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a b s t r a c t

This paper describes the core model that lies behind an online modeling environment for photovoltaic
(PV) energy generation in the Netherlands, called the Dutch PV Portal 2.0 (PVP 2.0). PVP 2.0 realizes three
functionalities: (i) a real-time system efficiency breakdown figure, (ii) an estimate of national solar
electricity production, and (iii) an economic analysis for small-scale to large scale PV systems. The unique
and novel aspects of this website are the dynamically updated climate database, the rainfall-dependent
soiling loss calculation, and the orientation-dependent inverter sizing factor. This paper also justifies the
PVP 2.0 capabilities in large scale studies. First, the PVP 2.0 modeling approach was validated by yield
comparison with 26 real PV systems distributed over the Netherlands. The validation resulted in �11%
toþ5.5% deviation frommeasured data. Then, a back-end sensitivity study found that a rain-free summer
in the Netherlands results in an AC energy loss of 3.4% in that period, while a change in wind speed or
ambient temperature could lead to losses around 2e4.5 GWh/year (0.58%e1.16%) on province scale. The
core of the approach presented in this paper can be used to develop similar websites for other countries
of interest with adapted add-ons depending on the target climate condition. Such study tools could
eventually provide more quantitative insights about the impact of climate change (by applying probable
scenarios) on the renewable energy production of the World.

© 2019 Published by Elsevier Ltd.
1. Introduction

In the past decade, the global installed capacity of PV systems
has grown exponentially, reaching 0.5 TWp in 2018 [1]. With the
rising importance of PV, publicly accessible and reliable informa-
tion is necessary for contributing to public understanding and
support of this energy alternative. A major pathway through which
this knowledge transfer can be enabled is the internet. Numerous
solar electricity websites have been developed that aim to educate
visitors on PV. Some websites focus on interactive elements that
allow users to design a PV system and calculate its expected energy
production. Notable examples are PV Education [2], the PV Per-
formance Modeling Collaborative of Sandia National Laboratories
[3], Sunny Design [4], and PVGIS [5]. Next to these websites which
have an international scope, there are also more location-specific
websites focusing on photovoltaic potential within a certain
country. Notable examples are ZonAtlas (the Netherlands) [6],
Google’s Project Sunroof (the U.S.A.) [7], and the Slovenian PV
Portal (Slovenia) [8].

A useful role can be played by universities and research in-
stitutes that actively develop new knowledge of PV. Information
communicated by these institutes is scientifically accurate and in-
corporates innovative elements or new developments in the field of
PV. At the Photovoltaic Materials and Devices (PVMD) research
group of Delft University of Technology, a solar electricity website
titled the Dutch PV Portal was launched in 2014 (as communicated
in Ref. [9]). A unique feature of this website is that it uses real-time
meteorological data measured at Dutch weather stations to calcu-
late the real-time performance of designed PV systems. Although
the Dutch PV Portal is not a commercial product, such as PVsyst
[10], Meteonorm [11], Sungevity [12], or Solar Monkey [13], it does
apply complex, up-to-date and accurate physical models for PV
energy calculation while also providing information on photovol-
taics for laymen for the geographic region of the Netherlands. In
March 2018, a second version of the Dutch PV Portal (PVP 2.0), was
launched. The PVP 2.0 was created by developing five main
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Table 1
Parameters stored in the PVP 2.0 meteorological database.

Meteorological parameters Source

Global horizontal irradiance
(GHI) [W/m2]

KNMI weather station

Ground temperature [�C] KNMI weather station
Ambient temperature [�C] KNMI weather station
Cloud cover [okta] KNMI weather station
Wind speed [m/s] KNMI weather station
Pressure [Pa] KNMI weather station
Rainfall [mm/hr] KNMI weather station
Diffuse horizontal irradiance

(DHI) [W/m2]
Calculated via Reindl model [14]

Direct horizontal irradiance
(DirHI) [W/m2]

Calculated via Reindl model [14]

Sun azimuth [�] Calculated via equations described in Ref. [15]
Sun altitude [�] Calculated via equations described in Ref. [15]
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elements (Fig. 1).
This paper reports on the methodology through which each of

the elements was developed in a general manner, to allow the
method to be adapted to other countries besides the Netherlands.
The paper also highlights several unique features of the PVP 2.0
compared to other solar electricity modeling environments. The
ultimate aim is to establish a tool that, besides the conventional
features of PV prediction websites, can also perform sensitivity
analysis to evaluate the effect of probable climate change scenarios
on solar energy production. The rest of the paper is organized as
follows. First, the creation of the meteorological database is
described, followed by an explanation of the components of the PV
system performance model and the way the meteorological data
are used in the model. Then, three sections are dedicated to the
description of the efficiency breakdown, the national solar elec-
tricity production, and the economic analysis elements of the
website. Finally, the last section describes a yield comparison and
sensitivity study as a first validation of the PVP 2.0 performance
model. The last section highlights conclusions and remarks.

2. Meteorological database

2.1. Database description

Determining the performance of a PV system at a given moment
in time requires answers to two questions: (1) what are the
meteorological conditions at the PV system at that moment and (2)
how will the PV system perform under these meteorological con-
ditions? The creation of a meteorological database is, therefore, an
essential element for a PV system modeling environment.

The PVP 2.0 uses two types of meteorological datasets: an
annual dataset with an hourly time resolution, and a daily (real-
time) dataset with a 10-min time resolution. The annual dataset is
used to calculate the annual PV system performance, whereas the
real-time dataset is used to calculate the daily and real-time system
performances. Both datasets store the same 11 meteorological
variables as shown in Table 1, of which 7 are measured by the Dutch
meteorological institute (Koninklijk Nederlands Meteorologisch
Instituut (KNMI)).

In Table 1, DirHI is the projection of the direct normal irradiance
(DNI) on the horizontal plane. The parameters in Table 1 can be
separated into two groups. Global, diffuse, and direct horizontal
irradiance are used in conjunctionwith Sun azimuth and altitude to
calculate the initial plane-of-array irradiance (GPoA) falling on a PV
module. The other six parameters are used (together with the GPoA)
to calculate the deviation of the real module efficiency from the
efficiency at standard test conditions (STC). This aspect will be
elaborated in Section 3.
Fig. 1. Main elements of the PVP 2.0. The arrows denote the flow of information be-
tween elements.
2.2. Database structure

The measurement parameters are collected from 46 weather
stations of the KNMI. Real-time data are retrieved every 10min
from the KNMI server. The annual datasets were constructed
through publicly available historic measurements of the KNMI.

Commonly, a typical meteorological year (TMY) is used for
calculating PV system performance, which selects the weather data
of a specific year that has the lowest standard deviation from the
long-term (10e15 years of the weather at a certain location) [16].
All major meteorological sources for PV system modeling provide
either a TMYor the opportunity to select theweather of one specific
year, as listed in an overview by Ref. [17]. In the PVP 2.0, a different
and novel type of annual dataset was constructed for PV system
performance modeling: a climate dataset. Instead of using weather
data of one year, a long-term moving average for every hour
timeslot is calculated using the data of every timeslot measurement
since 1991. An annual dataset consisting of these 8784 (24� 366)
hourly timeslot averages is equivalent to a dataset representing the
climate (i.e. the 27-year weather average) for that location [18].

The reason a climate average dataset is used is primarily to be
able to incorporate the real-time weather measurements in long-
term storage in the climate dataset. This is done by creating a
weighted average of real-time measurement and the long-term
climate average of the corresponding hourly timeslot. Conse-
quently, the annual dataset becomes dynamic automatically, being
updated every hour with new measurements. This is a dataset
feature which is not present in other modeling environments. A
major advantage of this approach is that the value of every mete-
orological parameter at every timeslot represents the most com-
mon weather condition for that timeslot over the past 27 years. An
additional advantage is that the storage of a single climate year
significantly lowers the required database storage capacity
compared to a database with 27 consecutive years of weather
measurements. A disadvantage of the approach is that the climate
dataset has a lower hour-to-hour parameter variability than that of
a TMY. This is due to the smoothing effect of the inter-annual
averaging. Fig. 2 shows the connection between the real-time and
annual datasets.

Website users are able to select any location in the Netherlands
with an interactive map. Through the nearest neighbor selection,
the weather station closest to the user location is chosen. At most,
any location in the Netherlands is 35 km away from any of the 46
stations. According to Ref. [19], weather data can reasonably be
used within a radius of 50 km around a weather station. When
developing a PV portal for countries with a higher distance be-
tween weather stations or with a terrain that varies significantly in



Fig. 2. Overview of the real-time (weather) and historical (climate) database setup, as
well as the interconnection between the two databases. The blue color coding in-
dicates the involvement of weather data and the green color coding indicates climate
data.

1 LiDAR stands for Light Detection And Ranging, a method to measure surface
morphology with laser beams.
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altitude, interpolation methods such as inverse distance weighting
(IDW) or kriging can be applied to derive the weather conditions at
an arbitrary location from measurements of multiple surrounding
weather stations [20].

The real-time and annual datasets of all 46 weather stations are
publicly accessible for download and can be used in personal
modeling efforts of the PVP 2.0 website visitors.

The data stored in the PVP 2.0 is used to calculate the perfor-
mance of PV systems according to themodel explained in Section 3.
In order to construct a similar meteorological database for another
country, it is important that the country has a network of reliable
weather stations and that the meteorological institute is able and
willing to share the real-time and historical data. Satellite weather
measurements may be an alternative data source for constructing
the datasets.

3. Performance model

3.1. Model components

On the PVP 2.0 website, an option exists for users to design their
own PV system by defining characteristics such as installation
location, PV array tilt and azimuth, and module technology. The
meteorological data and specific characteristics of PV systems,
together with scientific insights on how they influence the per-
formance of PV modules and balance of system (BoS) components,
are used to calculate the power output of the PV system at every
timeslot. The exact power output (PPV) is achieved through two
main steps: calculation of the incident plane-of-array irradiance
(GPoA, in W/m2) and calculation of the PV system efficiency (hPV).
PPV is then calculated as:

PPV ¼GPoA,hPV,APV ; (1)

where APV is the cumulative module surface area (m2). The PVP 2.0
model distinguishes between two types of PV systems in the
calculation of GPoA and hPV: (1) free-standing (field) PV systems and
(2) building-added (rooftop) PV systems (BAPV). For field PV sys-
tems, the option exists to select a Dutch province and to specify
which percentage of the province should be covered with PV
panels, in order to show the potential energy generation that could
be achieved in that province. Datasets of the calculation results can
be downloaded from the website by users for further data analysis.
The implementation of East-West, as well as bi-facial design con-
figurations, are planned in a future release of the website.

3.2. Plane-of-array irradiance

GPoA is the intensity of sunlight received on the geometrical
plane inwhich the PVmodules are oriented, defined by the module
tilt and azimuth. The irradiation impinging on PVmodule (obtained
using meteorological data), before reaching PV cells, will face los-
ses. In the PVP 2.0 model, GPoA is calculated as:

GPoA ¼GPoA�incident,hshading,hsoiling,hreflectance; (2)

where GPoA-incident is the incident irradiance excluding light capture
losses, and hshading, hsoiling, and hreflectance are the efficiencies that
incorporate the various light capture losses before the photons
enter the solar panel. GPoA-incident is the sum of the beam (direct),
diffuse and albedo components of sunlight:

GPoA�incident ¼Gbeam þ GPoA�diffuse þ Galbedo (3)

GPoA-incident is calculated using the tilted surface model of Reindl
et al. [21]. This model uses the data on GHI, module orientation, and
Sun position to calculate each component. A surface albedo value of
0.15 was hardcoded for urban (rooftop) environments and a value
of 0.24 for non-urban (field) environments [22]. Once GPoA-incident is
calculated, it is then de-rated with a chain of efficiencies repre-
senting light capture losses.
3.2.1. Shading
Shading is the blocking of sunlight by a surrounding object that

would otherwise fall unhindered on the PV module [23]. For a
realistic estimate of the amount of shading occurring in each
timeslot, sophisticated simulations use a map of the horizon sur-
rounding the PV module together with information on the Sun
position. This horizon can either be constructed by using a 360� on-
site photograph or by using detailed height profile data for the
location (e.g. LiDAR data1). For the PVP 2.0, both options were not
available. The first option requires an on-site visit of the installation
location, and the second requires intensive computation, both of
which are not feasible for a rapid online performance calculation
for any location in the Netherlands.

As an alternative approach, a dataset of 5398 PV systems was
used, provided by the company Solar Monkey [13]. This dataset
contained an estimate of the annual shading loss for rooftop PV
systems using LiDAR data. Therefore, the detailed height profile
approach is indirectly used in the PVP 2.0. The average annual
shading loss of the systems in the dataset is 6.88%. For rooftop PV
systems, this translates to a hshading of 93.12%. In the PVP 2.0, no
shading loss is considered for free-standing field PV systems as they
are assumed to be horizon-free.

In other countries, shading losses for rooftop systemsmay differ
from the losses in the Netherlands. If a dataset like the one of Solar
Monkey is available for a country, a shading loss value for that
country can be established in the same manner. In the absence of
such a dataset, the shading loss of 6.88% used in the PVP 2.0 could
be used as an approximation.

The PVP 2.0 shading approach is a simplified solution for mul-
tiple reasons. Firstly, it assumes the same loss for any rooftop sys-
tem regardless of the actual surroundings. Secondly, the same
shading loss is applied to every timeslot, although in reality shading
loss will depend on the Sun position relative to the surrounding
objects. An interactive method for configuring shading losses will
be implemented in a future release of the website to override the
default value of hshading.

For field PV systems, it is necessary to mention how the Ground
Cover Ratio (GCR, the percentage of total field surface area effec-
tively covered by solar panels) is calculated, as this relates to the
amount of inter-row shading that is experienced by the field PV
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system. The distance between panel rows is set such that no inter-
row shading occurs between 10 a.m. and 3 p.m. on 21 December
(the shortest day of the year in the Northern Hemisphere) [15].
Consequently, it is assumed that the effect of inter-row shading in
field systems on annual energy production is negligible. Optimally
oriented PV systems (South-facing, 37� tilt) have a GCR of 26% in the
PVP 2.0. In the next version of the website, it will be possible for
users to select a higher GCR, and inter-row shading losses will then
be considered in the model.
Fig. 3. Determination of the daily RFP in the PVP 2.0 model.
3.2.2. Soiling
Soiling is the accumulation of dust on a panel surface that ab-

sorbs and reflects parts of the incident sunlight. The efficiency loss
associated with soling depends on multiple factors: the amount of
dust present in the air and the degree to which rainfall can provide
intermittent cleaning of a soiled module [24]. The innovative model
applied in the PVP 2.0 is referred to as a rain-free period (RFP)
model, developed by Nepal [25]. The dynamic, day-to-day soiling
loss calculation of this model is another original feature of the PVP
2.0. In this model, dust accumulates on the panel in periods in
which no significant rainfall occurs (the RFP, expressed in days).
The effect of dust accumulation on efficiency loss is expressed in a
soiling factor (SF), which has a unit of %/day. By multiplying the
current RFP and the SF, the current hsoiling is calculated:

hsoiling ¼1� ðRFP , SFÞ (4)

Inferring the current SF from measured environmental param-
eters is complex and requires several simplifying assumptions that
introduce significant uncertainty in the SF calculation [25]. To avoid
calculating the SF for every timeslot, in the PVP 2.0 model a fixed SF
is used, based on experimental measurements of the soiling loss of
multiple PV systems in Delft by Nepal [25]. An SF of 0.083%/day was
reported. Pending future experimental research for other locations
in the country, this SF was applied to all locations in the
Netherlands. The value of SF will be different in countries with
other climates and air quality. For example, Kimber et al. [26] found
a performance loss of 0.1e0.3%/day for PV systems in California.
Country- or region-specific experiments are needed to find an ac-
curate value for SF.

The same series of experiments reported in Ref. [25] found that
2mm of rainfall was sufficient to clean the panels of all dust. The
PVP 2.0 records the rainfall measurements of weather stations and
uses these to keep track of the current RFP for all stations. If on a
day no rainfall occurs, the RFP of the next day is equivalent to the
RFP of the day before, incremented by one day, and the soiling loss
of the next day will thus be 0.083% higher. In case that more than
0mm but less than 2mm of rainfall occurs, the RFP of the next day
is kept equal to that of the previous day, assuming that no further
dust deposition takes place on a day with light rainfall. If 2mm of
rainfall or more occurs on a day, the RFP during the next day will be
reset to zero, and consequently there will be no soiling loss on that
day as the panel is completely clean. The described algorithm is
summarized in Fig. 3.

With the PVP 2.0 climate datasets, an annual average RFP for the
Netherlands of 3.1 days was calculated. After the implementation of
the soiling loss model, the annual soiling loss for the Netherlands
was found to be only ~0.3%/year. To adapt this shading model for
another region/country, RFP and SF for that region/country must be
known. RFP can be obtained using the meteorological database of
the target region/country (in desert areas RFP could be very long
during dry years) and SF can be obtained by field experiments. In
this way, the soiling model implemented in PVP 2.0 can be used for
other locations with tailored RFP and SF values. For region/country
with massive dust movements, the soiling model can be tuned in a
way that SF value changes automatically after detecting dust event
trajectories [27]. It is worth noting that storm events contribute to
both dust removal and dust deposition, therefore, they are not
included in the RFP model.

3.2.3. Reflectance
The third light capture loss considered in the model is angular

reflectance of sunlight from the panel surface. In contrast with the
STC performance, sunlight falls on the panel in non-normal angles
and therefore the reflectance from the panel surface is larger than
at STC [28]. It is estimated that for commercial modules about 4% of
GPoA is lost annually due to reflectance, which is the fixed reflec-
tance loss applied in the PVP 2.0 model [29] (hreflectance¼ 96%).

3.3. PV system conversion efficiency

Two main factors cause the PV system efficiency to be lower
than the expected STC efficiency. Firstly, non-STC temperature and
irradiance lead to different module efficiency, and secondly, BoS PV
system components cause losses in the transport and conversion of
electricity produced by the modules. Starting from STC efficiency,
the PVP 2.0 applies a chain of efficiencies model to calculate the
system efficiency up to the AC side (i.e. the grid), mathematically
stated as:

hPV ¼ hMðTM;GPoAÞ,hcable,hMM,hMPPT,hinv; (5)

where the factor hM(TM,GPoA) represents the temperature- and
irradiance-corrected module efficiency. The efficiencies after the
module efficiency correspond, respectively, to the effects of Ohmic
cabling losses, module mismatch, maximum power point tracking,
and conversion from DC to AC electricity by the inverter.

STC module efficiency can be retrieved from the manufacturer
datasheets. The calculations of the subsequent efficiencies in the
chain are described in the following subchapters.

3.3.1. Irradiance
The effect of irradiance intensity on module efficiency is not

usually communicated by commercial module manufacturers [30].
To estimate the effect of irradiance, the PVP 2.0 adopted a loga-
rithmic relation between irradiance and efficiency, based on the
behavior of external parameters in a single diode model [29]. Ac-
cording to this model, short-circuit current (ISC, in Amp�ere) corre-
sponds linearly to irradiance intensity:

ISCðGPoAÞ¼ ISCðGSTCÞ,
GPoA

GSTC
(6)

Fill factor (FF) is assumed to be independent of irradiance. Open-
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circuit voltage (VOC, in Volt) is dependent on irradiance according to
the following relation:

VOCðcell;GPoAÞ¼VOCðcell;GSTCÞ þ
n,kB,T

q
ln

GPoA

GSTC
; (7)

where VOC(cell, GPoA) is the VOC (in Volt) of a single solar cell under
the real PoA irradiance, VOC(cell, GSTC) is the VOC (in Volt) at STC as
taken from the module datasheet, n is the diode ideality factor
(which normally lies between 1 and 2), kB is the Boltzmann con-
stant (1.38 E�23 J/K), T is themodule temperature (assumed equal to
the STC temperature of 298.15 K), and q is the elementary charge
(1.602 E�19 C). The equation is valid for a single cell. To find the VOC
of the entire module, the formula needs to be multiplied by the
number of cells connected in series in the module. The model ne-
glects the occurrence of a voltage drop due to the series connection.

With the ISC, VOC, and FF, the irradiance-dependent efficiency of
the module hM(TSTC, GPoA) can be calculated by multiplying the
three factors and dividing them by the incident irradiance GPoA and
the module surface area APV:

hMðTSTC ;GPoAÞ¼
ISC,VOC,FF
GPoA,APV

(8)

3.3.2. Temperature
The effect of module temperature on efficiency can be evaluated

independently from the irradiance effect. Commonly, module
manufacturers list the (inverse linear) relation between module
temperature and efficiency or power in the datasheet, as a tem-
perature coefficient dh/dT or dP/dT (in %/K). To determine the
temperature-dependent module efficiency hM(TM,GSTC), the mod-
ule temperature coefficient is necessary as well as the deviation of
module temperature from STC temperature:

hMðTM;GSTCÞ¼hMðTSTC ;GSTCÞ �
�
dh
dT

, ðTM � TSTCÞ
�

(9)

In the PVP 2.0, module temperature is calculated by applying the
Fuentes fluid-dynamic (FD) model. This model calculates the
steady-state temperature of a flat plate via a heat balance between
the plate and its environment [31]. The FDmodel requires the input
of the weather data stored in the PVP 2.0 database, combined with
module characteristics.

3.3.3. Module efficiency
The effect of irradiance and the effect of temperature on module

efficiency have been evaluated separately in section 3.3.1 and 3.3.2.
By applying the superposition principle, the combined effect of
irradiance and temperature can be calculated as:

hMðTM;GPoAÞ¼
hMðTSTC ;GPoAÞ,hMðTM;GSTCÞ

hMðTSTC ;GSTCÞ
(10)

3.3.4. Additional DC component losses
In a grid-connected PV system, commonly multiple modules are

connected and the electricity from the module strings is trans-
mitted to an inverter where DC-AC conversion takes place. At the
DC side, the PVP 2.0 model assumes several small fixed efficiency
losses.

Module mismatch losses occur when modules in a string pro-
duce different currents which lead to power dissipation in the
string. Ohmic cabling losses are due to the electrical resistance of
the cable. Module mismatch losses are estimated at 1.5% and Ohmic
cabling losses at 0.5% [29].

A third DC component loss is assigned to maximum power point
tracking (MPPT). MPPT refers to a software algorithm that can
calculate the optimal operating voltage of a PV module. A physical
DC-DC converter then sets this operating voltage for the PVmodule
[32]. Therefore, two efficiencies can be distinguished: the effec-
tiveness of the algorithm in pinpointing the real MPP (the software
efficiency), and the energy loss in the DC-DC converter (the hard-
ware efficiency) [32].

A DC-DC converter for MPPT is commonly incorporated in grid-
connected inverters [33]. The hardware efficiency of the MPPT is
therefore included in the inverter efficiency model discussed in the
next subsection. The software efficiency is commonly assessed via
experiments under constant and under variable irradiance condi-
tions, yielding a static and dynamic efficiency, respectively [33].
Averaging the static and dynamic efficiency yields the MPPT soft-
ware efficiency, equivalent to the hMPPT in this paper. In the PVP 2.0,
a value for hMPPT was taken based on the research of [34]. The static
and dynamic efficiency of the two most common MPPT algorithms,
Perturb and Observe (P&O) and Incremental Conductance (IC),
were simulated, and yielded an average hMPPT of 96.85% [34]. This is
the value applied in the PVP 2.0 as well.

3.3.5. Inverter efficiency
The PVP 2.0 applies a dynamic inverter efficiency model

developed by Sandia National Laboratories (SNL) [35]. The inverter
efficiency in the SNLmodel includes the DC-DC converter efficiency
of the MPPT block.

In the SNL model which is based on experimental measure-
ments, inverter efficiency drops significantly as input power ap-
proaches zero. The realization that inverter efficiency is low at
inputs far below the rated inverter power provides a cue for the
selection of the appropriate inverter size for a PV systemwithin the
SNL database of characterized commercially-available inverters.
Research of Hern�andez Castro Barreto et al. applied this insight to
develop an inverter sizing factor (ISF) which determines the optimal
inverter size based on the orientation of the PV modules [36]. The
orientation-dependent ISF has been integrated into the PVP 2.0 as
an improvement on fixed inverter size selection methods.

The further the tilt and azimuth of a PV system deviate from the
optimal module orientation, the less frequent the number of hours
will be inwhich the PV systems achieve a high-power output. In the
Netherlands, PV systems achieve their rated power output only
during a small fraction of the year. Thus, it will be beneficial to
choose a smaller inverter to boost the DC-AC conversion efficiency.
For each combination of tilt and azimuth, an ISF has been calculated
for the Netherlands by Ref. [9]. By dividing the rated system power
by the ISF, the optimal rated inverter power can be calculated.

Fig. 4 shows the benefit an undersized inverter can have
compared to an inverter that matches the rated system capacity. A
north-facing 1635Wp PV systemwith a 40� tilt is used, which leads
to an ISF of 204%. Due to the non-optimal orientation, PV produc-
tion in all hours will be far below the installed capacity. A small
inverter, therefore, more closely matches the power produced by
the system, resulting in a larger DC-AC efficiency and reduced
installation costs.

4. System efficiency breakdown

The PVP 2.0 website summarizes the power losses in an inno-
vative interactive chart displaying the system efficiency over the
current day.

Next to the losses described in Section 3, the chart also in-
corporates the material-dependent losses contributing to the
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theoretical efficiency limit, i.e. thermalization, non-absorption, and
bandgap utilization [37]. In addition, a fourth photovoltaic con-
version loss called ‘opto-electrical loss’ is calculated as the differ-
ence between the theoretical efficiency limit and the STC efficiency
of the specific module [38].

Fig. 5 is a screenshot of an efficiency breakdown chart on the
PVP 2.0 website. The purpose of this figure is to provide users
insight into the dominant loss factors in a PV system and into the
steps through which the final system efficiency is arrived at in the
PVP 2.0.
5. Dutch national solar electricity production

By using the meteorological data (described in section 2) as
input into the performance model (described in section 3), the PVP
2.0 is able to calculate the real-time and annual performance of a
designed PV system. This is put into practice by modeling and
showcasing the real-time performance of a 6.9 MWp simulated PV
system case study on the website. The case study page reports the
system’s annual energy production since its inception in 2014, as
well as the amount of CO2 emissions from conventional electricity
generation sources that could have been avoided if the case study
Fig. 5. Efficiency breakdown for a CIGS-based PV system. The bottom blue area displays the
zero and the figure displays only one value for “No sunlight”.
PV system were to be installed.
The PVP 2.0 model can also be used to simulate the performance

of a large number of PV systems to yield a cumulative performance
estimate. It can, therefore, be applied to calculate an estimate of the
cumulative power production of all PV systems in the Netherlands.
Such an estimate is valuable for common citizens as well as poli-
cymakers, as it makes the impact of solar electricity on the national
level tangible.

The flowchart of the model to calculate cumulative Dutch solar
power production is represented in Figure A-4 in Appendix A. To
establish an estimate, it is first necessary to create a set of PV sys-
tems that is representative of the characteristics of the entire
installed capacity in the Netherlands. Statistical data on each of the
six system characteristics (installation region, PV module technol-
ogy, tilt, azimuth, PV system type (field or BAPV), and rated kWp)
required as input in the PVP 2.0 model were collected from
governmental, commercial, and scientific reports and datasets.
Besides, an estimate of the solar electricity capacity (in MWp
installed) was made to determine the potential national produc-
tion. Themost important public sources consulted are the Nationaal
Solar Trendrapport, data of the Dutch Central Bureau of Statistics
(CBS), and the Klimaatmonitor [39e41]. Additional confidential
datasets were provided by Solar Monkey, Eindhoven University of
Technology (TU/e), and the Dutch transmission service operators
(TSOs) Stedin and Alliander.

Each characteristic contains a set of options, each with its spe-
cific share (in %) of the total population. For example, the national
installed capacity is spread over 12 provinces in the Netherlands, so
each province will contain a certain share of the total installed PV
capacity, as shown in Fig. 6.

By multiplying the number of options of each characteristic, a
total set of 475 PV system designs, each with unique characteristics
was created: a system design portfolio. To show how this portfolio
calculation works, imagine that only two characteristics are rele-
vant: the module tilt and azimuth. Imagine also that in the
Netherlands, two options exist for system tilt: 40% of systems have
a 15� tilt, and 60% a 40� tilt. Similarly, three options exist for azi-
muth: southeast (20%), south (60%) and southwest (20%). This
would result in six unique system designs in the portfolio, each
with a respective share: a system with 15� tilt and southeast azi-
muth would represent 8% of all systems, while a 40� tilt and south-
facing system would be more common, representing 36% of the
total installed capacity.

With the characteristics defined for each of the systems in the
final system efficiency. When the Sun is below the horizon, system efficiency goes to



Fig. 6. Distribution of installed solar capacity over the twelve Dutch provinces. Data
are taken from Ref. [41].

V. Schepel et al. / Renewable Energy 154 (2020) 175e186 181
portfolio, the real-time performance for each system is calculated.
Using the relative share of each system in the portfolio, a weighted
average performance is calculated for the portfolio, expressed as
the instantaneous electricity yield (IEY) in W/Wp (i.e. which per-
centage of the rated installed power is achieved at that moment).
The portfolio IEY is calculated for each of the 12 Dutch provinces. By
multiplying the IEY by the total installed capacity in each province,
the total power production in each province is found. By adding up
the power production of every province, the national solar elec-
tricity production (NSEP) is calculated.

Fig. 7 shows the NSEP as calculated by the PVP 2.0. It can be seen
that changes in the meteorological conditions and Sun position
affect the NSEP during the day.

The PVP 2.0 database has stored all power production values of
each province and the national total solar power production since
31 January 2018, with a 10-min time resolution.

Validation of the accuracy of the NSEP model is planned in the
future development of the PVP 2.0. One weakness of the PVP 2.0
NSEP model is that it requires specific and representative informa-
tion on PV system characteristics and installed capacity that is
Fig. 7. Screenshot of the Dutch NSEP composed of t
sometimes absent or outdated. The NSEPmodel, therefore, requires
activemaintenance and data collection to ensure an up-to-date and
improved estimate of national production. While the results found
in this section are specific to theNetherlands, the approach used can
be applied to any country of interest provided there are sufficient
data on the installed capacity and its characteristics in the country.
6. Economic analysis

The fifth and final element implemented in the PVP 2.0 was the
economic analysis. Themotivation for its inclusion is that monetary
considerations are an important factor in the decision of house-
holds or companies to invest in a PV system [42].

For creating the profitability analysis, based on scientific litera-
ture research [43e45] and an evaluation of PV websites [4,7], four
economic indicators were taken into account. A flowchart of the
complete profitability analysis in the PVP 2.0 is shown in Figure A-5
of Appendix A.

The first indicator is the net present value (NPV, in V) of the PV
system. The NPV is the current value of the profit (or loss) made
over the investment lifetime [43].

The second indicator, the payback period (PBP, in years) in-
dicates the amount of time it will take for the total profit to
outweigh the initial investment [43].

The compound annual growth rate (CAGR, in %) indicates the
average annual interest made over the total investment [45]. The
CAGR of the PV system can be compared with the standard interest
rate expected by website users.

The fourth and final indicator is levelized cost of electricity
(LCoE, in V/kWh). The LCoE represents the amount of money it
costs to produce one kWh of electricity [44]. The LCoE is an indi-
cator through which the cost-competitiveness of PV versus other
energy generation technologies can be compared [44].

Six parameters are required for the calculations of the four in-
dicators: (1) PV system lifetime, (2) the initial investment cost, (3)
the annual operation and maintenance (O&M) cost, (4) the annual
energy production (which includes a panel degradation factor
leading to decreased production over time), (5) the annual revenue,
and (6) the discount rate [43e45]. Values for each of these pa-
rameters applicable for the Netherlands were found through liter-
ature research and commercial information supplied by PV system
he provincial productions for 6 February, 2018.
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retailers [39,42,44,46e52]. Government subsidies and tax breaks
are included in the PVP 2.0 analysis.

There is no universally accepted method in determining the
appropriate discount rate, but its value can have a decisive impact
on the attractiveness of an investment [44]. Therefore the PVP 2.0
includes three discount rate scenarios (similar to the approach used
by Ref. [44]): one in which it is neglected (0%), a medium rate (3%),
and a high discount rate (7%). The benefit of this multi-scenario
approach is that it provides insight in how decisive the discount
rate can be on perceived system profitability.

Whenever a user designs a system in the PVP 2.0, the system
design choices are used to calculate the total system costs whereas
the annual energy production is used to calculate the total annual
revenue. A screenshot of the calculation outcome for a 1 kWp
south-facing BAPV systemwithmono-Si modules is shown in Fig. 8.

Whereas the real profit increases steadily from year to year, the
net present value is lower due to the discounting of future profits.
PV systems with higher initial investment and/or a lower annual
energy production can have negative NPVs, even if the total profit
after 25 years is positive. This simply indicates that the investment
would be less attractive than one with an interest rate equal to the
discount rate.

Profitability of the system is sensitive to the PV module choice,
the orientation, and the choice of system type. The monetary gains
of selling the additional electricity produced by a higher-efficiency
module do not outweigh the initial purchasing cost of this module.
The further the module tilt and azimuth are away from the opti-
mum orientation, the higher the LCoE and the lower the profit-
ability due to the decreased energy generation. Finally, residential
systems were found to be much more profitable than commercial
systems because of the twice as high electricity price for con-
sumers. This electricity revenue is enough to offset the larger initial
investment for residential PV compared to commercial PV.

A profitability analysis by Ref. [53] found a payback period of 10
years for a 3.4 kWp residential PV system in the Netherlands. The
PVP 2.0 model found a similar payback period of 10 years for a PV
system with the characteristics used in the calculations of [53],
supporting the validity of the PVP 2.0 analysis.

In the Netherlands, the profitability of PV depends to a large
extent on the generous net metering policy for residential PV sys-
tems and the renewable energy subsidy for commercial PV systems
[53]. Potential changes in these government policies need to be
monitored to ensure the continued reliability of the economic
model.
Fig. 8. Screenshot of the economic analysis chart on the website. The evaluated system
is a 1 kWp south-facing BAPV system with mono-Si modules.
7. Yield comparison and sensitivity study

7.1. Yield comparison

As a first validation of the PVP 2.0 performance model, a dataset
of installed (rooftop) PV systems provided by Solar Monkey was
used to compare measured AC energy values (kWh/year) with AC
energy values calculated with the PVP 2.0. The dataset contains 26
carefully-selected systems, varying in configuration, location, size
and module technology. The performance model was runwith user
input corresponding the best possible to the characteristics of the
Solar Monkey systems.

It was found that deviations from themeasuredAC energy values
range from roughly �15% to þ15%. These calculations use the fixed
shading factor asmentioned in 3.2.1.When eliminating this effect by
using a calculated shading factor for each systembased on a horizon
profile, the error range drops to �11% to þ5.5%. Fig. 9 shows the
deviation for each system. These deviations could be caused by the
fact that the inverter model cannot properly deal with systems
containingmultiple azimuth configurations ormultiple inverters. In
84.6% of the cases (22 out of 26), the deviation is negative, which
implies that the performance model underestimates the AC energy
yield. One reason for this could be a possible overestimation of
shading loss due to imprecise shading factors.

7.2. Sensitivity study

To investigate the effect of non-STC temperature and irradiance
on PVmodules due tometeorological conditions, a sensitivity study
was conducted.While certain studies are common onmodule level,
the PVP 2.0 provides the possibility to perform such an analysis on a
province or even national level, by using a systemdesignportfolio as
described in section 5. At this point, the PVP 2.0 user cannot perform
such analysis themselves since this requires back-endmanipulation
of the weather parameters. However, the results of this study
potentially could provide quantitative insights on the impact of
changing the climate on solar energy production within a country.

This study consists of three cases: (1) change in ambient tem-
perature on average during a year, (2) change in average wind
speed during a year, and (3) a rain-free Summer. A comparison was
made between the AC energy yield values of a ‘normal average year’
(using the untouched climate database) and the AC energy yield
values calculated with adjustments related to the specific case.

For cases (1) and (2), annual calculations were done for the
province ‘Zuid-Hollandwithacapacityof 411MWp(estimationbased
on [39e41]) and a variety of systems. In case (3), a Summer period is
considered for just one system (100 PVmodules) located in the city of
Rotterdam. By using just one system in this case, calculation-time is
reduced.Due to thecharacteristics of the soilingmodel, the calculated
Fig. 9. Calculated annual AC energy deviation with respect to the measured annual AC
energy values of each Solar Monkey system. In 84.6% of the cases the deviation is
negative leading to average deviation of �3.25%, which shows an underestimation by
the PVP 2.0 model.



Table 2
Results of the sensitivity study cases (1), (2) and (3).

Case number (1.A-D), (2.A-C): yearly calculations for ‘Zuid Holland’ (3):
92 days in summer for the system in Rotterdam

AC energy change [GWh/year] AC energy change [%/year] AC Yield [kWh/kWp]

(1.A) Ambient Temperature þ10% �2.19 �0.58 918.43
(1.B) Ambient Temperature �10% þ2.19 þ0.58 929.11
(1.C) Ambient Temperature þ3 �C �4.40 �1.16 913.13
(1.D) Ambient Temperature �3 �C þ4.38 þ1.16 934.51
(2.A) Wind speed þ10% þ0.93 þ0.24 926.10
(2.B) Wind speed �10% �1.02 �0.27 921.35
(2.C) Wind speed, doubled þ6.42 þ1.69 939.49
(3) Rain-free summer (92 days) �297.5 [kWh/Summer] �3.4 [%/Summer]

Fig. 10. AC power loss per day in a summer with no rain in comparison to a normal average summer (for a system with 100 modules located in Rotterdam, 27 kWp).
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results are valid on the province level as well. The percentage of
changes in AC energy values are presented in Table 2.

A 10% change in ambient temperature causes an energy gain/
loss of 0.58%/year, while a 3 �C shift even has a stronger effect of
1.16%/year, which corresponds to 4.4 GWh/year. Within the range of
10% change, wind speed is found to less strongly affect the AC en-
ergy with around 0.25%/year. However, due to the logarithmic
wind-profile law used in the FD model [54], this effect can become
stronger when larger ranges are considered (for example in case
2.C, where the wind speed is doubled and this results in a gain of
1.69%/year).

In case (3), the accumulating soiling loss due to a constantly
increasing RFP results in a 3.4% AC energy loss during 92 days. In
Fig. 10, it can be seen that this results from the daily increasing
power loss (%). The ‘v-shaped’ curves show that the percentage
power loss is higher during timeswith low irradiance (morning and
evenings) and there is an average power loss of approximately 3.5%.

While these calculations are the first estimate, they illustrate that
the effect of soiling can be quite significant in a period without rain
(or cleaning) and that on large scale, the impact of a small change in
climate conditions could lead to losses around 2e4.5 GWh/year.
8. Conclusions

This paper has aimed to communicate in detail the framework
through which the PVP 2.0 modeling environment was developed,
thereby allowing other researchers to apply (parts of) the meth-
odology to any country of interest. The development of the website
has shown the importance of having access to reliable short-term
and long-term meteorological data. In the development of the
PVP 2.0, several innovative concepts not present in other PV system
modeling websites have been implemented: a dynamically upda-
ted climate database, rainfall-dependent soiling losses, orientation-
dependent inverter size selection, and an interactive chart of PV
system efficiency. The model consists of a set of independent
calculation blocks, each block can be improved by incorporating
new scientific insights without affecting the accuracy of other
calculation steps in the performance model.
The creation of a meteorological database and PV system per-
formance model are at the core of any PV modeling environment.
This core is multifaceted and can be utilized to model several other
topics related to PV. In the PVP 2.0, the core was used to create (1)
an overview figure of all real-time efficiency losses in PV systems,
(2) an estimate of the Dutch national solar electricity production,
(3) an economic analysis of user-designed PV systems, and (4) a tool
for sensitivity study of solar energy production to climate/weather
variation scenarios.

The yield comparison study was done as the first validation of
the performance of PVP 2.0. With the sensitivity study, a first step is
made in providing quantitative insights into the impact of changing
the climate on solar energy production within a country. Results of
such a study are estimates, but illustrate the potential of the per-
formance model for large scale impact calculations. In future
website development, the current range of functionalities will be
expanded, encompassing a wider range of mounting solutions (e.g.
East-West configuration or ground cover ratio as input), modeling
of storage and improved graphic user interface.
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APPENDIX

Appendix A. Flowcharts summarizing the components of the PVP
2.0.



Fig. A-1. Connection between the real-time and climate database. The creation of a
weighted average of the new and historical measurements allows the annual dataset to
become dynamic.

Fig. A-2. Overview of the PVP 2.0 PV system performance model. The purple boxes indicate factors related to light capture, the blue boxes are related to internal PV system factors,
and the green box is the objective of the performance calculation.

Fig. A-3. Efficiency losses considered in the system efficiency breakdown. The different box colors categorize the losses.

V. Schepel et al. / Renewable Energy 154 (2020) 175e186184



Fig. A-4. PVP 2.0 NSEP real-time estimation model. EY refers to electricity yield in W/
Wp.

Fig. A-5. Overview of the general model to calculate four economic analysis indicators. Blue boxes are numerical inputs and purple boxes are factors influencing these numerical
inputs over the system lifetime.
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