Module 6 :: Solar meteorology
This is the first of three Modules which cover broad INSEL application fields. It
concentrates on the aspects of meteorological data that are relevant in renewable
energy applications, like solar electricity generation, solar thermal heating and
cooling, desalination systems, biomass, wind turbine simulation, storages,
hydrogen technology, building simulation, daylighting etc. INSEL fully covers all
important meteorological parameters as there are solar radiation, ambient
temperature, humidity, precipitation, and wind speed.
The Module does not cover the theoretical background for the calculations in
detail. More information can be found in the block reference manual of INSEL. A
full theoretical derivation of all the used methods can be found in the book
Simulation of Solar Energy Systems by J. Schumacher.1

6.1

Global radiation
We start with the source of all life on Earth: the Sun. From a simulation point of
view it can be considered as a black body at a temperature of 5777 K. As such it
emits electromagnetic radiation with a theoretical spectrum following Planck’s law
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(6.1)

where λ denotes the wave length, h is the Planck constant 6.6260755 × 10−34 J s,
c is the speed of light in vacuum 299 792 458 m s−1 , k is the Boltzmann constant
1.380658 × 10−23 J K−1 and T the temperature of the black body in kelvin.
The INSEL block PLANCK can be used to calculate the spectrum either as a
function of the wavelength λ, or the frequency ν or the energy of the photons hν.
You find it as type Planck’s radiation law under the category Meteorology – Solar
radiation.
Solar spectrum

The real spectrum of the solar radiation which arrives at the surface of the Earth
depends on many factors, like solar position, atmospheric conditions, for example.
There is a standard which defines so-called AM 1.5 spectrum at a solar radiation
of 1000 W m−2 , the 1.5 means that the rays of the Sun pass 1.5 times the shortest
way through the atmosphere. This spectrum as well as the undisturbed spectrum
outside atmosphere AM 0 is available in INSEL under the category Meteorology –
Spectrum.

Exercise 6.1

Plot the theoretical Planck spectrum, the AM 1.5, and the AM 0 spectrum for a
wavelength between 0 and 4 µm.

Hint

The Planck spectrum at 5777 kelvin is the spectrum at the solar surface. Before
1

Not yet published.
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6.1 Global radiation
the radiation reaches the Earth it is diluted by a factor 2.1645 × 10−5 . You find
the dilution factor under Mathematics – Constants.
Solution

The x-coordinate is the wavelength in micrometer, the y-coordinate shows the
value of the electromagnetic terrestrial radiation in W m−2 µm−1 .
Solar constant

The Stefan Boltzmann law is the result of the integral of an electromagnetic
spectrum over all wavelengths. It says
Z ∞
E(T ) =
E(λ, T )dλ = σT 4
(6.2)
0

σ = 5.6703 × 10−8 W m−2 K−4 is known as Boltzmann constant.
If the solar AM 1.5 spectrum G(λ) is integrated the result is the solar constant
Gs = 1367 W m−2 .
Exercise 6.2

Calculate the solar constant with an INSEL model.

Solution

Tutorial

105
We used the Global cumulation block CUM from the Statistics category and a
GAIN block from Mathematics – Basics. Our choice of the wavelength interval
[0,10] and increment 0.01 leads to the value 1368.2 W m−2 , which is close enough
to the real value. Do not forget to set the parameter of the GAIN block to 0.01.
Exercise 6.3

Calculate the solar constant and plot the function
Z

λ

G(λ)dλ

F (λ) =

(6.3)

0

in one model.
Hint

Replace the Global cumulation block CUM by a Summation with reset block
SUMP and choose an appropriate parameter.

Solution

We have set the parameter of the SUMP block exactly to the number of steps the
DO block performs, ie 1001. With tribute to laziness one could set it to any high
value like 100000, for example, without having to figure out the correct number.
We have plotted the AM 1.5 spectrum in addition, and you can see that above
5 µm nearly nothing happens any more.
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6.1 Global radiation
Distance
Sun–Earth

Exercise 6.4

The solar “constant” is not really constant, even if the spectrum is assumed
constant AM 1.5. The reason lies in the dilution factor, which is a function of the
distance between Sun and Earth. And this distance varies due to the elliptic shape
of the Earth’s orbit. Of course, INSEL has a block for the calculation of the direct
normal extraterrestrial irradiance, i. e. in the direction towards the Sun, the GON
block under Meteorology – Solar radiation.
Plot the annual variation of the solar constant.

Solution

Extraterrestrial
radiation

The radiation values we have calculated so far are of rather theoretical value –
except for extraterrestrial applications. Terrestrial data always depend on the
location, this is also true if we want to know the radiation outside atmosphere at a
particular place and a particular time.
For the calculation of the extraterrestrial radiation on a horizontal plane at a
given location INSEL provides the GOH block under Meteo – Solar radiation. The
location is specified through latitude ϕ (north positve, south negative),
longitude λ, (west of Greenwich positiv, east negative) and time zone Z
(Greenwich mean time GMT = 0, Central European time CET = 23, counted
positive in western direction).
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Exercise 6.5
Hint

Plot the extraterrestrial radiation at an arbitrary location of your interest for
every day’s noon, i. e. 12:00 zone time.
Whenever you are looking for local coordinates and time zone values, check the
INSEL weather data base, which contains more than 2000 locations worldwide.

Solution

We live in Stuttgart, Germany. So we used our coordinates. With the CLOCK
block running in steps of one day for 12 o’clock this is our solar radiation – on top
of the Stuttgart atmosphere.
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6.1 Global radiation

Terrestrial
radiation

How much of this radiation does arrive at a terrestrial solar installation – let’s say
every hour of the year? The answer is difficult – of course we could say “Depends
on the weather.”
In case you have some recorded data, maybe in a resolution of one hour, then you
can just read them in and use them. The procedure how to do this, the whole
Format staff – all this has been discussed in Module 3. There is no need to discuss
this issue here again.
Maybe you have given monthly means from a weather service, for example. Well,
that is at least a starting point. Maybe you have no idea, what even the 12
monthly mean values are. Then the INSEL monthly mean weather data base can
help. These are the locations available:

2000 locations in
the inselWeather
data base
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INSEL has access to the data via the MTM block under Meteorology – Data. The
use of the block is very convenient: just browse to the location, ready. As an
alternative you may wish to access locations directly via their coordinates. The
MTM weather data base (via lat/long) type allows this.
Exercise 6.6

Plot the 12 monthly means values in the data base closest to your home place.
The global radiation unit in INSEL is always W m−2 , by default. Plot your data
in kWh m−2 d−1 .

Solution
1

1 k 24 h W
kWh
W
=
= 0.024 2
m2
1000 d m2
m d

(6.4)

Hence, we use a GAIN block with parameter 0.024.

This is our solar radiation – under the Stuttgart atmosphere:

The x-coordinate is the month, y-coordinate is the global irradiance in
kWh m−2 d−1 on a horizontal plane in Stuttgart, Germany.

6.2

Radiation time series generation
INSEL provides blocks which can generate synthetic time series of different
meteorological data, solar radiation data in particular. The GENGD block delivers
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6.2 Radiation time series generation
daily radiation data calculated from monthly means with excellent statistical
properties over long periods like 20 years or more. It does not include a model for
climate change, this is a different playground. But from year to year the monthly
means of global radiation differ significantly. Plenty of research has gone into the
topic of weather data generation, the state-of-the-art is implemented in INSEL.
Exercise 6.7

Plot a time series of global radiation data on a horizontal plane over a period of
one year in daily resolution for a location of your choice.

Hint

Set the parameter for the year-to-year variability to zero, so that the given
monthly mean from the MTM block is approximated as good as possible. Leave
all other parameters as their defaults (except the location data, of course).

Solution

Since INSEL offers two models for the time series generation – the auto-regressive
model of Gordon and Reddy and the Markov-matrix-based model of Aguilar and
Collares-Pereira – we used both in order to compare their respective results. To
make them comparable, the year-to-year variability parameter has been set to zero
in both cases, otherwise the time series cannot be compared because it is not
known in advance, how big the noise of the individual monthly means would be.
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The x-axis shows the day of the year, the y-axis shows synthetic daily means of
global irradiance on a horizontal plane in W m−2 . The red line 01 results from the
Gordon Reddy model, the green 02 curve is the result of the Aguiar CollaresPereira model. At a first glance there is no significant difference between the two.
Exercise 6.8
Hint

Calculate the monthly means of the synthetic time series and compare it with the
data that come from the MTM block.
You will probably use the AVEC block for the calculation. Remember the earlier
discussion – it is probably a good idea to think about a Delay block.

Solution

Since the successors of the AVEC block are executed only after the condition
input has changed, the output of the MTM block needs to be delayed by one time
step. Otherwise, the one-month-ahead value of the radiation would be plotted due
to the functionality of the AVEC block.

The x-axis shows the months, the y-axis shows monthly means of global irradiance
on a horizontal plane in W m−2 . The 01 (red) line are the monthly means as
recalculated from the Gordon Reddy model, 02 (green) is the result of the Aguiar

Tutorial

112

6.2 Radiation time series generation
Collares-Pereira model, 03 (blue) are the values taken from the inselWeather data
base.
Hourly data

Once, daily radiation data are available a time series in hourly resolution can be
generated for each day. The method is based on an autoregressive model
developed by Aguiar and Collares-Pereira. In INSEL it is available as block
GENGH. For convenience of the user, both blocks GENGD and GENGH are
combined as block GENG. But the method and models are the same: at first, a
daily time series is generated from the monthly mean value, then for each day
time series of hourly data are generated from the daily means.

Exercise 6.9

Plot a time series of global radiation data on a horizontal plane over a period of
one month in hourly resolution for a location of your choice.

Solution

The x-axis shows the hour of the year for the month July, the y-axis shows
synthetic hourly means of global irradiance on a horizontal plane in W m−2 .
Tilted surfaces

Only seldom a solar installation is exactly horizontal. In most cases the receivers
are tilted by an angle β 6= 0 and orientated by an azimuth angle γ towards the
equator, i. e. to the south (γ = 180◦ in INSEL) on the northern hemisphere or to
the north (γ = 0◦ in INSEL) on the southern hemisphere, respectively.
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There are plenty of models which can be used to convert horizontal data to tilted.
Most of them use the same approach: in a first step the radiation data are split up
into their beam and diffuse fractions by some statistical correlation, and in a
second step both components are converted to the tilted surface. Concerning the
beam part Gbh the conversion can be done by pure geometry, in the case of the
diffuse radiation some assumption about its distribution over the sky dome must
be made.
Since tilted surfaces always “see” a part of the ground, this portion depends on
the ground reflectance, or albedo ρ. Since it plays a minor role, the albedo is
usually set constant to ρ = 0.2. In fact – like when the ground is covered by snow
– much higher values can occur.
The correlations which calculate the diffuse fraction are based on the clearness
index kt . It is a good measure for the clearness of the atmosphere and is defined as
the ratio between the global radiation that arrives at the Earth‘s surface on a
horizontal plane Gh and its extraterrestrial pendant Goh .
kt =

Gh
Goh

Due due its definition kt can take theoretical values between zero and one. In
practice, values outside the interval [0.2, 0.8] are not very probable. Please
observe, that at night, when Goh = 0 W m−2 , the clearness index is not defined.
Although it is clear that in these cases the radiation to any orientated surface will
also be Gt = 0 W m−2 this case can cause numerical inconvenience.
Exercise 6.10

Solution
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Calculate the time series of clearness indices from the hourly radiation data of the
last exercise. As an alternative you may wish to use measured radiation data from
file meteo82.dat which has been introduced in Module 3, page 44.

114

6.3 Diffuse radiation

The x-axis shows the hour of the year again, the y-axis shows synthetic hourly
means of the clearness index.
Please observe that the problem of division by zero is handled by the DIV block
by performing no operation, which leads to constant values of the clearness index
during the night.

6.3

Diffuse radiation
The blocks which calculate the diffuse fraction from global radiation are
distiguished by the averaging interval of the radiation data, i. e. there are
correlations for monthly means G2GDM (read: global to global diffuse monthly
means), daily means G2GDD, and hourly means G2GDH. The blocks are found
under the Meteorology – Solar radiation category. The reason, why these blocks
require the inputs Gh and Goh should be clear by now.

Exercise 6.11

Plot the diffuse fraction, i. e. the ratio Gdh /Gh as a function of kt for the first five
correlations of the G2GDH block.

Hint

This exercise is a bit tricky. Instead of real radiation data, use a DO block, which
runs from zero to one and connect it with the Gh input. Remember, the
correlations depend only on kt .

Solution
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The x-axis shows the clearness index kt , the y-axis shows the diffuse fraction
Gdh /Gh . The correlations are: 01 (red) Orgill and Hollands correlation, 02 (green)
Erbs, Klein and Duffie correlation, 03 (blue) Hollands correlation, 04 (magenta)
Reindl, Beckman and Duffie, 05 (black) Hollands and Chra for an albedo of 0.2.
For tough guys

Solution

Tutorial

Would it not be interesting to compare the correlations with some real data? If
you like, use any data file you have or the file meteo82.dat from Oldenburg,
Germany (latitude 53.133 ◦ N, longitude 8.217 ◦ E, time zone 23) for the
calculation of the diffuse fraction as function of kt and bring the data and the
correlations together in one plot.
The main problem with this exercise is that both tasks have completely different
independent variables. Therefore the solution is split up into subtasks. The first
step is to calculate the hourly values from meteo82.dat and write the results to a
file, let’s say ktDataOL.dat.
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6.3 Diffuse radiation

In our example you see the HOY block as a relict. It is advisable to always check
the data in files whether they show reasonable values. When you plot the diffuse
data you will find that there is a lack of data for some hours indicated by values
set to −40. So we restricted the values to the interval x ∈ [0, 1] and y ∈ [0, 1] with
Gnuplot to check the data with the following steps
Open Gnuplot from the tool bar.
Change to the hidden application data directory, like
cd ’c:\Users\Myself\AppData\Roaming\doppelintegral\INSEL\tmp.
Type load ’insel.gnu (you will see a lot of unreasonable data).
Change the x and y range to both [0,1] via Gnuplot’s Axis menu.
Set the Data Style to Points in the Styles menu.
Press the Replot button.
Et voilà.

The x-axis shows the clearness index kt , the y-axis shows the diffuse fraction
Gdh /Gh for the file meteo82.dat.
Second step

Run the INSEL model which plotted the correlations again, this time keeping the
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insel.gpl file (by renaming and copying it from the hidden application data
directory to a destination of your choice – let’s say ktRelations.dat).
Third step

Now write a Gnuplot file. As starting point you can copy insel.gnu from the
hidden application data directory. Rename the file and make some changes. For
instance:
# Comment: We choose the filename ktExample.gnu
set autoscale xy
set data style lines
set nolabel
set data style lines
set pointsize 0.4
set xrange [0:1]
set yrange [0:1]
plot "C:/Temp/ktDataOL.dat"
using 1:02\
title "Measured at Oldenburg 1982" with points,\
"C:/Temp/ktRelations.dat" using 1:02\
title "Orgill and Hollands",\
"C:/Temp/ktRelations.dat" using 1:03\
title "Erbs, Klein and Duffie",\
"C:/Temp/ktRelations.dat" using 1:04\
title "Hollands correlation",\
"C:/Temp/ktRelations.dat" using 1:05\
title "Reindl, Beckman and Duffie",\
"C:/Temp/ktRelations.dat" using 1:06\
title "Hollands and Chra, albedo 0.2"

Last step

Type load ’ktExample.gnu (or how ever you named the file) at the Gnuplot
prompt and you’re done.

The x-axis shows the clearness index, the y-axis shows the diffuse fraction.
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6.3 Diffuse radiation
The correlations all seem to overestimate the measured Oldenburg data. But a
look at a data set measured by the International Energy Agency in Uccle,
Belgium 1960 shows that this is probably a problem of the Oldenburg data.

We are now ready to use the correlations to separate the global radiation time
series of our earlier exercises.
Exercise 6.12

Plot a time series of global and diffuse radiation together in one graph.

Solution
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The x-axis shows the hour of the year, the y-axis shows synthetic hourly means of
global irradiance on a horizontal plane (red) and diffuse irradiance on a horizontal
plane (green), both in W m−2 .

6.4

Radiation on tilted surfaces
It is now a simple task to convert the horizontal data to tilted on a surface of any
orientation, like vertical façades, for instance. With help of the SUNAE block,
which can calculate the position of the Sun in two different coordinate systems
(we had used it in Module 2, page 36f already) it is easily possible to calculate the
global irradiance on one- or two-axis tracking systems.
The INSEL block which contains different algorithms for the conversion of
horizontal data to tilted is named GH2GT (read: global radiation horizontal to
global radiation tilted). As mentioned earlier, the difference between the model
lies in the many ways how the diffuse fraction can be handled. The simple Liu and
Jordan model assumes an isotropic distribution over the complete sky dome,
others – like the Hay model – assume a brightening of the horizon band and the
circumsolar region.

Exercise 6.13

Convert the time series of hourly global and diffuse radiation from your previous
applications to
a surface, facing the equator with a tilt angle equal to the locations latitude
ϕ ± 15◦ if |λ| > 30◦ ,
a surface with the same tilt angle but with azimuth tracking,
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6.4 Radiation on tilted surfaces
a surface with two-axis tracking.
Plot the daily means. In all three cases calculate the annual gain in kWh m−2 a−1
and in percent.
Solution

Fixed tilted
surface

These are the results in the overview:
Gain: 10.28 %
Gain: 130.76 kWh

Total: 1272.36 kWh

Gain: 24.84 %
Gain: 377.35 kWh

Total: 1518.95 kWh

Gain: 28.66 %
Gain: 458.56 kWh

Total: 1600.16 kWh

The calulation of the radiation data is straight-forward.

The x-coordinate is the hour of the year, the y-coordinate shows the global
radiation horizontal (green) and tilted (blue) in W m−2 . The annual gain against
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the horizontal data is 131 kWh or 10 %, again for Stuttgart, Germany.
The calculation of the cumulated energies and the percental gain is in the macro:

Inputs are the global radiation tilted and horizontal. Both are cumulated over the
whole year. The horizontal part is subtracted from the tilted radiation and
divided by 1000 by the ATT block. Since the used time step is one hour we can
interpret the radiation data in W m−2 now in kWh m−2 .
Before we can calculate the percental gain the tilted radiation is divided by a
factor of 1000 and then divided into the horizontal sum. The GAIN block converts
the normalized value to per cent by multiplication of 100.
Finally two SCREEN blocks are used to display the figures. We used the format
strings
(’’Gain:’’,F7.2,’’ kWh
(’’Gain:’’,F7.2,’’ %’’)

’’,’’Total: ’’,F7.2,’’ kWh’’)

Please note again that the quotes in the Fortran format string are two single
quotes and not one double-quote.
One-axis tracking

The only difference to the first case is the use of a SUNAE block for the
calculation of the necessary surface azimuth orientation. The second output of
SUNAE is used for the azimuth input of GH2GT (instead of the 180 degrees
constant). The gain is significant, 377 kWh or 25 %.

Two-axis tracking

Again there is only one small modification compared to the previous case. Now
the tilt angle is no longer constant but calculated from elevation α as
β = 90 − α
The gain is not very much higher than in the one-axis-tracking case, 459 kWh or
28.7 %.

Division by cos θz

There is one point in the conversion of horizontal data to tilted which should be
mentioned here. As was said before, the beam fraction of the horizontal radiation
Gbh is converted to the tilted radiation Gbt by the pure geometric formula
Gbt = Gbh
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6.4 Radiation on tilted surfaces
where θ denotes the incidence angle between the Sun ray and the receiver’s
normal direction and θz is the zenith angle. In the continuous time, cos θz will be
zero at sunrise and sunset – this is a problem. INSEL solves it by not allowing the
fraction cos θ/ cos θz to be greater than 20.
The following graph shows the strange behavior of cos θ/ cos θz for the calculation
of a two-axis-tracking system in Stuttgart, Germany:

Rubbish

Don’t trust
unchecked results!

The time series has been calculated with rubbish.vseit in the
examples\tutorial\module6 directory.

The reason why we show this example is that the world of simulation is full of
traps and dangers. Whatever you calculate, try to cross-check the plausibility of
your results in as many ways as possible. Analyse intermediate results, check
whether they make sense or not. Otherwise you are endangered to calculate series
of street numbers rather than reasonable results. Hence, learn from this hint to be
careful with the trust into your simulation results.
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6.5

Ambient temperature time series generation
From former PV Module At our first attempt INSEL displayed the following error:
Compiling jakarta6_1.vseit ...
No errors or warnings
Running insel 8.1 ...
LOLP = 33.05 %(t) = 29.81 %(E)
E05246 Block 00057: Too many iterations in routine GENT
E02122 Error: Unable to generate hourly ambient temperature data
LOLP = 8.88 %(t) = 8.77 %(E)
Normal end of run

The first LOLP shows that the result unchanged – cf. page 162. But then the
error that the GENGT block is unable to generate hourly ambient temperature
data leads to the termination of the simulation model.
Two remarks can be made to this problem.
Remark 1

First, sometimes unexpected things occur in the computer world. Swallow this
bitter pill as a general experience – that’s life. But what happened and how can
we help us out?
Well, the generation of time series in INSEL is naturally based on a random
number generator. It is possible to initialize this generator by a parameter – in
most cases a value of 4711 is chosen as default in INSEL. So, one idea is to change
this value to 4712, for instance. But in this case it doesn’t help.

Remark 2

Whenever the GENGT block sees a new month and a new monthly mean
temperature value on its input signals, the block starts the synthesis process of
hourly data for the complete month. Then the monthly mean value which arises
from the stochastic process is calculated. It will practically never be the same
value as the monthly mean on the block’s input. Hence, the block has to tolerate
some deviation between the two.
In case of the GENGT block this value is 2 kelvin, by default. If the deviation is
higher the block makes a completely new attempt to generate the temperature
time series. If the deviation is still higher, a third attempt is made. And so on. In
order to avoid an endless loop after a certain number (100 by default) of attempts
the algorithm gives in, stops the stochastic process, and displays the error message
which we have seen before. Let us try and increase the tolerance parameter from 2
to 3 kelvin.
And bingo!

Remark 2
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Second, why does the GENGT block try to generate new ambient temperature
data at all? As mentioned before the GENGT memorises only the month of hourly
data, which is calculated when the month input changes. Since we run the
simulation model with three different battery sizes the CLOCK block is executed
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6.5 Ambient temperature time series generation
three times and makes changes from month 12 to month 1 two times. Therefore,
three completely different years are simulated.
Actually this is not what we want, since we would like to see the impact of the
battery size on the load coverage. If we run the simulation model with an
increment of 10, i. e. vary the battery sizes from 50 to 150 cells in series by ten
instead of 50 we get this graph

and see that the LOLP does not go down smoothly but in small ups and downs.
At 120 and 150 battery cells in parallel the LOLP goes up even. The reason is
that we calculate the LOLP under different meteorological conditions which does
not make much sense.
Therefore, we should separate the time series generation process from the
parameter variation. Hence, we run one year and save the meteorological data to a
file. Then in the parameter variation process we read in this file instead of
generating new weather data for each setting. In addition, it is practical to save
the load data in this file, too. This will save some execution time and simplifies
the model to some extent. It is best to use our former application jakarta4.vee
and just paste in a WRITE block.
The model for the final parameter variation looks like this
jakarta7.vee
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