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Abstract
Photovoltaic technology is fast developing from both technology and economical point of
view. Accurate photovoltaic system design tools are essential important for design,
simulate and calculate economy of large photovoltaic systems but they are also important
to design the optimal layout for the smaller building-integrated photovoltaic systems. The
design tool can be a simple tool that uses typical meteorological year as solar radiation
source and includes limited database for basic system devices like photovoltaic panels,
inverters and batteries. More complete versatile design tool includes elements for predesign functions, system final design with optimal 3-D layouts in shading conditions, for
output simulations, economics and emissions calculations and production shortterm/long-term forecast. Important functions for the Nordic photovoltaic design tools are
the connections to solar radiation and weather forecast databases for Nordic areas as well
as some specific functions like snow cover predictions to support accurate production
forecast and maintenance actions.
In this study it is evaluated currently available photovoltaic design tools and algorithms,
functions and databases needed for the versatile design tools.
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1 Preface
The work done for this report is part of Smart Grid and Energy Market
programme (SGEM) of Cluster of Energy and Environment (CLEEN) financed by
Finnish Funding Agency for Technology and Innovation, industrial partners,
universities, and research institutes.
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Author:
Raili Alanen
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2 Introduction and goal
Increased interest of renewable energy production, consumers’ need for higher
independency in electricity production and on the other hand decreasing cost of
photovoltaic panels have increased the interest to invest for photovoltaic systems
also in Nordic areas like in Finland. Large grid-connected PV-power plants have
to fulfil requirements for power connections and accurate output power prediction
is essential important.
To be able to design photovoltaic system and accurately calculate benefits and
cost it is needed a design tool that takes care the features needed for Nordic
photovoltaic systems. Solar power is stochastically variable and there are several
other variable factors such as weather, cloud, snow, ice, pollutants, system
efficiency etc. that effects into the photovoltaic system output power. The
accurate mathematical functions are the base of the accurate calculations. The
essential factor is the connection of versatile meteorological and weather database
that cover widely the Nordic areas.
The goal of this study is to make review of the current state of PV system
modeling algorithms and simulation and design tools especially thinking their
usability for the design of Nordic photovoltaic systems.
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3 Nordic photovoltaic features and application
types
3.1

PV features in the Nordic area

Photovoltaic energy is a form of highly stochastic variable (Figure 3-1) renewable
energy. Solar PV technologies converse global horizontal irradiation (GHI) into
electricity. Concentrating PV technologies utilize beam (direct) normal radiation
(DNI). Because CPV systems use direct radiation they need to be continuously
tracked. The regions (like Middle East, North Africa and southern Europe) that
have beam radiation greater than 2000 kWh/m2/year are regarded to be suitable
for the use of CPV technologies. PV systems are suitable even in Northern areas.
Northern PV systems can be provided with fixed tilt or single axis tracking.
The power output of PV system depends on GHI, local weather condition such as
temperature, wind velocity and clouds. Also impurities on the panel surface
decrease the panels’ performance. PV panel performance is also depending on the
module temperature.
Tmodule (oC) = 0.943*Tamb(oC) + 0,028* Irradiance−1.528* windspeed+ 4.3

(3.1)
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where irradiance is W/m2 and wind speed is m/s.[1]

Figure 3-1. An example of Photo Voltaic power hourly/daily variations of sunny days in the
Helsinki area.
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Finland belongs to low insolation (<1000 W/m2) area and larger PV-panel area is
needed compared to higher insolation areas. Yearly insolation varies a lot in
Nordic areas having 3 very low production months in the middle of winter from
November to February (Figure 3-2).
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Figure 3-2. Monthly averaged insolation on a horizontal surface (W/m2) in Helsinki area.
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PV system application types

There are basically five types of PV systems (Table 3-1) depending on the
application area and power level. [32][33]
Table 3-1. Photovoltaic system types.

No Type

Application area

1

Customer site: private
<1 kW
houses, summer cottages
Customer site: private
< 10 kW,
houses
typical 3
kW
Customer site: public
10 kW–
buildings, small
50 kW
industrial buildings,
community common
Customer site: industrial 50 kW–
building area,
100 kW
community common,
small PV power plants
Large PV power plants
100 kW –
megawatts

2

Small
residential
Residential

3

Small
commercial

4

Large
commercial

5

Very large
commercial

Power

Phase

Connection type

Typically
single-phase
Typically
single-phase

Off-grid, typically
storage included
Off-grid or grid-tied,
without storage or
storage-included
Grid-tied, without
storage or storageincluded

Three-phase

Three-phase

Grid-tied without storage
or storage-included

Three-phase

Grid-tied typically
without storage

Most PV-systems are grid-connected today (Figure 3-3). Large PV power plants
can be also islanded but seldom photovoltaic is only power production system and
PV systems are connected into the local power grid with other power production
plans.

Figure 3-3. Cumulative installed grid-connected and off-grid PV power in IEA countries (IEA
PVPS Programme, 2009).
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4 PV-system design process basic functions
PV-system design functions include prefeasibility studies and simulations. PVsystem design and the power electronics design according to the output
connection types. Basic design functions are presented in the Figure 4-1. The
system can include also energy storages either in system output or in the DC-link
either with each panel or panel groups.
In the grid-connected PV-systems also grid-connection functionality e.g. smartgrid connections are an important design function. These could include e.g. faultride through functions, voltage and reactive power support and ability to act on
distribution operator commands. However, in this document it is not handled grid
connection features of the PV system design, That will be described in the
following reports of the Finnish CLEEN SGEM project.
The key factor for the photovoltaic project prefeasibility studies is an expected
power output that defines the system size. The amount of desired output power is
typically based on the load calculations or the economical estimations. Sometimes
the usable installation space is the liming factor for the system size. However, the
amount of solar radiation in the installation place is the basic information needed
for the power output calculations. Solar radiation is based on the solar global
irradiation, season, time of the day, system geographical locations, obstacles and
also on some key features relating the local weather. Simplest prefeasibility
studies include only solar radiation based on the typical meteorological year. In
short term the power output can be estimated by historical data and last output.
When larger PV system is connected to the grid and electricity is sold on the
energy market the prediction of the power output is essential important.
On the basis of solar irradiation and performance features (peak power,
efficiency, space needed) of the selected panel type can power output be
estimated and the suitable panel amount selected. Panels’ azimuth and tilt depends
mainly of selected installation place and they can influence to the panel output
remarkable. Panels can also be installed with a tracker to have always an optimal
direction to the sun. Two-axis tracker can change both azimuth and tilt according
the sun and 1-axis is typically azimuth tracker that can change position from east
to west according to the sun. Because of winter snowy, icy and cold weather
conditions the solar trackers are not very much used in the Nordic areas. However
azimuth tracker would increase power output clearly and if the tilt would be
changed from summer position to the optimal winter position that is typically
vertical 90° tilt would also wintertime power production increase in Nordic areas.
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Figure 4-1. Photovoltaic system design process basic functions.

In the following chapters it is described some of the basic functions needed for
Nordic solar system design.
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4.1

Solar radiation calculations

Irradiance (also called solar insolation) is a measure of total solar radiation,
radiant energy emitted by the sun and received on a given surface area in a given
time typically in units of kWh/(m2 day). Solar irradiance is depended also the
daily and hourly position of the relative to the target location. Solar radiation
(kW/m2) is composed of the beam, the diffuse and the reflected components and it
is depended on the location and local weather. Solar insolation is used in the
simple solar design tasks. Solar radiation amount and air temperature in the target
area are the basic information needed for more advanced PV system performance
calculations. The information can be based on local area measurements but the
results of such measurements are seldom available. More typical is to use
satellite-derived solar radiation information that is available in different databases
described in the chapter 4.2. A disadvantage is that these databases do not cover
all districts. That is quite typical with Northern Europe areas where PV systems
have been very rare solution for electricity production.

4.1.1

Solar insolation databases

It is possible to have meteorological data in hourly (Meteonorm, Satel-Light,
Helioclim-2 and SolarGIS climData) or in monthly values (Meteonorm, WRDC,
NASA-SSE, SolarGIS iMaps, PVGIS-ESRA and Retscreen) from different
databases. A summary table of the several available databases
(http://www.pvsyst.com/en/publications/meteo-data-sources) mainly provided by
PVSyst team is presented in the Table 4-1.
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Table 4-1. Meteorological databases [Source: PVSYST]

Gh is global horizontal irradiance, Dh is diffuse irradiance horizontal, Ta is air temperature.

14 (91)

D 5.1.36: Nordic photovoltaic design systems. Requirements and evaluation of
current PV system design tools
HelioClim databases are mainly free and available in http://www.sodais.com/eng/services/services_radiation_free_eng.php. Common properties of the
HelioClim databases 1-3 are presented in the Table 4-2.
Table 4-2. Common properties of the HelioClim 1-3 databases.
[Source: http://www.helioclim.org/heliosat/helioclim3.html]

In 2008 HelioClim-3 is recommended to use in the place of HelioClim-2.
HelioClim-3 database [Source: http://www.helioclim.org/heliosat /helioclim3.
html] provides parameters:
• Time-series of radiation values: from minute values to monthly values.
Values are irradiance in W/m2 as well as irradiation in Wh/m2 and J/cm2.
• Irradiance at top of atmosphere
• Irradiance under clear-sky
• Uncertainty values
• Information on the number of data used to compute the radiation value
Heliosat-2 includes downloadable software in C for solar radiation, clear-sky
model, Meteosat satellite and Heliosat-2 method. Method Heliosat-2 includes:
• Sun - Earth geometry
• Sun geometry perceived by an observer
• Time, day-length, sunset, sunrise
• Extraterrestrial radiation
• Model ESRA for radiation in clear-sky case
• Satellite Meteosat geometry
• Conversion of image co-ordinates into geographical coordinates and viceversa.
• All libraries for the method Heliosat-2
Another example of the meteorological databases is SolarGIS [88], a commercial
database that have following input parameters:
• Cloud Index and Snow Index (Meteosat satellites),
• Water Vapor (ECMWF/NVAP),
• Atmospheric Optical Depth (ECMWF GEMS/MACC),
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• Digital Elevation Model (SRTM-3)
SolarGIS is based on the following models:
• Clear-sky model
• Satellite model
• Snow detection
• Diffuse irradiance for tilted surface
• Direct normal irradiance
• Terrain enhancement using disaggregation methods
• Adaptation of GEMS/MACC daily Atmospheric Optical Depth data
• Site-specific reduction of bias and improvement of frequency distribution
function based on high-quality ground-measured data
Output parameters of SolarGIS include:
• Primary parameters:
• Global Horizontal Irraidance (GHI) and Direct Normal Irradiance (DNI)
• 15-minutes (30-minutes) time series
Secondary (derived) parameters:
• Global in-plane irradiance for fixed and sun-tracking surfaces
• Diffuse irradiance
• Photosynthetic Active Irradiance (PAR)
• 15-min (30-min) time series or aggregated values (hourly, daily, monthly
averages)
• Long-term monthly and hourly averages
SolarGIS have some free parts like limited view of Global horizontal irradiation
maps but other tools (climData, pvPlanner, pvSpot and posterMaps) are
chargeable. SolarGIS does not cover Northern Europe countries.
Meteonorm database (www.meteonorm.com) is a chargeable database that
covers also Northern Finland data. Meteonorm gives meteorological data of
typical year or time series:
Table 4-3. Meteorological data types of Meteonorm database.

Meteonorm maps can be produced for any region of the world between 60°S and
60°N. By Meteonorm web service, Meteonorm datasets can be obtained
automatically online for websites, web applications or other software. Used e.g. in
Soda-is.com, MESOR platform and PV Calculator.
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Several software producer uses Meteonorm like PVSyst, Polysun, PV*SOL,
PHPP, Leosai, Solarmax Simulations tool, IVT Simulations tool, Hevacomp,
Transolar, Tachion/Solar-Toolbox and PV Designer Software. Meteonorm
includes also solar cadastres for towns, communes and regions based Swisstopo's
high resolution digital terrain model DOM (or a 3D town model). For each point
on every roof, it is calculated local shadowing (trees, neighbouring buildings) as
well as the topographic horizon.
An example of calculation results for Helsinki Airport area by Meteonorm is
presented in the following figure (Figure 4-2).

Figure 4-2. An example of the data for Helsinki Airport area calculated by Meteonorm
software.

Satel-Light is an European database for Daylight and Solar Radiation
(http://www.satel-light.com/indexgS.htm ).
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Solar irradiance calculation

4.1.2

Solar radiation basics

Solar radiation incident outside the earth's atmosphere is called extraterrestrial
radiation. On average the extraterrestrial irradiance is 1367 W/m2 (12,000
kWh/m²) (http://solardat.uoregon.edu/SolarRadiationBasics.html#Ref3). The
atmosphere reduces the irradiance at least by 25%. Clouds and dust cause a
further reduction.
The total solar radiation on a horizontal surface called global irradiance. Global
irradiance components are:
Global
irradiance=Direct
Normal
*Cos(z)+Incident Diffuse Radiation

Irradiance

(Beam

irradiance)

Where z is a radiation angle.
Annual solar radiation in the best areas is over 2500 kWh/m2 and in Helsinki area
940 kWh/m2 on an average.
Some radiation is also scattered off the earth's surface and then rescattered by the
atmosphere to the observer. This is also part of the diffuse radiation the observer
sees. For example, re-scattered radiation may contribute significantly in those
areas where ground is covered by snow [21].
If the surface under study is tilted with respect to the horizontal, the total radiation
is
Global irradiance (tilted surface) = Direct Normal Irradiance (Beam
irradiance)*Cos(z)+ Incident Diffuse Radiation+ Ground Reflected Irradiance
Solar irradiance components are presented in the Figure 4-3 [21].
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Figure 4-3. Solar radiation components. [21]

Radiation can be measurement by two pyranometers (Figure 4-4). Meteorological
satellites provide also irradiance data as described in the chapter 4.1.1.

Figure 4-4. An example of the direct (beam) and diffuse solar radiation measurements by
pyranometers.

4.1.3

Clear sky radiation

The clarity of the sky has an important impact on the intensity of both the beam
irradiance and the amount of scattered diffuse radiation under cloudless sky
conditions.
Energy is lost from the solar beam by three routes:
• Molecular scattering by the gases in the atmosphere.
• Spectral absorption, for example by gaseous water vapour, primarily
located in the lower atmosphere, and by ozone, which is located primarily
in the stratosphere, and also by the permanent atmospheric gases like
carbon dioxide.
• Scattering and absorption due to natural aerosols and man made aerosols
in the atmosphere.
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To define clear sky radiation it was developed the theoretical clear sky
irradiance model for the 4th European Solar Radiation Atlas (ESRA 2000). This
ESRA model had been tested against observed clear sky data from a number of
European countries. The model has been later on updated in SoDa project for
estimating clear sky beam and diffuse irradiance at any site in the world. The
ESRA/SoDa clear sky resource is based on the use of the concept of the Linke
turbidity factor. [2]
The beam irradiance normal to the beam can be calculated, using the
standardized original Kasten air mass and Linke turbidity factor, as:
Bn = I 0 ε exp[− m * 0.8622TL δ R (m)]

[W/m2]

(4.1)

where TL is Linke turbidity factor, m is relative optical air mass correction for
station pressure, δR is Rayleigh optical thickness and I0ε is the solar constant
(1367 W/m2) corrected by the eccentricity factor. Bn is ≥ 200 W/m2. [2]
Beam horizontal irradiance (Rigollier model [5]):
Bn = I 0 ε sin(α ) exp[− m * 0.8622TL δ R (m)]

(4.2)

where α is the solar altitude angel.
The Linke turbidity factor (TL) is an important parameter in solar radiation
studies. It can be obtained directly from observations performed during very clear
sky periods but is generally an estimated parameter. Because hourly data amount
is limited for hourly based TL it is typically used monthly based TLm that gives
enough accurate results in most cases. [1] There are several definitions for TL. As
a result of ESRA project where values were obtained for 710 sites in Europe the
TL data defined is available now in SoDA-is database (www.soda-is.com). In the
Table 4-4 it is presented typical TL values in Europe and in the Table 4-5 it is
presented monthly TL values in Helsinki area.
Table 4-4. Typical values of TL in Europe.

Very clean cold air
Moist warm or stagnating air
Clean warm air
Polluted air

TL =2
TL=4 to 6
TL=3
TL>6
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Table 4-5. Linke turbidity factor TL (monthly mean) in Helsinki: latitude 60.6, longitude
21.43. [Source: ww.soda-is.com]

Perez et al. (1990) developed model for diffuse sky radiation

a
⎡
⎤
I d = I dk ⎢0.5(1 − F1 )(1 + cos β ) + F1 + F2 sin β ⎥
(4.3)
b
⎣
⎦
where Idk is diffuse solar horizontal radiation, F1 is circumsolar anisotropy
coefficient, F2 is horizon/zenith anisotropy coefficient, β is tilt of the collector
from horizontal, a=0 or the cosine of the incident angle, b=0.087 or the cosine of
the solar zenith angle, whichever is greater. F1 and F2 coefficients are organized
as an array of values that are selected for use depending on the solar zenith angle,
the sky's clearness, and the sky's brightness.
The diffuse irradiance can be estimated by the equation by Remund & Page:
Dc = I 0 * ε * Fd (γ s ) * Trd (TL *)

[W/m2]

(4.4)

Trd(TL*) is the diffuse transmittance function, Fd(γs) is the diffuse solar elevation
function which adjusts the diffuse zenith transmittance Trd(TL*) to the actual solar
elevation angle γs. [2]
There are various other mathematical models developed for diffuse irradiance
calculation. For example A. M. Noorian et al. has evaluated 12 models to
estimate hourly diffuse irradiation on inclined surfaces [22]

4.2

PV system sizing and construction

PV-system right sizing is one of the most important parts of the PV system
design. A basic PV-system includes PV-panels, control system and power
electronics for DC-DC and or DC-AC conversion systems including protection
systems. PV-system can include also energy storage systems like batteries
especially in stand-alone systems. PV-system can also include tracking system to
change PV-array position against the sun.

4.2.1

PV-array sun tracking

Individual PV-panels or PV-panel arrays can be either installed fixed or with suntracking system. The basic idea is to find the most optimal orientation to sun by
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choosing optimal tilt and azimuth angle of PV-panel or panel array. The optimal
orientation varies according to installation location, time of the day and season.
Also local shadowing elements like building and trees can change the optimal
orientation. PV array orientation types can be fixed tilt, 1-axis tracking and 2-axis
tracking (Figure 4-5).

Figure 4-5. PV-array orientation types.
[http://www.nrel.gov/rredc/pvwatts/changing_parameters.html]

The optimal tilt angle increases with higher latitudes, and is higher in winter than
in summer. Influence of 1-axis tracker with 50 W solar panel in the Helsinki area
is presented in the Figure 4-6.

Figure 4-6. An example of the influence of 1-axis tracker compared to fixed tilt with two 50
W solar panes in the Helsinki area. (VTT Otaniemi measures)
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The tilt angle can have a remarkable effect to the amount of solar insolation on
the panel surface and consequently on PV-system output power (Figure 4-7).

Figure 4-7. Influence of the panel tilt angle to the solar insolation on the PV-panel surface in
Helsinki area.

In the following table it is presented optimum tilt angels (degree from vertical) by
month for Helsinki area calculated by a tool of Solar electricity handbook
[Source: http://solarelectricityhandbook.com /solar-angle-calculator.html].
Table 4-6. Optimum tilt of solar panels by month in Helsinki area (degrees from vertical).

4.3

PV system output power control

PV-system output power performance is depending on the whole PV-system but
especially on control system functions and power electronics construction. There
are developed various inverter topologies for solar systems [34][35][36] and
inverters can be connected into individual panels, located on each PV-panel
strings or the whole system can provided with only one main grid connection
inverter. In this document it is not handled inverter topologies, which was done in
earlier publication “Energy storage systems for the Use in Photo Voltaic
Systems”.
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Inverter configuration, sizing and control are demanding in Nordic areas where it
is very high variation of insolation over the year and low insolation especially on
autumn and winter. This can mean that inverter sized for the summer time high
insolation is oversized during autumn and winter increasing PV system losses.
Main losses are inverter DC/AC conversion losses, inverter threshold losses and
low insolation losses. Other losses of PV systems are dc and ac wiring losses,
transformer losses. System downtime decreases also system performance.
Another typical Nordic feature is a snow cover in winter. Snow on ground and on
surface of buildings reflects sunlight increasing diffuse radiation from clouds and
atmosphere. The effect is estimated using the maps (Landsat, NOAA and GOES
satellite) of snow cover to improve irradiance models. Also the depth of snow
cover is used to improve models since Kung et al. (1964) [41] have shown that the
irradiance of the snow-covered land is related to the depth of snow.
To be able to keep system efficiency constant over the year in different shading
and radiation circumstances it has been defined different maximum power
tracking techniques (See 4.4.2) to collect maximum irradiance on panel surface.
In addition to that there are proposed other techniques e.g. parallel inverter
configuration [30] to improve low insolation performance of the PV system.
There are also special PV-panels types that higher power output in weak light
conditions and output forecast software should be able to take care this difference.
Advanced PV power control takes care of solar module characteristics to find the
maximum power production point and achieve thus higher system efficiency.

4.3.1

Solar module I-V characteristics

A PV-panel has a certain voltage and current under specific conditions. Voltage
and current dependence can be presented as current-voltage (I-V) characteristics
under certain sunlight and temperature conditions (Figure 4-8).
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Figure 4-8. An example of 1-V characteristics of PV panel (Sharp LR=G02)

Solar module characteristics have an essential role in inverter and storage control
system design.
The I-V characteristics of a solar module can be defined by the following
equation:
⎧
N S RS I 0 ⎞ ⎫
qV0 ⎛
⎜
⎟ − 1⎬ − I rsk
I 0 = N P N S I G I sat ⎨exp AKT
V
(4.5)
+
0
a ⎜
N P ⎟⎠ ⎭
⎝
⎩
where I0 is output current, V0 is output voltage, Ig is generated current under a
given insolation, Isat is the reverse saturation current, q is the charge of electron, K
is the Boltzmann’s constant, A is the ideality factor, Ta is the temperature (K), Np
is the number of cell in parallel, Rs is the internal series resistance and Irsh is the
current due to intrinsic shunt resistance of the solar module. [7]
Simplified PV-cell model can be defined with one diode, shunt (RSH) and serial
(RS) resistances (Figure 4-9). When no light is present PV cell behaves like diode.
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Figure 4-9. Simplified equivalent model of PV cell.

The model is a base for so called five parameter I-V model. The current-voltage
relationship is
⎡ V +aIRS
⎤ V + IRs
− 1⎥ −
(4.6)
I = I L − I 0 ⎢e
RSH
⎢⎣
⎥⎦
where IL is light current, diode reverse saturation I0, RS is series resistance, RSH is
shunt resistance and a modified ideality factor a = NsnIkTc/q. 5-parameter model
can be an accurate tool for the prediction of energy production for single-junction
cell types.[40]
CEC (California Energy Commission) PV module performance model is based on
five parameter model presented above.

4.3.2

Solar module output power models

PV system power output is stochastically varying mainly because solar irradiance
is irregular varying periodically and random. Solar panel output is typically
calculated on basis of local irradiation and panel performance ratio. Other factors
influencing panel performance are
• Degradation
• Temperature dependence
• Spectral response
• Module h = n efficiency at low illumination intensities
Solar irradiance is the main factor that influence to PV system output in addition
to the system operation temperature. The maximum DC power output of PV panel
array can be empirically expressed as [6]
PPV = ηAPV GT [10.005(TC − 25)]

(4.7)
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where η is the photoelectric conversion efficiency of PV array (%), APV is the
total array area (m2), GT is the solar radiation (kW/m2) incident on the panels and
TC is the panels’ operation temperature (°C).
Solar radiation (GT) is composed of the beam (GbT), the diffuse (GdT) and the
reflected (GrT) components:

GT = GbT + GdT + GrT

(4.8)

Weather based factors that influence negatively to local solar radiation include
cloudiness, negative humidity and change of precipitation. Dew point and wind
speed can have some influence to solar irradiation, too. Influence of aerosols is
also noticed [17].
Solar module efficiency decreases with low intensity and it depends mainly on
shunt resistance Rsh (Figure 4-10).

Figure 4-10. Relative efficiencies vs. intensity for modules with cells with equal Rsh classes.
[39]

The solar cell shunt resistance can be seen as a key parameter for good light
performance of the mono- and multicrystalline cells. There can be large variations
of the shunt resistances between same type and power of industrial
multicrystalline cells because of inhomogeneous structures. Shunt resistance is
typically not a base for cell classifying and not a parameter informed by
manufacturer. However, there are panels specially made for low irradiance
circumstances. These panels have higher shunt resistances far over the saturation
limits (e.g. of 20-30 ohm for 150 mm x 150 mm cells). [39]
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The PV module maximum output power (Pm) can be defined by irradiance and
temperature also by the Marion et al. algorithms [37][38]:
Ee
Pm [1 + γ (T − T0 )]
(4.9)
E0 0
where γ is maximum power correction factor for temperature °C-1 and Ee is an
effective plane-of-array irradiance defined as
Pm =

Ee =

I SC E 0
I SC0 [1 + α (T − T0 )]

(4.10)

where ISC is short-circuit current (solar panel current without voltage), E is planeof –array irradiance (W/m2), α is short circuit correction factor for temperature
°C-1 and T is PV cell temperature °C.
In many cases PV module does not maintain its efficiency in low irradiance levels
(Figure 4-11). For low irradiance cases Ee ≤125 W/m2:
0.008E e2
Pm =
Pm0 [1 + γ (T − T0 )]
E0

(4.11)

Figure 4-11. Percentage error in modelled Pm for the multicrystal Si PV module with greatest
model error. [37]

In [38] it has also presented correction function to correct direct beam radiation
for incident angles greater than 50 degrees and for soiled PV modules. No benefit
was found for applying spectral corrections in PVWatts for x-Si and m-Si PV
modules.
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In the new model an irradiance correction term is added to the power temperature
model.
For Ee> 200 W/m2
⎡E
E − Ee ⎤
(4.12)
Pm = Pm 0 ⎢ e [(1 + γ (T − T0 )] − k 0
⎥
E 0 − 200 ⎦
⎣ E0
For Ee≤ 200 W/m2
⎡E
E − Ee ⎤
Pm = Pm 0 ⎢ e [(1 + γ (T − T0 )] − k 0
⎥
E 0 − 200 ⎦
⎣ E0
where k is a irradiance correction term

k=

Pm ( E L , T ) − Pmeas ( E L , T )
Pm0

(4.13)

(4.14)

where EL is effective low radiance ~200 W/m2, Pm(EL,T) is Pm from Eq. 4.11 for
EL and T conditions and Pmeas(EL,T) is measured Pm for EL and T conditions.
Sandia PV module performance model
The Solar Technologies Department at Sandia has defined 10 equations model for
analysing and modeling the performance of photovoltaic modules [26]. The
equations describe the electrical performance for individual photovoltaic modules,
and can be scaled for any series or parallel combination of modules in an array.
The model is based on the definition of five points on a module current-voltage
curve (Figure 4-12). The form of the model given by 10 equations is used when
calculating the expected power and energy produced by a module, assuming that
predetermined module performance coefficients and solar resource information
are available. [26]
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Figure 4-12. PV module current-voltage curve with 5 defined points of the SANDIA
performance model. [26]

For the grid-connected system hourly-average values for solar irradiance and for
module temperature were used in the array performance model. To calculate acenergy available from the system the performance characteristics (efficiency
versus power level) for the inverter were included in the analysis. The array
performance model can also be used during the design and subsequent
performance optimisation for off-grid photovoltaic systems. These systems are
more complex than grid-connected systems because they include energy storage
(batteries) and frequently auxiliary power sources (generators). [26]
This model is considered a component model as it only models PV Arrays.
Besides cSi, the model has been applied to thin films including cadmium telluride
(CdTe) copper-indium selenide (CiS) and amorphous silicon (aSi), CPV, and
multi-junction (mj) CPV. Weather and insolation data can come from any source.
Sandia PV array performance model is implemented on PVDesign Pro tool and
can there use TMY2, TMY3 and METEONORM weather and solar insolation
data. [42]

4.3.3

Maximum power point tracking (MPPT) techniques

To maintain constant efficiency of the photovoltaic system in different irradiation
levels it is developed a Maximum Power Point (MPP) tracking algorithms. MPP
is achieved in a certain voltage and current point (Figure 4-13). If the load is
directly connected to PV-panel the operating point depends on the load and can be
lower than the MPP. To ensure that load’s power requirements are fully covered
the PV-panels are typically oversized. To avoid system oversizing and achieve
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best performance it can be used a switchmode converter to perform a maximum
power point tracking (MPPT) technique to continuously deliver the highest
possible power to the load. [9]

Figure 4-13. Typical current, voltage and power curve for a 12 PV-module. [ Source:
samplexsolar]

MPPT is not known a priori and depends in a non-linear way on
• The irradiance and
• Temperature.
In multi-panel systems working conditions varies also because of [31]:
• Discrepancies in module parameter values caused by manufacturing
tolerances,
• Different module ageing effects,
• Different orientations of modules
• Clouds
• Other shadowing effects like buildings, trees, power lines etc.
It is defined various methods for MPPT e.g. perturbation and observation (P&O)
method (Figure 4-14), which moves the operating point toward the maximum
power point periodically increasing or decreasing the array voltage. The
incremental conduction method (IncCond) tracks the maximum power points by
comparing the incremental and instantaneous conductance of the solar array,
MPPT control using microprocessor with two-loop control and digital signal
processor (DSP) based control that uses P&O method with self-tuning function.
According to the comparative studies of Hohm & Ropp [9] P&O method, already
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by far the most commonly used algorithm in commercial converters, has the
potential to be very competitive when properly optimised for the given hardware.
[9] [7][8]

Figure 4-14. P&O method to find the MPP [10]
Table 4-7. MPPT control algorithms [7][8] [9]

Algorithm
Voltage feedback
method
Measure method
(pilot cell)
Linear approach

Incremental
conductance method
(IncCond)
Perturbation and
observation method
(P&O)
Three points
comparing method
Model-based
algorithms

Basic principle
MPPT is considered as a constant
value and voltage adjusted
according to voltage reference
Extra solar cell is used as a
reference
Output is controlled keeping it on
the linear P-I curve
Output voltage is adjusted
according to the current-voltage
ratio and conductance increment.
Moves the operating point toward
the maximum power point
periodically increasing or
decreasing the array voltage
Similar to P&O but uses three
point to make a decision
Max. power point voltage is
calculated according to light
incident and temperature
measurements.

Advantages and disadvantages
Easy realize but don’t reach MPP when
temperature varies
Best performance in MPPT but costly
needing measurements and extra cell.
Easy to realize and good performance,
large temperature changes and
components aging decrease accuracy
Small power loss but high requirements
for sensors
Commonly used. Works well when
insolation not vary quickly with time,
oscillates around MPP, fails to quickly
track the MPP
Less power loss but rather complex
structure and poor real time performance
Not practical because the values of the
each cell parameters are not known with
certainty.
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5 PV system power output prediction
PV system power output prediction is very important for large grid connected
systems when power is traded on the energy market. An accurate output
prediction e.g. day-ahead prediction enables to mitigate the price risk associated
with the power exchange. Power output estimations are also needed for real-time
management of the PV-power production unit. Large fluctuating power can also
have influence to the network stability. Good estimate is also important on the
local scale smart grid applications e.g. in smart home systems to help accurate
demand side management and load levelling.
Forecasting of global horizontal irradiance is the first step in most PV power
prediction systems. There are various methods developed to predict irradiancy
either based on the solar radiation measurements or not. The choice of the type of
method depends e.g. on desired length of the time horizon and available data.
Very short-term forecast methods are mainly based on real time measurements,
short-term models include typically weather forecast data and longer time
predictions are mainly based on historical data. Cloudiness has a strong effect on
very short term and short-term irradiancy. For longer time horizon the forecast
error can increase (Figure 5-1). In Nordic areas winter time snow cover can also
increase forecasting errors during winter months. Forecasting tests are using
regression in logs, Autoregressive Integrated Moving Average (ARIMA) and
Unobserved Components models, transfer functions, neural networks and hybrid
models are also evaluated [20].

Figure 5-1. Time horizon vs. forecast errors of different time horizon covering methods. [12]
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5.1.1

Clouds effect forecast

Cloudiness has a remarkable effect on PV system power output especially when
we have a large solar PV installation. Clouds can cause large and fast changes to
power output and disturb power grid performance causing surges and fluctuations.
The cloud effect for the single panel power output (Figure 5-2) can be remarkable.
In the large PV-systems cloud effect can be smoothed because of several PVstrings, in different locations of strings, inverters and control software.

Figure 5-2. Example of the cloud effect to the power production of PV panel in Helsinki area.
(VTT Otaniemi measures).

The US Dept. of Energy’s National Renewable Energy Laboratory (NREL) has
produced and made publicly available a second-based data set (Source: Clean
Technica) to show clouds effect. Data is based on the measures of 17
measurement stations near Hawaii’s International airport.
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5.1.2

Snow cover and depth

Snow cover forecast is important in Nordic systems. It decreases power PVsystem power production and can cause unnecessary fault alarms when covering
partly the panel area. Snow cover could be identified from satellite images or by
probability calculations. Satellite-based snow cover data either the NOAANESDIS IMS, the LandSAF or the DLR dataset is recommended to use by Wirth
et al. (2008). [24] Snow depth information is important for the estimation
mechanical loads of PV-systems. [25]
In order to improve photovoltaic power forecast quality during winter, Lorenz et
al. (2011) have presented a new, empirical approach for enhanced PV power
forecasting during periods of snow cover. After investigating different snow cover
criteria parameters ‘temperature’ or ‘snow cover on the module on the previous
day’ have been found to be robust indicators for snow-covered PV modules.
Integrating these criteria to an empirical approach in combination with persistence
considerably improves forecast accuracy during periods with a high probability of
snow cover on PV modules. For the evaluated winter period from 01/12/2009 to
28/02/2009 in Germany, the root mean square error (rmse) of the regional forecast
could be reduced to half the prior errors; for single sites, the rmse was reduced to
one third of the original rmse. [18]

5.1.3

Examples of the very short-term forecast methods

Very short-term (from few minutes to few hours) forecast methods are can be
based on historical and resent output power measurement and information of the
area cloudiness e.g. based on satellite data. Very short term forecast for output
power can be e.g. [12]
Pforecast (t + k ) =

Pmeasured (t )
Pclear _ sky (t + k )
Pclear _ sky (t )

(5.1)

where k is e.g. 1h.
Detlev Heinemann et. al [15] has proposed satellite data method is based on the
cloud motion vector (CMV) fields (Figure 5-3). The basic assumption is that
cloud structures remain constant during motion. Method is not applicable for early
morning hours [15] Further cloud model improvements will include also 3D
effects of clouds.[17]
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Figure 5-3. Satellite data and cloud motion vector based short-term (<6h) forecast method.
[15]

Veronica Gomez Berdugo et al. (2011,[14]) has proposed an idea of the very
short-term forecast method of PV system power generation based on the use of
local analogs and collaboration from neighbour sites. The outcome of a similar
past situation is used as a prediction of what will happen after the current
situation. The method can be used in the peer-to-peer system where each peer
would correspond to a PV system with computing unit able to store its own PV
production data and to execute the prediction program.
In the Sandia one-minute AC power output model each array is estimated with
Sandia PV array performance model described in 4.3.2 [26]. AC power is
determined by Sandia inverter model [27]. [28]

5.1.4

Examples of the short-term forecast methods

Most short-term (several hours to few days) methods are based on historical data
of local solar irradiance and local weather and local weather forecast. Hottel’s
radiation model is in many cases used to calculate clear-sky radiation incident.
Numerical weather prediction models (NWP) have expected to be potential for
forecasting solar irradiance for several days (e.g. ECMWF, COSMO, LEPS) [17].
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Global models usually have a coarse resolution and one possibility to downscale
these models is to use different kind of post processing methods.
Lorenz et al. [16] has presented a forecast scheme for PV-power prediction
(Figure 5-4). Forecast is based on the global weather prediction model run by the
European Centre for Medium-Range Weather Forecasts (ECMWF). The weather
prediction model provides forecasts with a temporal resolution of 3 hours and a
spatial resolution of 25 km x 25 km, including forecasts of global irradiance. The
proposed PV power forecast method introduces an additional bias correction of
forecasted irradiance data to avoid systematic deviations for cloudy situations.

Figure 5-4. PV power short term forecast scheme based on weather forecast. [16]

Artificial intelligence based models have been find a useful solution to model
solar radiation wind speed, insolation, mean temperature, relative humidity and
cleanness index [19]. Artificial neural networks (ANN) are also widely used to
model energy demand. ANN represents a multivariate, non-linear and nonparametric regression method. They are also proposed to be a tool to predict PV
system power output.
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One of the latest is neural network (Recurrent Back Propagation Network, RBPN)
based prediction (Shuanghua Cao, 2010 [4]) that includes main determinants and
recurrent back-propagation network.
Cai Tao et al. (2010, [[6]]) has proposed Nonlinear Autoregressive model with
Exogenous Inputs (NARX) forecasting model to calculate clear-sky radiation
incident. Weather forecast data from public websites are taken as the variables
that depict the cloud status in future days. By giving enough historical data, the
network can be well trained. While forecasting power output, the NARX network
(Figure 5-5) can also adjust its weights according to the forecast error. According
to the test result the forecasting models can be employed to forecast the daily
power output of PV system.

Figure 5-5. Three-layered multivariate NARX network. [6]

Francesco Grimaccia et al. (2011, [11]) has proposed solar power forecast method
based on the use of Artificial Neural Network (ANN) and fuzzy filtering for
dealing with the complexity of inputs involved in the available weather forecast
data.
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Figure 5-6. Feed-forward ANN with Fuzzy pre-processing for forecasting PV energy
production based on weather forecast. [11]

An example of the commercial short-term forecasting method is Metnext model
(http://www.metnext.com/index.php/en/produits-and-services/metnext-decidesoftware). Metnext is a statistical tool to model weather impact. Metnext uses
computationally efficient Multivariate Adaptive Regression Splines (MARS)
algorithm that can be 100-300 times faster than ANN algorithm. [12][13]

5.1.5

Long-term forecast

To be able to evaluate PV-system economy and payback time of system
investment it is needed long-term power production forecast ability. Long-term
time series are needed also for risk analysis. The forecast of grid-connected large
PV-plants production is important e.g. to maintain grid balance and for market
place day-ahead trading. For these reasons the long-tern data should be available
for the specific target side. A resolution of 100m is expected.
Typically and most simply method is to use so called typical Meteorological Year
(TMY). A TMY is a climatological parameter dataset that is chosen to represent
typical values over a year. TMY dataset can be defined for global and diffuse
irradiation values as well as for beam normal irradiation and temperature values.
However, there are several different ways to define TMY. The basic idea is to
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evaluate long period dataset (100 years) and pick most typical values for each
month of the year. Most typical month (e.g. January) is the one that e.g.
minimizes Filkenstein-Scahfer distance:
min(FS)=min(1/nΣ abs(January(n)Value-January (all) Value).
For certain month the values for each hour could be defined in the same way. The
problem is the lack of long period measurements. That decreases the reliability of
the results. The model is used e.g. PVWATTS tool that include TMY developed
by NREL. NREL TMY2 contains 30 years solar radiation data (1961-1990) and
NREL TMY3 version years 1976-2005. TMY is not an average year and can
overestimate the results (Figure 5-7)

Figure 5-7. The "typical" year compared to the actual and true average year. [23]

The problem is that there is not such a long period database that covers the whole
world with 100 m - 1000 m resolution. Some algorithms have been developed to
cover the needed area based on the measurements of other area. [25]
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6 Basic requirements for PV system design tools
Nordic areas are harsh environment for the outdoor photovoltaic systems with
snow and ice cover and low insolation that is almost zero on wintertime. Low
temperature is to certain level advantageous for PV-panels performance but hard
frost can cause problem for all electrical systems. However, the most
requirements for PV-systems design tools are similar for all PV-system locations.
The databases included should support locally typically used devices suitable to
the local conditions and weather and solar radiation database should include data
for the specified area. For Nordic conditions e.g. the snow cover evaluation could
improve accuracy of the power output forecast. Control system should also be
able to adapt forecast functions according to special PV-panel types e.g. panels
planned for low insolation conditions.
Table 6-1. Features of PV design tools.

Phase

Type

Function

P, D
DB
Solar Radiation: TMY
P, D, F DB
Solar radiation time series
P, D, F DB
Weather forecast
P, D
DB
PV panels
P, D
DB
Inverters
P, D
DB
Transformers
P, D
SW
Site location
P, D
SW
Tracking type input
D
SW
Taxes and subsidies input
P, D, F SW
Cloud effect
P, D, F SW
Snow effect
D
SW
MPPC
P, D
SW
Solar radiation evaluation
P, D
SW
Low radiation specific features
P, D
SW
Cloud effect calculation
P, D
SW
Snow effect calculation
P, D
SW
Shadow effect calculation
P, D
SW
Installation design (2D)
P, D
SW
Installation design (3D)
P, D
SW
PV-system calculation
P, D
SW
Load calculation
Table 6-1 continues

Basic Advanced Nordic
specific
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
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Table 6-1 continues
P, D
SW
Storage system calculation
(X)
P, D
SW
Power output calculation
X
P, D
SW
Investment cost calculation
(X)
P, D
SW
LCA cost calculation
P, D
SW
Payback time calculation
P, D
SW
Emissions calculation
R
Table, Solar radiation
X
Chart
R
Table Output power AC
X
R
Table System losses
R
Table String amount
R
Table Converter amount
R
Table List of needed products
X
R
Table Simulation
of
various
technologies for comparison
R
Figure Layout of the system
R
Table System investment cost
R
Table System LCA cost
R
Table System payback time
R
Table Emissions
R
Chart Output power very short term
forecast
R
Chart Output power short term forecast
R
Chart Output power long term forecast X
P= Preliminary design, D= Design, F= Forecast, R= Result

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
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7 Review of the current PV system design tools
7.1

Simple tools for domestic stand alone PV system
design

Simple design tools are needed e.g. to define summer cottage PV-systems or
domestic PV-systems with zero or minimized grid connection amount. The main
parts of the simple design system are the domestic load definition and definition
of amount of selected PV-panels when the installation area is known and to define
a battery storage size needed to support PV-power. The system should include
also the typical solar radiation information over the year. The results of the simple
design tool are typically shown in table format on the screen.

7.1.1

Rainbow Power

An example of the simple design tool is a PV system calculator from Rainbow
Power Company. The tool includes functions for
• General system settings (battery voltage, battery losses, inverter losses,
location choose (Australia), selection of a solar panel)
• Load calculation (insertion of appliance, watts/amps, power type, hours
use, amp hours, watt hours)
• System summary table (battery size based 3 days autonomy or five days
autonomy, max. continuous inverter load for 3 days battery and 5 days
battery)
• Details for solar radiation, output for one selected panel
• Calculation quantity of panels needed based on location
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Figure 7-1. AMP and Watt hour calculator. [Source: Rainbow Power Company
http://www.rpc.com.au/products/services/faq-info/calc/calculator.html]

7.1.2

Solar Electricity handbook and Free Sun Power

There are also several Internet based small system design tool like Solar
Electricity handbook tool on http://www.solarelectricityhandbook.com/solarcalculator.html and for USA area e.g. Free Sun Power on
http://www.freesunpower.com. Solar Electricity handbook tool includes project
analysis part, solar irradiance tables and solar angle calculation. Solar irradiance
tables and solar angle calculations are available for Espoo Helsinki, Oulu,
Tampere, Turku and Vantaa of Finnish towns. Results for project analysis are not
online available but the report will be send by email.
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7.2

Basic solar system design tools

Basic solar system design tools includes following features
1) System design
a) Load calculation
b) Storage system calculation (Battery database)
c) Solar radiation evaluation (connection to Meteorological database(s))
d) PV-system calculation and choose of PV-panels, trackers, inverters,
transformers etc. (Database for devices)
2) System simulation
a) Comparison different topologies, products, voltages etc.
3) Final system definition and cost calculation (optional)
4) Final results presentation
a) List of needed products
b) System investment cost, LCA cost and payback time (optional)
In the following chapters it is described some commercially available basic solar
system design tools.

7.2.1

PVWATTSTM

PVWATTSTM (http://www.nrel.gov/rredc/pvwatts/) calculator is an Internetaccessible tool for grid-connected crystalline Silicon PV-systems design
developed by NREL (National renewable Energy Laboratory) in USA. The
PVWatts calculator works by creating hour-by-hour performance simulations that
provide estimated monthly and annual energy production in kilowatts and energy
value.
Users can select a location and the tool uses a typical meteorological year weather
data for the selected location. The user selects default values or their own system
parameters for size, electric cost, total system efficiency, array type, tilt angle, and
azimuth angle. In addition, the PVWatts calculator can provide hourly
performance data for the selected location. The PVWatts calculator is available in
two versions.
1) Site Specific Data Calculator (Version 1) allows users to select a location
from a map or text list of pre-determined locations throughout the world.
2) Grid Data Calculator (Version 2) allows users to select any location in the
United States and provide more specific meteorological input.
For Finland the system provides typical meteorological year data for Helsinki and
Tampere. It is used different power output model for low irradiance cases (see
equations 6.2-6.3).
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In the following pictures (Figure 7-2 and Figure 7-3) it is presented an example of
parameter inputs and calculation results for 100 kW fixed tilt PV-system installed
in Helsinki. The results are available also as hourly performance data or as text
form.

Figure 7-2. PVWATTS parameter inputs for 100 kW PV-system in Helsinki area. [Source:
http://www.nrel.gov/rredc/pvwatts/].
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Figure 7-3. PVWATTS calculation results for 100 kW solar system in Helsinki area. [Source:
http://rredc.nrel.gov/solar/calculators/PVWATTS/version1/International/pvwattsv1_intl.cgi]

7.2.2

SAM, System Advisor Model

SAM (https://sam.nrel.gov/) is developed in the co-operation of NREL and
Sandia. The free model includes biomass power, wind and geothermal power.
Concentrating solar power and photovoltaic are also included. Photovoltaics
calculation can be based either on PVWatts simplified system model that does not
require specific module and inverter characteristics or on detailed componentbased model that uses CEC and Sandia models for modules and inverters.
The financing options included are: residential, commercial buildings installed
buying and selling at retail rates, commercial with power purchase agreement,
utility independent power producer that sells at a price negotiated through a power
purchase agreement or advanced utility independent power producer.
As an example for the residential system inputs are weather (direct normal, global
horizontal irradiation, dry-bulb temperature and wind-speed) in TMY2, TMY3 or
EPW format files, database for inverters and PV modules, shading as shading
factors, costs, tracking and orientation, system derating factors: soiling and
inverter, ground reflectance and land area. You can also choose tilted surface
radiation model from several models. System degradation and availability as well
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as taxes and payment incentives, utility rate and financing input details can be
given. In system summary it is calculated capacity, total direct cost, total installed
cost, total installed cost per capacity, analysis period, inflation rate and real
discount rate. Simulation results are available in graphs and charts, data tables,
base cash flow table and graphs of base case time series.

Figure 7-4. An example of the user interfaces of SAM.

7.2.3

Solargis Pvplanner

Solargis Pvplanner (http://solargis.info/doc) is a simulation tool for planning and
optimization of photovoltaic systems using climate and geographic data.
For a project planning, and financing, information is needed for:
• Statistical distribution and uncertainty of solar radiation
• Detailed specification of a PV system
• Interannual variability and uncertainty of PV production
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•

Lifetime energy production considering performance degradation of PV
components.
For simulation of various technology options:
• Fixed-mounted, single-axis and double-axis tracking
• Module technologies: c-Si, a-Si, CIS/CIGS, CdTe, etc.
• Simulation of angular reflectivity and nonlinear response of PV modules
to irradiance and temperature
• User-selected inverter efficiency, DC and AC losses and availability.
Simulation chain chart is presented in Figure 7-5. PvPlanner does not cover solar
radiation data for Finland.

Figure 7-5. pvPlanner simulation chain chart. [Source: http://solargis.info/doc/39].

More information about PvPlanner can be found at: http://solargis.info/doc.
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7.2.4

Polysun

Polysun is a photovoltaic simulation software from Vela Solaris
(http://www.polysun.ch/vs2/index.php?article_id=10&clang=1) in Switzerland.
Polysun uses Meteotest insolation and weather data. Designing process includes
three steps:
1) Selecting worldwide weather data
• Yield forecasts using global weather database including over 8000
weather stations worldwide
• Calculation of weather data for user-defined locations
• During the simulation the sun’s position is updated each 4 minutes
• Find the ideal location for large systems
2) Dimensioning the system
• Comprehensive selection of brands providing PV modules and
inverters
• Catalogue integration with own product range available
• Dimension and modify PV module, e.g. module area and orientation
3) Result evaluation
• Automatic display of simulation results. All results can be graphically
displayed
• Displaying economic results such as payback period, incentives,
energy balance
• Monthly and hourly results for all components make it possible to
monitor energy flows.

Figure 7-6. Examples of the design views of Polysun tool. [http://www.polysun.ch]
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7.2.5

Homer

Homer is an energy modeling software [http://homerenergy.com/software.html]
for designing and analysing hybrid power systems including also solar
photovoltaics.
Homer provides simulation, optimisation and sensitivity analysis tools. The
designed system can be either grid-tied or off-grid system. Homer determines also
economic feasibility of the system. HOMER offers is the ability to find the
optimal configuration based on price estimates as well as perform sensitivity
analysis to help understand tradeoffs between different technologies and
economic considerations

Figure 7-7. An example of the PV system inputs of Homer tool.
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Figure 7-8. An example of radiation calculation results of Homer tool.

Homer does not include neighbourhood modeling and therefore it is not a suitable
tool for the design of urban PV-system with shading elements.

7.2.6

Sunny Design

Sunny Design is a free software for the planning PV plants (http://www.smaamerica.com/en_US/products/software/sunny-design.html). Sunny Design offers
possible suggestions about how your PV plant should be laid out. Sunny Design
also suggests a combination of PV array(s) and inverter(s) that are the closest to
customers’ requirements for the planned PV plant, especially in regard to power
class and energy yield. Sunny Design is intended for private and industrial use.
Sunny Design has the following features:
• Includes comprehensive database of all available PV modules
• Use of high-resolution meteorological data
• Supports locations worldwide
• Automatic dimensioning of the cable lengths and cross sections
• Energy analysis over a period of one operating year
With SMA Off-Grid Calculator it can be defined off-grid systems including PVsystem.
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Figure 7-9. Sunny Design worktable view, system inputs and calculation results.

Figure 7-10. Sunny Design worktable vie, PV-panel system layout and cable dimensions.
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7.2.7

ESP-r

ESP-r (http://www.esru.strath.ac.uk/Programs/ESP-r.htm) is an integrated energy
modeling tool for the simulation of the thermal, visual and acoustic performance
of buildings and the energy use and gaseous emissions associated with associated
environmental control systems. In undertaking its assessments, the system is
equipped to model heat, air, moisture and electrical power flows at userdetermined resolution. Building geometry can be defined via CAD tools, in-built
CAD facilities or click-on-grid or image.
The system is designed for the Unix operating system, with supported
implementations for Solaris, Linux (SuSE, Ubuntu, etc.), OSX 10.5 and 10.6. It
can also be run on Windows in the Cygwin environment, or it can be run in native
Windows (XP Vista). ESP-r has a worldwide development community and its
distribution is managed under Subversion source code control. The system is
made available at no cost under an Open Source license.

7.2.8

TRNSYS

TRNSYS (http://www.trnsys.com/) is a flexible graphically based software
environment used to simulate the behaviour of transient systems. TRNSYS was
originally designed fro solar-thermal systems but now includes also PV and wind.
TRNSYS is made up of two parts. The first is an engine (called the kernel) that
reads and processes the input file, iteratively solves the system, determines
convergence, and plots system variables. The kernel also provides utilities that
(among other things) determine thermophysical properties, invert matrices,
perform linear regressions, and interpolate external data files. The second part of
TRNSYS is an extensive library of components, each of which models the
performance of one part of the system. The standard library includes
approximately 150 models ranging from pumps to multizone buildings, wind
turbines to electrolysers, weather data processors to economics routines, and basic
HVAC equipment to cutting edge emerging technologies. Models are constructed
in such a way that users can modify existing components or write their own,
extending the capabilities of the environment. TRNSYS 17 includes detailed 3D
radiation models for buildings. TRNSYS is used in various applications e.g. in
building simulation but it is used also photovoltaic system applications. The TESS
Electrical Library has components for solar photovoltaic (PV) and combined solar
thermal (PVT) modeling in TRNSYS. The library includes simple PV models,
PVT models, building integrated PV models, a PV array shading component, an
equipment outage component, and lighting controls. There are eleven TRNSYS
distributors throughout the world. Each distributor offers its own technical
support options and prices.
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7.2.9

PV F-Chart

PV F-CHART (http://www.fchart.com/pvfchart/) is a photovoltaic system
analysis and design program. The program provides analysis and rough sizing of
both grid-connected and stand-alone PV-systems. It provides monthly-average
performance estimates for each hour of the day. The calculations are based upon
methods developed at the University of Wisconsin, which use solar radiation
utilizability to account for statistical variation of radiation and the load.
The program includes utility interface system, battery storage system and standalone system alternatives. Tracking can be fixed, 1- or 2-axis tracking or
concentrating. PV F-Chart include the following features:
• Weather data over 300 locations
• Weather data can be added
• Fast execution
• Hourly load profiles for each month
• Statistical load variation
• Buy/sell cost differences
• Time-of-day rates for buy/sell
• Life-cycle economics with cash flow
• Monthly parameter variation
• English and SI units
• Graphical and numerical output
The tool does not include layout or 3-D functions or shadowing effects
estimations. Academic site licence is a one-time charge of $600.
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Figure 7-11. An example of utility and economic parameters input of PV F-Chart.
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Figure 7-12. Examples of the calculated system performance and economic results of PV FChart.

7.2.10

SolarDesignTool

SolarDesignTool (http://www.solardesigntool.com/) is online solar design
software for configuring grid-tied solar electric systems. SolarDesignTool free
Pro-version includes the following features:
• Design grid-tied solar electric systems for homes and business
• Design both single-inverter and multi-inverter systems
• Configure array layouts for single and multiple roofs
• Compare configured systems side-by-side

57 (91)

D 5.1.36: Nordic photovoltaic design systems. Requirements and evaluation of
current PV system design tools
SolarDesignTool Expert features includes all Pro-version features and e.g.:
• View a graphical representation of a system's array layout
• Arrange solar modules on roof quickly and easily, by simply dragging and
dropping modules
• Save designs so you can access or edit them later
• Organize designs into projects
• Export the design to a PDF system summary sheet
• Use string configurator to quickly build single- and multi- inverter systems

Figure 7-13. An example of the output characteristics of SolarDesignTool.
[http://www.solardesigntool.com/]
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7.2.11

INSEL

INtegarted Simulation Environment Language INSEL (http://www.inseldi.com/)
is software from Doppelintegral GmbH in Germany to understand, plan, monitor,
and visualize energy systems. For this purpose, INSEL provides state-of-the-art
functions as blocks for the simulation of meteorological data, electrical and
thermal energy components, which can be interconnected to a concrete solution of
a simulation problem. Simulation models can be created from existing blocks in
the graphic editor HP VEE with a few mouse clicks. The simulation of systems
like on-grid PV generators (Figure 7-14) with MPP tracker and inverter, for
instance, becomes practically a drawing exercise. The tool includes database for
photovoltaic modules, inverters, thermal collectors and meteorological
parameters.

Figure 7-14. INSEL model for the grid-connected PV generator. [Source:WWW.inseldi.com]

The complete software in the current version INSEL 8 costs 1700 Euro plus VAT.
Universities, research institutes and other public bodies get 50 per cent discount.
Students can purchase the complete software for 85 Euro plus VAT.
The following dynamic link libraries are available in the current version 7.0:
•
•

The INSEL compiler - the so-called inselEngine.dll
A DLL named inselFB.dll, which contains fundamental blocks for
numerics and data handling
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•
•
•
•
•
•
•

A DLL for energy meteorology inselEM.dll
The DLL inselSE.dll for the simulation of solar electrical systems
The DLL inselST.dll which contains models for the simulation of solar
thermal systems
The library inselPP.dll for the simulation of solar thermal power plants
A DLL inselBS.dll for building simulation is currently under development
Internet communication and other services are developed into the DLL
inselDP.dll
The open DLL inselUB.dll can be customized and extended with own
routines by the user

INSEL offers all required location data and algorithms in the Solar Meteorology
Toolbox. The toolbox includes a database with 2000 locations worldwide. The
meteorological data provide monthly means of irradiance, temperature, wind
speed, air humidity etc. The INSEL toolbox Solar Electricity provides parameters
for the simulation of all market-available PV modules and inverters.
INSEL gives users 10 options for radiation conversion on a tilted surface [42].
All functions, which are programmed in INSEL can be used independent of the
inselEngine in other environments like Excel, LabVIEW, MATLAB/Simulink,
PV-SOL and T-SOL.

7.2.12

PV Simulator

PVSimulator (http://www.cleanpower.com/PVSimulator) from CleanPower
Research is implemented as a web service. It includes functions fro PV energy
output simulations by:
1. Integrating with other software products and services,
2. Allowing users to select simulation models and data sources, and
3. Allowing users to specify the PV simulation configuration.
Rather than specifying the “best” power output simulation model and weather
data source, it provides users with the flexibility to mix and match from any
number of simulation models and datasets. PVSimulator can simulate anything
from a single module to a fleet of PV systems
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Figure 7-15. A screenshot of PVSimulator tool.
[Source: http://www.cleanpower.com/PVSimulator]

7.2.13

Pvscout

Pvscout is a tool from Pvscout design system and includes following features:
•
•
•
•
•
•

Project definition (location, project details, customer details)
Pvgenerator (preferences, roof design)
Sizing (inverter filter, results, alternatives, string connection, cabling, AC
connection plan)
Profitability, profitability prognosis
Bill of materials (bill, order list)
Presentation
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Figure 7-16. Screenshots of Pvscout tool design process.

7.2.14

RETscreen

RETScreen (http://www.retscreen.net/) a program developed by Natural
Resources Canada for evaluating both financial and environmental costs and
benefits for many different renewable energy technologies. RETScreen has a
specific Photovoltaic Project Model that can model PV array performance for
many locations around the world. Models used in the tool are described in
http://www.retscreen.net/ang/textbook_pv.html. [42]
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7.3

Advanced solar system design tools

Advanced solar system design tools typically includes six basic features:
1) Preliminary examination; from architectural and placement point of view,
shading analysis
2) System design
a) Load calculation
b) Storage system calculation
c) Solar radiation evaluation
d) PV-system calculation and choose of PV-panels, trackers, inverters,
transformers etc.
3) Power production forecasting methods (Optional)
4) System simulation
a) Comparison different topologies, products, voltages etc.
5) Final system definition and cost calculation
6) Final results presentation
a) List of needed products
b) Layout of the system
c) System investment cost, LCA cost and payback time
In the following chapters it is described some commercially available advanced
photovoltaic solar system design tools.

7.3.1

PVSYST

PVSYST (www.pvsyst.com) is software developed by the Energy Group at the
University of Geneva in Switzerland. The software is designed for the study,
sizing, simulation and data analysis of complete PV systems. It can be used at any
location that has meteorological and solar insolation data. It is suitable for gridconnected, stand-alone and DC-grid (public transport) systems, and offers an
extensive meteorological database (Meteonorm, Helioclim-1 and -3, Satel-Light,
TMY2/3, ISM-EMPA, NASA-SSE, WRDC, PVGIS-ESRA and RETScreen can
be used as well as custom input as csv form). PV-components database and an
expert system are available to facilitate the PV system layout definition. It uses
one diode equivalent circuit model for calculating PV-module performance. It
includes also a 3-D tool for detailed shading analysis and a detailed economic
evaluation performed using real component prices, additional costs and
investment conditions, in any currency (Figure 7-17).
Preliminary design part of PVSYST tool is for pre-sizing the project and includes:
• First evaluation of the system’s and components sizes
• System yield quick evaluations performed using monthly values
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Project design includes PV-system design and performance analysis using
detailed hourly simulation. The project´s organization and simulation process is
described in the following figure (Figure 7-18).

Figure 7-17. PVSYST tool category. [Source: www.pvsyst.com]
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Figure 7-18. Project organization and simulation process in PVSYST tool. [Source:
www.pvsyst.com]

Examples of the system specification results are presented in the Figure 7-19.

Figure 7-19. Examples of the system specification, area specification and shadow definition
of PVSYST.

For grid-tied systems user can enter the nominal values e.g. AC-voltage and
nominal power select inverters (Figure 7-20). The program proposes amount of
inverters and possible PV-array layout. User can also make his own proposal and
system gives warning if the system is not satisfactory. Warnings are related to the
inverter sizing, array voltage etc. The configuration tool takes care of MPP
performance.
For stand-alone system (Figure 7-21) also battery system can be defined. The
program computes the required storage capacity and PV array power after user
defined basic information.
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Figure 7-20. Grid-connected PV system definition example. [Source: www.pvsyst.com]
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Figure 7-21. Stand-alone PV system definition example. [Source: www.pvsyst.com]

Results of PVSYST are available in four forms:
1)
2)
3)
4)

Figure of irradiation /(m2,day) by months
System output energy total kWh/year and a figure of the energy per month
1) and 2) in table form
Economic gross evaluation including taxes and subsidies

Examples of the simulation results are presented in the Figure 7-22.

Figure 7-22. PVSYST simulation results.
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7.3.2

PV*SOL

PV*SOL is the PV design software developed by Valentin Energy Software in
Germany and English version is distributed by the Solar Design company.
PV*SOL Expert (http://www.solardesign.co.uk/pvsol-expert.php) is a PVsimulation tool with 3-D visualization and detailed shade analysis. The tool uses
Meteonorm database for climate data. Meteonorm database includes climate data
from 38 Finnish measurements points from Utsjoki to Helsinki. PV*Sol comes
now with Meteosyn climate data software free of charge. This comes pre-loaded
over 2000 global climate data locations and allows to add custom climate data.
The PV system can be based on one or multiple inverters and can be grid-tied or
stand-alone system up to 1 MW. In the 2D planning of PV*SOL Expert there is a
limit of 65535 modules per sub-array. In the 3D visualization of PV*SOL Expert
the module number is limited to 2000. There is a limit of 6 sub-arrays.
PV*SOL Expert includes following functions:
• Choose between Gridcon (for grid-connected systems) and the Set (for
both grid-connected and off-grid systems)
• Calculate multi-string inverters with the corresponding number of MPP
trackers and various series/string configurations.
• Design grid-connected PV systems quickly and easily while the program
checks all physical criteria and threshold values (e.g. output, voltage and
current)
• Determine the number of modules for each sub-array with the roof layout
facility
• Produce professional client reports with precise graphics and data.
• Calculate shade frequency distribution for each individual module.
• Optimise PV module coverage using this information.
• Define the extent to which roof objects could cause shading.
• Precisely customise surrounding objects with far greater speed and
accuracy.
• Produce a 3D animation of shading over a day or a year.
• Create images for customers of what their property and its surrounds will
look like with integrated modules.
• Take screenshots of the visualised environment to import into your reports
Shading is simulated in 10 minutes intervals. With the Photoplan option can be
created a photorealistic plan of roof areas (Figure 7-23). With a photo of the roof
and a few reference dimensions a representation of the property with integrated
modules can be created.
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Automatic and manual roof coverage options visualise annual irradiation
reduction for any part of the PV area and for each individual PV module.

Figure 7-23. Plan of PV-system in the target roof area based on photos. [Source:
http://www.solardesign.co.uk/pvsol-expert.php]
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Figure 7-24. Examples of the PV*SOL Expert calculation/simulation results: Detailed project
report, roof layout, graphical evaluation and economic efficiency calculation.

7.3.3

PV-DesignPro

PV-DesignPro is a software tool from Maui Solar Energy Software Corporation
(http://www.mauisolarsoftware.com/). The tool covers grid-connected and stand
alone – battery storage version designs for small systems and large utility
systems. The system includes hourly climate generator program with 2132
international climates. PVDesign pro uses Sandia PV array performance model
[42]. The PV system array is modeled using various published equations and
manufacturer provided panel parameters. The user need only select the type of
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panel from the database of PV panels, and input the number of parallel
connections and series strings of similar panels. Various chart outputs, such as
the typical I-V-P curve are available to the designer to estimate performance. User
can choose from various tracking options. (http://www.mauisolarsoftware.com/).)
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The following results can be calculated and presented on the screen:
• Solar fraction charts, by month of the year
• Battery states of charge by month (maximum, average, minimum).
• Annual performance table (energy produced, necessary backup, and statesof-charge).
• An annual energy cost analysis that includes prospective cash-flows based
on costs of purchased energy, and any sold PV energy
• A lifecycle cost analysis
Charts can be viewed that cover every hour of the year and include battery SOC,
battery voltage, solar radiation on a horizontal surface, solar radiation on the
array, load and backup watts, panels efficiency, panel cell temperature, angles of
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incidence, slope angle, and the azimuth angle. In the following figure it is
presented a screen shot of a parameter analysis selection window.

Figure 7-26. Parameter analysis selection window in PV-DesignPro. [Source:
http://www.mauisolarsoftware.com/]

7.3.4

PV Designer Software

PV Designer software (http://www.solmetric.com/pvdesigner.html) includes
ability to draw a roof outline, specify set-backs and keep-out regions, incorporate
SunEye shade measurements at specific locations on the roof, drag-and-drop
modules, size strings, check inverter limits, and calculate the AC energy
production for your system. It includes extensive worldwide databases of
modules, inverters, and historical weather (Meteonorm). You can try different
design scenarios and compare their AC kW-hr outputs side-by-side to identify the
best design (Figure 7-27). Results can be exported in a PDF format and printed or
emailed to clients. The software is designed for residential and small commercial
systems with either a single inverter or multiple inverters. The software is
optimised for designing systems of around 15 kW or less, however larger systems
up to 100 kW can also be designed in PV Designer. Basic features of PV design
by PV Designer:
• Define arbitrary (rectangular or non-rectangular) roof shapes
• Specify PV module and Inverter from integrated database
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•
•
•
•
•
•
•

Layout modules on roof plane
Designate strings
Define set-backs and keep-out regions such as skylights
Locate SunEye shade readings from SunEye 110 or 210 tool
Determine energy calculations accounting for partial shading
View results in monthly or annual kWh
Output pdf report or csv file for hourly time-of-use analysis

The base price of the tool is $400.

Figure 7-27. An example of the PV-designer worktable elements. [Source:
http://www.solmetric.com/pvdesigner.html]

7.3.5

SOLinvest pro

SOInvest pro plus is developed Luxea GmbH (http://www.luxea.de). The Original
version is in German but multilingual version SOLinvest International is also in
English. The tool includes system definition and 2D and 3D layout planning. An
output report includes e.g. an economical analysis and information of yearly
saved CO2 emissions. The price of SOLinvest pro is 856.80 Euro.
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Figure 7-28. SOLinvest pro desintool. The screen view of the basic function selection
selection.

Figure 7-29. SOLinvest pro design tool. Layout design.
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Figure 7-30. SOLinvest pro design tool. An example of the design outputs.

7.3.6

Archelius Pro

Archelius pro is a solar design tool from Archelios (http://www.archelios.fr/). The
basic features of the tool:
• New PRO version with world meteo database (Meteonorm)
• Filter of modules and inverters by name
• Production and battery deficit computation (versus needs)
• Modification of currency (£, €, FCH ...)
• Simulation of electricity price fluctuation
• Evaluation of solar radiation
• Automatic calculation of distant shadows (available for entire world)
• 3D modeling of near shadows
• Help to design, layout drawings
• Forecast of output power
• Detailed calculation of losses (temperature, cables ...)
• Simulation of annual incomes
• Calculation of profitability
• Stand alone or connected systems
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Figure 7-31. Inputs views of Archelios. [Source: http://www.archelios.fr/]

Outputs are:
• Customization (content, logo and contact details of your business, import
of pictures and texts)
• Technical and economical recap
• Detailed diagram of losses
• Review of simulation assumptions
• Graphical and numerical results
• Indicators of electrical sizing
• Financial forecasts

Figure 7-32. Reports of Archelios. [Source: http://www.archelios.fr/]

Archelios Pro price is 680 € with 12 months updated data or 395 e without
updated data.

7.3.7

Autodesk Ecotect

Autodesk® Ecotect® Analysis (http://usa.autodesk.com/) sustainable design
analysis software is a comprehensive concept-to-detail sustainable building design
tool. Ecotect Analysis includes a simulation and building energy analysis
functionality. Online energy, water, and carbon-emission analysis capabilities are
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integrated with tools to visualize and simulate a building's performance within the
context of its environment. Ecotect includes 3D environment and separate shading
analysis and is more suitable tool for detail design phase. Green Building studio is
a subscription Entitlement to Ecotect Analysis.
Ecotect tool includes the following features:
• Whole-building energy analysis—Calculate total energy use and carbon
emissions of your building model on an annual, monthly, daily, and hourly
basis, using a global database of weather information.
• Thermal performance—Calculate heating and cooling loads for models
and analyze effects of occupancy, internal gains, infiltration, and
equipment.
• Water usage and cost evaluation—Estimate water use inside and outside
the building.
• Solar radiation—Visualize incident solar radiation on windows and
surfaces, over any period.
• Daylighting—Calculate daylight factors and illuminance levels at any
point in the model.
• Shadows and reflections—Display the sun’s position and path relative to
the model at any date, time, and location.

Figure 7-33. Performance features of Ecotect Analysis Desktop Tools and Green building
Studio.
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Figure 7-34. Examples of the displays of Autodesk Ecotect Analysis tool.

7.3.8

Plan4solar PV

Plan4solar PV is a 3D PV design tool from CASCAD (http://www.gascad.at).
Plan4solar PV includes e.g. the following features:
• Visual representation of the solar modules in the customer object
• Capture module and dimensioning module
• Object browser (choice of the products)
• Positioning of objects
• Free - area assistant (optional)
• Components, completion (optionally)
• Completion of the connection or assembly system
• Production attachment schema (attachment planning)
• Completeness check
• Price calculation
• Prints 2D and 3D line- or color view
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Figure 7-35. Examples of the design views of Plan4solar PV design tool. [Source:
http://www.gascad.at]

7.3.9

Solar Pro

Solar pro ver. 4.0 (http://www.lapsys.co.jp/english/products/pro.html) is a PV
system simulation program from Laplace System based in Kyoto, Japan. The
software is able to simulate electricity generation under different conditions
varied by each system so that allows system designing based on precise data.
The software includes built-in weather data for 1360 places, also Meteonorm data
or actual measured data /csv format) can be imported. The tool contains Photon
data for modules and inverters. New data can be downloaded. The tool includes
the following features:
• Realistic modeling plan 3D-CAD. Simulation including the shadow
influence by surrounding buildings and objects allows users to check
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•

•
•
•

optimal settings and module designs before system installation. Reflection
trajectory can also be shown.
I-V curve: The software calculates the I-V curve of solar modules (Monocrystalline, polycrystalline, amorphous, hybrid, HIT, CIS, CIGS)
accurately and quickly based on the electric characteristics of each
manufacture's product
Electric power calculation: The software calculates the amount of
generated electricity based on the latitudes, longitudes, and the weather
conditions of the installation site. This leads precise simulation results.
Support for designing: The software determines necessary component for
installing PV system automatically based on the settings.
Results of economic efficiency evaluations: Trend of annual generated
electricity and load power, trend of cost payment, comparison between
selling and buying power rates.

Figure 7-36. Examples of Solar Pro images.
[Source: http://www.lapsys.co.jp/english/products/pro.html)
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7.4

Summary of the solar design tools

In this study it has been studied functions of 26 photovoltaic design tools
including 3 simple calculation tools and 23 more advanced design tools. More
advanced design tools include various functions for predesign and final design
phase, as well as for simulations, economics and emissions calculations, 2- or 3dimensional layout design and production predictions.
Stand-alone system design tools include local solar irradiation, load calculations,
inverter, controller, battery and PV array selection, system configuration and
results presentation on screen and/or by printed documents. Grid-tied systems
need production modeling ability. To design PV-systems for suburb areas the
ability to estimate and model shading influences is very important. 3-D layout
design with shading elements will improve accuracy of the design. Most advanced
3-D design tools like PV SYST, PV*SOL, Plan4 Solar and Solar Pro include 3-D
design capability and it is the possibility to import complex 3-D models even
pictures/photos of the buildings for PV*SOL tool. Homer, RETscreen and
TRNSYS are examples of the tools for hybrid energy system design tools e.g. for
the design of microgrid energy production.
Many of the reviewed tools like PV SYST, PV*SOL and PV Designer include
connections to large meteorological databases Meteonorm that gives possibility to
calculate and forecast PV system power output for Nordic low or very low
insolation areas. Snow and ice cover effects are difficult calculate because
numerous effective parameters (e.g. type, depth and age of snow, distance of the
modules [43]) but should taken care for Nordic area PV power production
estimations. However, snow and ice cover effects estimations should be included
to the accurate Nordic PV system design tools.
In this study the practical studies of the tools are based on the use of free design
tools and the demo versions of commercial tools available on the Internet.
Calculation results or accuracy is not tested in this study because of the limited
features of the free demo tools. However, Nordic area simulation accuracy of
design tools should be tested by the similar test described in the following test.
Andre Mermoud (2011, [29]) has published the results of PHOTON laboratory
tests of accuracy of 20 simulation software to show if the simulations is underevaluation or over-evaluation the measurements. The test indicates that rather
simple software has the tendency to over-estimate the measured performance of
the real systems. Archelius PRO, Solar Pro and Solinvest PRO Plus were most
accurate tools according to this test.
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Figure 7-37. Simulation tools sorted by mean bias differences between measurements and
simulations. [29]

Yates and Hibbert have evaluated the performance of 7 design tools or tool
versions: PVWatts versions 1 and 2, PVSyst v 4.37, SAM, PV*SOL and PVDesignPro v6.0. Simulations were done with each modeling tool across three
mounting systems and the two module technologies (crystalline and thin-film
systems). An example of the results is presented in Figure 7-38. [44]

Figure 7-38. Example of results for roof-mounted 78.4 kW silicon modules. [44]

83 (91)

D 5.1.36: Nordic photovoltaic design systems. Requirements and evaluation of
current PV system design tools

8 Summary and conclusions
In this study it is made a review of solar system design basic functions,
algorithms, requirements and current solar system design tools.
Mathematical modeling of solar system is basically simple but accurate modeling
need for chosen components like PV-panels specific features e.g. low light
performance and local specific features like air pollutants, typical snow cover etc.
This requires e.g. connections to accurate databases of local solar irradiance and
weather.
Power production prediction functions are important for the calculation of lifelong
economics and emissions. PV system power output prediction is also very
important for large grid-tied systems when power is traded on the energy market.
An accurate output prediction e.g. day-ahead prediction enables to mitigate the
price risk associated with the power exchange. Power output estimations are also
needed for real-time management of the PV-power production unit. Large
fluctuating power can also have influence to the network stability. Good estimate
is also important on the local scale smart grid applications e.g. in smart home
systems to help accurate demand side management and load levelling. To design
PV-systems for suburb areas the ability to estimate and model shading influences
is very important. 3-D layout design with shading elements will improve accuracy
of the design. Most advanced 3-D design tools include already the possibility to
import complex 3-D models even pictures/photos of the buildings.
For the Nordic system design the connections to the solar radiation and weather
databases covering Nordic areas are essential important. Also Nordic specific
functions like snow cover predictions are important to estimate power prediction
for grid-connected as well as for separate systems. Low insolation performance
should be considered in power output calculation as well as in panel and inverter
type database. Component databases should include devices typically used in
Nordic countries.
In this study it has been studied functions of 26 currently available photovoltaic
design tools including 3 simple calculation tools and 23 more advanced design
tools. More advanced design tools include various functions for predesign and
final design phase, as well as for simulations, economics and emissions
calculations, 2- or 3-dimensional layout design and production predictions. Some
mainly simple tools were available totally free and some tools were available as
short-term free demo version. NREL SAM is an example of the free more
advanced versatile tool. Most of freely available tools were also tested but
accuracy was not evaluated because many free demo version were included only
limited features of the tool. Any of the studied tools is not especially specified for
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Nordic area photovoltaic design and uncertainty in the results must be taken into
account if these tools are used.
The future work could include Nordic PV system design accuracy studies with
selected design tools. Because of increasing interest on renewable energy sources
and decreasing cost of PV panels will PV system installation increase also in
Nordic countries. Therefore a specific Nordic PV system design tool to increase
accuracy of the systems design and simulations would be reasonable to develop or
alternatively increase needed features to an existing tool.
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9 Abbreviations
AC
Alternate Current
Albedo
Fraction of Sun's radiation reflected from a surface.
ANN Artificial Neural Network
ARIMA Autoregressive Integrated Moving Average
AS
Ancillary services
Asi
Amorphous Silicon
CAD Computer Aided Design
CdTe Cadmium Telluride
CEC California Energy Commission
CiSc Copper-indium Selenide
CLEEN
Cluster of Energy and Environment
CPV Concentrated photovoltaic
CSP Concentrated Solar Power
DC
Direct Current
DG
Distributed Generation
DLL Dynamic Link Library
DNI Beam (direct) Normal radiation/Irradiation
DSM Demand Side Management
DSP Digital Signal Processor
ECMWF
European Centre for Medium-range Weather Forecasts
ESRA European Solar Radiation Atlas
GHI Global horizontal irradiation
IEA International Energy Agency
IGBT Insulated Gate Bypolar Transistor
IncCond Incremental Conduction
LCA Life-cycle Assessment
MARS Multivariate Adaptive Regression Splines
MPP Maximum Power Point
MW Megawatt
NARX
Nonlinear AutoRegressive model with Exogenous input
NREL National Renewable Energy Laboratory
NWP Numerical Weather Prediction
P&O Perturbation and observation
PAR Photosynthetic Active Irradiance
PV
PhotoVoltaics
PV
Photovoltaic
PVT Combined photovoltaic solar thermal
R&D Research and Development

86 (91)

D 5.1.36: Nordic photovoltaic design systems. Requirements and evaluation of
current PV system design tools
Rmse Root mean square error
SGEM Smart Grid and Energy Market programme
TMY Typical Meteorological Year (TMY2 1961-1990, TMY3 1976-2005)
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