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Measurement of Solar Radiation
• The global solar radiation
has two components
namely direct and diffuse
radiation. The global
radiation is measured
with the pyranometers,
and the direct radiation
with pyrheliometer.
• The devices use two
types of sensors: thermal
and photovoltaic.
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The pyranometer with solar
cell sensor

advanta
ges

disadva
ntages

The pyranometer with
thermal sensor

The time of the response
is very good 10 μs
cheap;
stability;
ruggedness;
tolerance to soiling.

nearly constant spectral
response on the whole
solar spectral range;
highly used.

the limited spectral
response;
the nonuniform spectral
response;
the temperature influence
upon the response.

The response time is a
disadvantage, in the order
of seconds;
Introduces significant
errors for instantaneous
measurements (clearcloudy);
are expensive.

The advantages and disadvantages of the two types
pyranometers
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Silicon pyranometer and thermopile pyranometer spectral responses.
1.Spectral distribution of solar radiation at sea level for a 1 air mass
2. Relative spectral response for thermopile pyranometer (Kipp & Zonen CM-11)
3. Relative spectral response for photovoltaic sensor (Licor 200~SZ)
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Precision Spectral Pyranometer (PSP)
•

•

•

•

•

The inner and outer domes, their role
is to filter out infrared radiation coming
from the atmosphere and the
surroundings and to allow shortwave
radiation coming from the sun to reach
the detector.
The detector is a thermopile made with
more than 40 thermocouples
connected in series. The hot junction
of the thermopile is coated with a
highly absorbing material.
The body of the instrument is a
cylindrical piece of brass painted white
to reduce the absorption of solar
irradiance. The electrical circuit is
mounted inside. The body is used as
heat sink for the cold junction of the
thermopile.
The guard disk is a circular piece of
metal painted white. It shields the
instrument body from downwelling
solar radiation.
The instrument also contains a
desiccant to remove the humidity
inside the body to protect the circuitry,
and a bubble level to guide the
leveling of the absorber surface.

The modified PSP
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Eppley B&W Pyranometer
•

The Black and White
(B&W) pyranometer is an
instrument designed to
measure diffuse broadband
solar irradiance.
The difference between
PSP and B&W are:

•
1.
2.
3.

It has only one dome to filter out IR radiation coming from
the atmosphere;
The detector is coated with white and black paint;
It has much less thermal mass.
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Silicon Cell Pyranometer
•
•

•

•

•

The sensor is a silicon photovoltaic cell
which absorbs radiation from 0.35 to 1.15
microns.
The silicon cell converts this light energy
directly into electrical energy, and the
output voltage (approximately 70
mV/W/m2) is essentially linear with light
intensity.
Full-scale response time is less than 1
millisecond due to the fact that the
instrument is light sensitive, not heat
sensitive as the thermopile pyranometers
are.
If the output is integrated over a daily
period, the accuracy of the value is within
+/-3%. Accuracy of instantaneous values
is +/-5%.
Temperature compensation is provided
from 4° to 60°C.
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Eppley Normal Incident
Pyrheliometer (NIP)
• A pyrheliometer is an
instrument that measures
the direct component of the
solar beam at normal
incidence. Therefore a
pyrheliometer must be
mounted on a device called
a solar tracker that orients
the pyrheliometer
perpendicular to the solar
beam during the day.
• The detector of a NIP is a
thermopile located at the
base of a tube with an
aperture-to-length ratio of
1/10, subtending 5043'30"
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• A pyranometer shaded from direct solar radiation can be
used to measure diffuse radiation. One implementation uses
a band stretching from the eastern to the western horizon that
is oriented according to the solar declination to shade the
pyranometer with the plane of the band parallel to the
celestial equator. Since the solar declination changes, this
band must be adjusted with a frequency that depends on
accuracy requirements and time of year.
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• Weseley introduced an
instrument that uses a rotating
shadowband with a fast
response silicon cell
pyranometer. An inexpensive
constant speed motor drives the
shadowband continuously, thus
periodically shading the
pyranometer.
• It was considered desirable for
the shadowband to have the
following features:
•
•
•
•
•

the same angle should be subtended for all positions of the
shadowband;
the instrument should work at all latitudes;
the construction should be simple;
the shadowband should move completely from the field of view for the
total horizontal measurement;
the computation for the position of the shadowband should be simple10

SPN1 Sunshine Pyranometer
•

•

The Sunshine Pyranometer uses
an array of seven, miniature
thermopile sensors and a
computer-generated shading
pattern to measure the direct and
diffuse components of incident
solar radiation.
All seven thermopiles receive an
equal amount of diffuse light. From
the individual thermopile readings,
a microprocessor calculates the
global and diffuse horizontal
irradiance and from these values
an estimate of sunshine state is
made.
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Instruments for measuring solar
radiation components
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Albedo

The albedo is a measure of the
reflectivity of surfaces. It is an
important parameter for different
research domains, such as: the
photovoltaic domain, the
atmospheric sciences,
climatology, the agriculture, the
forestry and the building energy
science.
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The empirical models for solar
radiation
•

The computation of the solar global-radiation can be derived
basically from the correlation between the monthly average daily
global solar-radiation and the sunshine duration using Angströms
simple linear-regression formula


S 
H  H 0  a  b 
S0 

•

where H is the monthly average daily global irradiation, H0 is the
monthly average daily extraterrestrial irradiation, S is the monthly
average daily hours of bright sunshine, S0 is the monthly average
daily maximum possible daily sunshine hours, and a, b are
regression constants, which are dependent upon local climate and
topography.
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• the mean expected hourly global solar radiation can be
determined with the model based on the function:
 2h 
I g h, n j      cos
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A SIMPLE METHOD TO
ESTIMATE GLOBAL RADIATION
•

A simple method to estimate daily global radiation relating the
difference between maximum and minimum temperature to global
radiation (Hargreaves et al.) is:

•

where Tmax is the maximum temperature (°C), Tmin is the minimum
temperature (°C), a and c are empirical constants. This model has
been validated for the Senegal River Basin
The advantage of this model is that temperature observations are
always available on the GTS. However, the estimation accuracy,
applying this model for locations in Europe is limited (Choisnel et al.)

•
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• a simple empirical model which can be
considered a ccombination of the Worner
and Hargreaves et al. model:

• where Cw is the mean of the total cloud
cover of the daytime observations (octa)
and a, b and c are empirical constants.
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Monthly total values of global radiation, estimated with the proposed
method, plotted against observed values for various locations in France
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(F), Ireland (Irl ) and for one location in Spain (Esp)

Iqbal model C
• The direct normal irradiance In (Wm-2) in model C
described by Iqbal is given by:

• where the factor 0.9751 is included because the spectral
interval considered is 0.3–3 µm; Isc is the solar constant
which can be taken as 1367 Wm-2. Eo (dimensionless) is
the eccentricity correction-factor of the Earth’s orbit and
is given by:
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Iqbal model C
• Where
• τr, τo, τg, τw, τa (dimensionless) are the Rayleigh, ozone, gas,
water and aerosols scattering-transmittances respectively.
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• where ma (dimensionless) is the air mass at actual
pressure and mr (dimensionless) is the air mass at
standard pressure (1013.25 mbar). They are related by

• where p (mbar) is the local air-pressure.
• U3 (cm) is the ozone’s relative optical-path length under
the normal temperature and surface pressure (NTP) and
is given by
• where loz (cm) is the vertical ozone-layer thickness.
• U1 (cm) is the pressure-corrected relative optical-path
length of precipitable water, as given by
where w (cm) is the precipitable water-vapour

21

Diffuse radiation
• theoretically, the diffuse radiation can be
calculated in terms of the clearness index, K,
using empirical equations derived by Liu and
Jordan and Klein:
• where K = G / H0; Hd is the estimated local
diffuse-radiation (kWh/m2/day); G is the daily
local global-radiation (kWh/m2/day); H0 is the
extraterrestrial daily radiation (kWh/m2/day); and
A, B, C, E are constants determined from the
different values of K using a multiple correlation.
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• Ulgen and Hepbasli (2002) developed the following
empirical correlations for the city of Izmir, Turkey, based
on the measurements made in the Meteorological
Station of Solar Energy Institute, Ege University, Izmir,
Turkey over a 5-yr period from 1994 to 1998:
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• Various approaches have been proposed
to simulate radiation over horizontal
surfaces. The main group is of the spectral
type, which considers the full spectrum of
solar radiation using the radiative transfer
equations. The MODTRAN, SPECTRAL 2,
and SMARTS 2 are representatives of this
group.
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Calibration of Solar Cells
•

Standard solar cells are used to set the intensity of solar
simulators to standard illumination conditions, in order to
electrically characterize solar cells with similar spectral
response.
The calibration methods of solar cells can be:
1. Extraterrestrial
- the high altitude balloon
- the high altitude aircraft
2. Space Methods
3. Terestrial Methods
- global sunlight
- direct sunlight
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High Altitude Balloon
• on board stratospheric balloons flying at
altitudes of around 36 km
• the illumination sun conditions are very
close to AM0
• the cells are directly exposed to the sun
• the cells mounted on supports with sun
trackers
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High Altitude Aircraft
• on board of an aircraft capable of flying at altitudes
of 15-16 km.

• cells are mounted at the end cap of a
collimating tube on a temperature controlled
plate
• data are corrected for:
- the ozone absorption
- the geocentric distance
- extrapolated to the air mass value of zero
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• The most realistic environment on which calibration of
solar cells can be performed is indeed outside the
atmosphere. The first constraint of these methods is their
relatively high cost compared with the other two
extraterrestrial methods and their lower level of maturity.
1. Space shuttle: On board the space shuttle, the Solar Cell
Calibration Experiment (SCCE) was conducted in two
flights in 1983/84, where solar cells from different
agencies, institutions and space solar cell industries
around the world were calibrated and returned back to
Earth.
2. Photovoltaic Engineering Testbed: This is a NASAproposed facility to be flown in the International Space
Station, where after exposure and calibration of cells in
the space environment, they are returned back to Earth
for laboratory use
3. Lost Twin: This is an ESA-proposed method, based on
the flight of several solar cells on a non-recoverable
spacecraft. Cells nearly identical to the flight ones are
kept on Earth. The orbiting cells are calibrated and these
calibrated values are given to their respective twin cells.32

Global Sunlight
• The cells to be calibrated and a pyranometer are placed
on a horizontal surface
• The calibration site environmental conditions need to
fulfil several requirements relating to global and diffuse
irradiance levels, solar elevation, unobstructed view over
a full hemisphere, etc. The calibrated short circuit current
of the cell is calculated by means of the following
formula:
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The solar cells calibration under global solar radiation
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Dependence of Isc on T, for the
Si solar cell
As it can be observed the raise
of the short circuit current is
smaller than the decrease of
open circuit voltage. This is the
reason why the correction for
the calibration function of the
temperature variation during
measurements becomes a
second order factor.
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AstroPower cell covered
with glass

3.28*10-5

-2.18*10-3

uncovered Si cell

1.08*10-4

-1.97*10-3

36

Direct Sunlight
• The cells to be calibrated are placed on the bottom plate
of a collimation tube, a normal incidence pyrheliometer
and a spectroradiometer are kept pointing to direct
sunlight while measurements of short-circuit current,
total irradiance and spectral irradiance are recorded.
• Several conditions need to be fulfilled by the calibration
site and its environment, i.e. certain irradiance level,
stable cell short-circuit readings, ratio of diffuse to direct
irradiance, etc.
• The calibrated short circuit current of the cell is
calculated by means of the following formula:

37

38

End view of the main collimating
tube, with the reference tube on the
side. A cell can be seen in the
centre of the main tube
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Geometry of a cylindrical collimator
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Solar Simulator
• The cell to be calibrated is illuminated by means of a
steady-state solar simulator adjusted to AM0 solar
constant with a previously calibrated cell or a suitable
detector.
• The spectral irradiance of the solar simulator is measured
with a spectroradiometer and the relative spectral
response of the cell is measured separately.
• The calibrated short circuit current of the cell is calculated
as follows:
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CALIBRATION OF SOLAR CELLS BY THE
REFERENCE CELL METHOD--THE SPECTRAL
MISMATCH PROBLEM
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