7] along with the need for long-term monitoring for reliability
and increased PV performance [4]. In [1,8], the authors show the importance of using a graphical
supported analysis of monitoring and operation of PV installations for fault detections. In our
earlier work [9,10], we show how technical aspects and geographical location of PV systems affect
PV performance. In this paper, geographic information systems (GIS) are employed to analyze,
visualize, and map PV monitoring data from five countries, namely, The Netherlands, France,
Germany, Belgium, and Italy. We also present and discuss methods for visualization and detection
of underperforming or overperforming systems for further analysis, performance ratio analysis of
systems, and spatio-temporal mapping of performance differences.

2. Method

Data used for the analyses was collected using online services provided by Solar Log [11] and
SMA [12], which also ensured data legitimacy. Solar Log has users over a hundred countries and is
one of the major key players in monitoring applications, though it has lost a lot of its clients after 2015.
SMA is one of the specialists in photovoltaic inverter system technology. The code used in this research
was developed to extract online data and was designed using Python programming [13]. The objective
of the web scraping code was to mimic human navigation through web pages of SMA and Solar Log,
and to locate and save information that was available to the user [9]. This means that the monitoring
information pages of different PV systems was retrieved and saved accordingly. This information was
later organized into datasheets. In this way, high temporal resolution yield data (5 min) and other
system metadata like orientation, tilt, type of module, etc. were obtained. Recently, privacy constraints
have been put on the data, and these data are not available publicly anymore. In total, data from about
31,844 systems were collected for the years 2012–2016 from 5 different countries in Europe, namely,
The Netherlands, France, Germany, Belgium, and Italy.

In order to calculate the performance ratio (PR) of all the systems, system yield and reference yield
are required. System yield is obtained from the data collected by web scraping and reference yield is
calculated using the Olmo model [14]. This model requires irradiation data [15]. Hourly global horizontal
irradiation data obtained from the 31 ground-based stations of the Royal Netherlands Meteorological
Institute (KNMI) were used to compute the reference yield for The Netherlands. These stations cover
the entire country. For each installation in the database, irradiation data was collected by linking it to
the closest ground station, in order to minimize the uncertainties in the irradiation data. Note that no
system was further away than ~30 km from the nearest KNMI station. The tilt and orientation for every
system has also been obtained from web-scraped data of PV systems. The Olmo model was then used
to calculate the total irradiation in the plane of array on an hourly basis. This study does not take into
account effects such as shading as the aim of the paper is to visualize performance rather than detect
reasons behind over- or underperformance [16]. The PR was calculated using Equation (1), where Yf is the
final system yield and Yr is the reference yield [15]. Since high-resolution, up-to-date annual irradiation
data was not available for the rest of the countries, PR was calculated only for The Netherlands.

PR =
Yf

Yr
(1)

Geographic Information System (GIS) is a “powerful set of tools for collecting, storing, retrieving
at will, transforming, and displaying spatial data from the real world” [17]. Based on the principles of
geography, cartography, etc., GIS is used for integration of different data types. It is a very powerful
tool when it comes to analyses of spatial information, layering or organizing layers of information into
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visualizations using maps and 3D scenes [18]. There are several GIS software packages available in
the market today, but ArcGIS [19] is a leading licensed tool for performing powerful geo-analyses,
which will be used in this paper as an example tool.

Visualizations of the performance ratio, the locations of the installations, and yield and
performance maps were created using the ArcGIS platform. An inverse distance weighted (IDW)
interpolation technique was used to create the performance ratio maps and specific yield maps for
different years of data collection. Although data from around 31,800 systems was available (2012–2016),
only those systems that recorded data continuously for three consecutive years (between 2014 and
2016) were used to compare the differences in yield generation. This provides an understanding of
how system performance varies spatially (over geographic areas) and helps in identifying outliers in
the data. In addition to being able to visualize the results, looking into the diffusion of distributed
systems within a country or area allows for the computation of geo-statistics pertaining to the region
which are useful for policy implementation.

3. Results and Discussion

From 2011 to 2016, data from more than 31,800 systems was collected and analyzed. However,
only 7894 of them were consistently delivering valid data for more than 350 days per year for at
least three consecutive years (2014–2016). The total capacity of these systems was about 102 MWp
with 56% of them having a lower capacity than 10 kWp and only 1.1% being larger than 50 kWp
(see Figure 1). The mean value was 12 kWp. The spatial distribution of all the installations with system
size information is illustrated in Figure 2. The variation in average size and composition of the systems
in each country is a direct reflection of the country’s policies on PV subsidy schemes.
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A high concentration of small-scale domestic installations is observed in Germany, Belgium, and 
the Netherlands with 64% of the systems in Germany. The Netherlands and Belgium have most of 
the systems’ total capacity under 5 kWp. While in Germany only 7.2% of the installations fall in this 
category, 45% of the PV of the systems installed are still below 10 kWp. Though the monitoring 
procedure might have started at a later time, most of the systems from the sample were installed 
between 2008 and 2014. 

Figure 2 shows the location of each PV system, categorized by system capacity. Data collected 
from the monitoring systems and organized in a database was imported into GIS to create this map. 
Clearly, large numbers of systems are concentrated in Germany, Belgium, and the Netherlands. Some 
of the systems had faulty location information and hence were not included in the map. Most of the 
systems are also concentrated in the North where irradiation is lower, rather than in the South where 
there is higher irradiation. 

Figure 1. System size distribution of systems with capacity of less than 100 kWp for five countries.
The red line illustrates the mean value of 12 kWp.

A high concentration of small-scale domestic installations is observed in Germany, Belgium,
and The Netherlands with 64% of the systems in Germany. The Netherlands and Belgium have most
of the systems’ total capacity under 5 kWp. While in Germany only 7.2% of the installations fall in
this category, 45% of the PV of the systems installed are still below 10 kWp. Though the monitoring
procedure might have started at a later time, most of the systems from the sample were installed
between 2008 and 2014.

Figure 2 shows the location of each PV system, categorized by system capacity. Data collected from
the monitoring systems and organized in a database was imported into GIS to create this map. Clearly,
large numbers of systems are concentrated in Germany, Belgium, and The Netherlands. Some of the
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systems had faulty location information and hence were not included in the map. Most of the systems
are also concentrated in the North where irradiation is lower, rather than in the South where there is
higher irradiation.Energies 2018, 11, x FOR PEER REVIEW  4 of 10 
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Figure 2. Spatial distribution of the data sample for The Netherlands, Belgium, France, Germany,
and Italy.

3.1. Yield Analysis and Performance Ratio

The available data was found to be varying through different time periods as new installations
were added every year. Also, not all the systems recorded data for all the years. Therefore, only those
systems that had been consistently delivering data for the three consecutive years (2014–2016) have
been considered for analysis. Furthermore, since the interest is in monitoring small-scale installations,
annual yield analysis of systems below 20 kWp for the years 2014–2016 has been conducted for
The Netherlands, France, Germany, Belgium, and Italy. These countries were found to have the highest
amount of data records from the data collection.

The mean value and the standard deviation of the performance of systems of each sample is
shown in Figure 3: here we show the annual specific yield, i.e., generated amount of energy divided
by system capacity (kWh/kWp). These are known to be affected by a number of environmental
and operational factors [20]. Moreover, a wider spread of yearly yield values can be expected from
countries covering larger areas as a result of the variation of irradiation levels at different latitudes.
The distribution of annual system yield for The Netherlands, Belgium, Germany, and Italy is shown in
Figure 4. France has only 95 installations between 2014 and 2016 out of which 76 systems are below
20 kWp capacity, while Germany has nearly 3900 systems, and Belgium 1700. Therefore, France has
higher mean yields and only four outliers due to sample size. Between 2014 and 2016, the annual yield
increased in 2015. However, the decrease or increase in yields falls within standard deviations, but at
the same time relates directly to the decrease or increase in solar irradiation on a country level.

Performance ratio (PR) analysis was conducted for The Netherlands which revealed a mean PR
value of 79% for the year 2016 and 80% for 2014 and 2015. The PR values were calculated with an
average daily PR value over a year. These values are close to the results of an earlier study performed
in Germany [21]. The sample size for this estimation was about 600 installations. The number of PV
installations in The Netherlands significantly increased from 2009, but their performance dropped
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in 2016 in comparison to 2014 (Figure 5). Systems installed in 2013 performed well in 2014 and 2015,
while in 2016, a lot of outliers were observed. In some cases, the large variation in PR values could also
be due to technical errors in data collection.Energies 2018, 11, x FOR PEER REVIEW  5 of 10 
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Figure 5. Distribution of performance ratio of The Netherlands between 2014 and 2016 for systems that
have been installed from 2009 to 2013.

3.2. Geographical Variation of Specific Yield

Point data (vector information) collected from the web monitoring services has been converted to
images (raster information) by using interpolation techniques. Interpolated data is visualized using
color scales stretched using specific bins of annual yield values. From these images/maps, outliers
can be quickly discerned to locate PV systems with minimum or maximum yields, thus providing
a starting point for further analyses into the reason behind the system’s under- or overperformance.
The maps can be compared to the country irradiance maps to check for irradiation trends in the
particular year, as yield values are related to irradiation values. This provides a quick approximation
of the variation of performance over the country.

Figure 6 shows an interpolated map of annual yield of The Netherlands and Italy for three years
with dots representing the location of the systems. Inverse Distance Weighted (IDW) interpolation
technique was used to generate the maps. Higher yield values have warmer and darker shades (reds)
and lower yield values have a blue shade. A variation in yield values is observed within the countries,
while it should be noted that these variations can further be optimized using different color scales and
data stretching methods. A few examples of this are shown below.

Although variations over the years are not very prominent because of the type of stretch used for
data visualization and the data sample (system size up to 20 kWp), it could still be distinguished that
2015 has higher annual yields. A min–max stretch was used to visualize data with the same scale of
minimum and maximum values for the three years to maintain consistency.

When using a different data stretching method (see, for example, Figure 7a), extreme deviations in
data (bright spots) can be identified around systems with extreme yield values. These extreme values
carry a higher weight factor during interpolation causing the spot or bleeding effect. As mentioned
earlier, these spots can be separated out as outliers or as inadequately performing systems. Moreover,
if high resolution irradiation data is available, the database of collected information could be explored
by irradiation zones in addition to spatial diffusion or technical criteria.

An example of different stretching techniques is shown in Figure 7, in which two types of data
stretching were used over a color scale. In Figure 7a, a percentage clip method was used, where the values
displayed are cut-off percentages of highest and lowest values, while Figure 7b displays values between
the actual or set minimum and maximum. A smoothing effect can also be seen in Figure 7b, while it is
easier to pick out underperforming or overperforming systems to analyze them further from Figure 7a.
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Another example of the power of GIS in visualization is shown in Figure 8, where the mean
specific yield for Germany using different thresholds of system sizes is presented. The variation in
specific yield of systems up to 20 kWp is much smoother compared to when only systems up to 10 kWp
are considered. For example, the systems in the highlighted area (red box in both images) shows
underproduction when compared with larger systems (<20 kWp) while, on comparison with smaller
systems (<10 kWp), they seem to be performing adequately. Also, it can be seen that a few systems
seem to be less efficient in both categories, which means they could actually suffer from a malfunction.
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3.3. Mapping Performance Differences

Differences in specific yield for three years for The Netherlands are shown in Figure 9. This has
been calculated based on the yield maps generated by interpolation. Areas in red show decrease in
yield, while areas in green show increase in yield for different years. Yellow regions are regions of no
change. The limits for no change were set at −20 to +20 kWh/kWp (~2% of annual specific yield) and
anything higher or lower than these values was recorded as increase or decrease in yields. Increase in
yields were observed for most of the regions from 2014 to 2015, while from 2015 to 2016, the yields were
either constant or decreased. When looking at differences from 2014 to 2016 compared to 2014–2015,
lower yield values were observed in the south of The Netherlands. In general, these differences can also
be visualized with scatter plots. The advantage of using mapping techniques to visualize difference
data lies not only in knowing how large the change is, but also in being able to see where the change
is taking place. Maps of yield differences should be used in conjunction with maps of irradiation
differences to explain the yield differences, or one can map the performance ratio differences.
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4. Conclusions

In this study, GIS has proven to be an excellent tool for visualization of yields and performance of
scattered, small-sized, residential PV systems over wide-spread areas. We were able to successfully
demonstrate this for The Netherlands and a few other countries like Italy, Germany, and Belgium.
Additionally, geo-processing tools (hot-spot analyses, network analyses) could provide useful
information to individuals or policy-makers to make informed decisions. This could be done if
information (system metadata) pertaining to all the installed PV systems is available.

This paper further provides an update on performance of residential PV systems scattered in
a few European countries. It was found that the year 2015 showed a higher specific yield in kWh/kWp
compared to the years 2014–2016. Performance ratio for The Netherlands did not change with respect
to earlier years, although there is an increase in extreme values with the increase in number of
installations. Access to high-resolution irradiation data for all the countries is necessary to analyze
temporal variations in performance ratios of PV systems. Recent reports suggest an increase in
performance ratio values [21–23], however, long-term changes over expected lifetime of the systems
should be analyzed to show if performance ratio values still are increasing.

Building up and expanding the present PV performance databases to other countries will provide
up-to-date performance maps of more countries. In addition, irradiation maps can be combined with
yield maps in order to construct maps of performance to understand the relationship between climatic
zones across the world and performance of PV systems.
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