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Abstract

About 20% of the final energy consumed in Europe is used in buildings. The active and passive use of solar energy is an approach to
reduce the fossil energy consumption and the greenhouse gas emissions originated by buildings. Consideration of solar energy technologies
in urban planning demands accurate information of the available solar resources. This can be achieved by the use of remote sensing data from
geostationary satellites which show a very high spatial and a sufficient temporal resolution compared to ground station data. This paper gives
a brief introduction to the HELIOSAT method applied to derive surface solar irradiance from satellite images and shows examples of
applications: The use of daylight in buildings, the generation of correlated time series of solar irradiance and temperature as input data for
simulations of solar energy systems and a short-term forecast of solar irradiance which can be used in intelligent building control techniques.
Finally an outlook is given on potential improvements expected from the next generation of European meteorological satellites Meteosat

Second Generation (MSG).
© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

About 20% of the final energy consumed in Europe is
used in buildings. The European Commission expects in its
Green Paper on the security of energy supply (Commission
of the European Communities, 2000) that a “greater use of
available and economically viable energy-efficient technol-
ogies should reduce the use of energy in buildings by at
least a fifth, that is 40 million toe' per year.” This reduction
would be equivalent to 4% of the total energy use and thus
about a fifth of the CO, reduction committed in the Kyoto
protocol. An additional use of renewable energy sources
would further reduce the emissions.

Solar energy can be used in buildings and urban environ-
ments in various—active and passive—ways. Active appli-
cations use solar thermal collectors for heating and cooling
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or use photovoltaic (PV) generators, built upon rooftops or
integrated into building facades, for electricity production.
Passive uses of solar energy mean designing buildings and
their windows in a way that they use solar radiation for
heating and illumination. Not only buildings but whole
settlements may benefit from a solar design: Large collector
arrays can be used to produce local heat and large PV arrays
can produce a significant share of the settlement’s electricity
demand.

An accurate knowledge of the solar resource at the
surface is essential for a successful introduction of solar
energy technologies in the urban environment. The data can
be used to simulate the performance of solar energy systems
and is needed to optimize the layout and size of the systems.
It also can be used to simulate the thermal performance of
buildings aiming at an optimum design for heating and
cooling. Knowledge of the local conditions is also important
for the use of daylight in buildings. Correct design of the
buildings can lower the use of artificial light and thus reduce
energy demand and make the working conditions within the
room more comfortable.

Efficient use of the solar resource not only requires
appropriate design of buildings and solar components, but
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also sophisticated system management. Energy efficient
buildings will use intelligent control techniques to coordi-
nate needs of consumers and resources with respect to
energy consumption, lighting and climate control of build-
ings. This implies information on the temporal development
of the system and the meteorological conditions influencing
the system. Forecasting solar radiation thus will become an
important issue for an optimized use of solar energy in the
future.

Ground measured solar radiation is scarcely available for
a given site where a solar system is planned—the measure-
ment network’s density is usually far too low. Geostationary
satellites such as METEOSAT provide the opportunity to
derive information on solar irradiance for a large area at a
temporal resolution of up to 30 min and a spatial resolution
of up to 2.5 km. Derived hourly values have proven to be at
least as good as the measurements of a ground station at a
distance of 25 km (Zelenka, Perez, Seals, & Renne, 1999).

Several computational methods have been developed in
the past two decades for estimating the downward solar
irradiance from satellite observations (Renne, Perez,
Zelenka, Whitlock, & DiPasquale, 1999). Here the HELIO-
SAT method is presented, which has been used in various
European research projects to derive solar irradiance infor-
mation for solar energy and daylight use. It has extensively
been tested with ground data, e.g. in Beyer, Costanzo, and
Heinemann (1996) and Hammer (2000). This paper presents
examples from two of these projects. A further example
shows the use of satellite-derived radiation data as a basis
for short range forecasting.

Finally an outlook is given on potential improvements
expected from the next generation of European meteoro-
logical satellites: Meteosat Second Generation (MSG).

2. The HELIOSAT method

The general idea of the HELIOSAT method for the
estimation of surface solar irradiance from satellite images
is to deal with atmospheric and cloud extinction separately.
In a first step the clear sky irradiance for a given location
and time is calculated. In a second step a cloud index is
derived from METEOSAT imagery to take into account the
cloud extinction. This step uses the fact that the reflected
radiance measured by the satellite is approximately propor-
tional to the amount of cloudiness characterized by the
cloud index. This value then is correlated to the cloud
transmission. Finally, the clear sky irradiance is reduced
due to the cloud transmission to infer the surface irradiance.
Fig. 1 gives an overview of the alogrithms to calculate the
surface irradiance from a satellite image. The top and
lefthand side corresponds to the first step and the righthand
side to the second step.

Details of the algorithm as well as the derivation of
additional quantities used in solar energy applications are
described in the following sections.

2.1. Clear sky irradiance

The HELIOSAT method was originally proposed by

Cano et al. (1986) and later modified by Beyer et al.
(1996) and Hammer (2000). For the calculation of the clear
sky irradiance a direct irradiance model of Page (1996) and
a diffuse irradiance model of Dumortier (1995) are used.
These models were developed by an empirical analysis of
ground data. Both use the Linke turbidity factor to describe
the atmospheric extinction. The direct normal irradiance Ggj,
is then given by:
Gdn,clear = Gsceeio'8662‘TL(Z)éR(m)m (1)
where G, is the solar constant, € is the eccentricity
correction, 77 (2) is the Linke turbidiy factor for air mass
2, Or(m) is the Rayleigh optical thickness and m is the air
mass.

The eccentricity correction € is given by:

€ =1.000110 4 0.034221cosI" 4+ 0.001280sinI’

+0.000719¢0s2T" + 0.000077sin2I" )
with
J—1
r=2 . 3
365 (3)

Here, J corresponds to the day of year.
Air mass is calculated using an expression introduced by
Kasten and Young (1989):
1 —z/10000
m= ~1.6364
cosl, + 0.50572(96.07995 — 0,)

4)

with the height z of the site in meters and the zenith angle 0,
of the sun in degrees. The Rayleigh optical thickness dg(m)
is the optical thickness of a dry and clean atmosphere, where
only Rayleigh scattering occurs. According to Kasten
(1996) and Page (1996) for m <20 it can be approximated
by:

. 1
or = 6.6296 4 1.7513 m — 0.1202 m? + 0.0065 m3 — 0.00013 m* (5)

and for m>20 by:

1

- ©)
104 +0.718 m

R

The Linke turbidity is defined as the number of Rayleigh
atmospheres necessary to represent the actual optical thick-
ness o(m):

I = (7)
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Fig. 1. Overview of the HELIOSAT method.

Since this turbidity still shows a daily variation, it is
normalized to the turbidity for air mass 2:

Ty (m)JR (m)

TL(Z) = 5R(2)

(8)

The diffuse irradiance is calculated using an empirical
relationship by Dumortier (1995):

Gt clear = Gext€(0.0065 + (—0.045 + 0.0646T.(2))cost,
+(0.014 — 0.0327T(2))cos>0,). (9)

Gy 18 the extraterrestrial irradiance on a horizontal plane.

Since the spectral channels of METEOSAT do not supply
any information on atmospheric turbidity, a climatological
model is applied. To account for the annual variation of the
turbidity a relation of Bourges (1992) is used:

2 2
T1.(2) = Ty + ucos (%J) + vsin <%J), (10)

To, u and v are site specific parameters, A map specify-
ing the parameters for Europe has been set up during
the EU-funded Satel-Light project (http://www.satel-light.
com).

Finally the total clear sky irradiance is the sum of the
components:

Gclea.r = Gdn,clearcosez + Gdif,clear (1 1)
2.2. Cloud transmission

Clouds have the largest influence on atmospheric radia-
tive transfer. The cloud amount is derived from METEO-
SAT imagery. First the METEOSAT images are normalized
with respect to the solar zenith angle. Therefore a relative
reflectance p is introduced:

(12)
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Here C is the measured pixel intensity of the satellite
radiometer and Cj is a total offset resulting from an instru-
ment offset Cor and an atmospheric offset C,y, due to
atmospheric backscattering. An empirical relationship for
Caum Was derived from an analysis of ocean pixels:

0,
Catm:(l—i—coszq’)%, (13)
where ¥ is the angle between sun and satellite as seen from
the ground and ¢ is the zenith angle of the satellite. Ocean
pixels are used because the surface reflectance of oceans in
the direction of the satellite can be neglected. The measured
reflectance therefore nearly completely results from the
atmosphere.
The function f(0,) is (Hammer, 2000):

£(0,) = —0.55 — 25.2cos0), — 38.3cos’0, + 17.7cos>0,.
(14)

The total offset C, then is
CO = Coff + Catm~ (15)

The measured reflectance is usually low for earth surfa-
ces and high for clouds. Therefore a cloud index n as a
measure of the cloud cover is introduced. It varies between 0
for cloud free and 1 for overcast conditions and uses the
relative reflectivity p from Eq. (12):

n—_ P~ Pmin_ (16)

Pmax ~ Pmin

Pmin corresponds to the surface albedo. Maps of the surface
albedo are computed on a monthly basis by a statistical
analysis of the dark pixels. The monthly calculation is done
to account for seasonal variations of the ground reflectance.
The maximum reflectivity p.x is computed separately for
each satellite radiometer due to differences in the sensor
properties in the different METEOSAT satellites (Hammer,
Heinemann, & Hoyer, 2001).

Cloud transmission can be described by the clear sky
index &f which normalizes the actual surface irradiance G
with the clear sky irradiance G, from Eq. (11):

% G

kt = . 17
! Gclear ( )

The clear sky index kf is calculated using a simple
relationship with the cloud index n. The relationship is
shown in Fig. 2. It has been derived within the Satel-Light
project (Fontoynont et al., 1997, 1998):

n<—02 k=12

—02<n<08 KkKf=1-n

0.8 < n<1.1 K =2.0667 — 3.6667n + 1.6667n>

1.1<n K=0.05
(18)

Egs. (11) and (17) are then used to obtain the surface
irradiance G:

G= k%(Gdn,clea.rCOSBz + Gdif,clear) (19)

The direct and diffuse irradiance are taken from Egs. (1) and
(9), respectively.

2.3. Direct and diffuse irradiance

For most solar energy applications the irradiance in the
plane of the solar converter is of interest rather than global
horizontal irradiance. For example, daylight applications
often need data for vertically oriented planes. In these cases
the fractions of direct and diffuse irradiance also have to be
known to convert the horizontal irradiances to the tilted
planes.

The direct and diffuse component of the surface irradi-
ance is derived using a statistical model (Skartveit, Olseth, &
Tuft, 1998) based on hourly values of the global irradiance. It

12

I
kr

-0.2

Fig. 2. Relation between cloud index n and clear sky index A used in the HELIOSAT method.
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Fig. 3. Diffuse fraction d versus clearness index kr and variability index ¢3=0.0, 0.1 and 0.3 for a solar zenith angle of 80° (Skartveit et al., 1998).

uses the clearness index A, the solar zenith angle and an
hourly variability index o3 for the calculation of the diffuse
fraction. The clearness index kr is the global irradiance
normalized with the extraterrestrial irradiance Gey:

G
Gext .

kr = (20)

The hourly variability index o3 is determined from the
clearness indices of three consecutive hours. If &, is the
clearness index of the hour i, then g5 is defined as:

o3 = \/(kT[ — kT[—l)z + (ka — kTHz)z. (21)
2

Figs. 3 and 4 show the diffuse fraction for two solar

elevations. The expected decrease of the diffuse fraction with

increasing clearness index reverses for large clearness index

values. This is due to additional reflections by clouds

especially under broken cloud conditions. The diffuse frac-

tion is generally higher for large solar zenith angles, because
of increased scattering due to the longer path length.

2.4. Hlluminance

[Mluminance is the radiant flux density from visible
radiation. Illuminances are gained by weighting the global
irradiance with the spectral sensitivity of the human eye.
They form the most appropriate inputs for the analysis and
optimization of architectural concepts to minimize the need
of artificial lighting in buildings. Illuminances are calculated
from the irradiances using the luminous efficacy model from
Olseth and Skartveit (1989). The luminous efficacy
describes the conversion of irradiance to illuminance. The
model is based on the CIE (International Commission on
[llumination) curve for photopic vision and on spectral
irradiances obtained by an interpolation between transmit-
tance models for cloudless skies (Bird & Riordan, 1986) and
unbroken cloud cover (Stephens, Ackerman, & Smith,
1985). The model has been parameterized and requires solar
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Fig. 4. Diffuse fraction d versus clearness index kr, variability index o3=0.0, 0.1 and 0.3 for a solar zenith angle of 40° (Skartveit et al., 1998).
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elevation, the day of year and diffuse and direct normal
clearness indices as input.

3. Applications

In this section some example applications of satellite-
derived irradiance are presented, which are convenient for
urban planning. The examples result from recent European
research projects (Sections 3.1 and 3.2) which aim at
providing application-specific data mainly for the solar
energy community and from current research of using
satellite images for the production of additional informa-
tion like forecasted irradiances.

3.1. Satel-Light—daylight usage in buildings

Within the framework of the Satel-Light project, a data
base of solar radiation and daylight information for Western
and Central Europe has been made available on the Internet.
The data is completely derived from METEOSAT satellite
imagery. Irradiances and illuminances covering a 2-year
period (1996—1997) have been calculated on a half-hourly
basis and a spatial grid of 10 km. For this purpose the
HELIOSAT method has been largely modified and
improved as described in Section 2.

The Satel-Light web server basically consists of pre-
calculated cloud index values (Eq. (16)) and a set of
numerical routines for the calculation of global and diffuse

irradiance and illuminance values on horizontal and tilted
surfaces frequencies for the occurrence of sky types and
probabilities for exceeding given threshold values on differ-
ent time scales. The data can be supplied by the server either
as site-specific time series or statistics, or as graphical
output in customized maps. For the latter purpose the server
also features a basic set of GIS functionality.

A special motivation for the Satel-Light project was the
scarcity of available daylight measurements. A good under-
standing of the site-specific daylight climate is essential for
an optimal use of natural lighting in buildings for a
reduction of overall energy consumption and a more com-
fortable indoor climate. The period covered by Satel-Light
will be extended to 5 years (1996—2000) within the SoDa
project (Section 3.2).

Fig. 5 shows maps representing the spatial information
on the Satel-Light server. Here the annual global mean
irradiance on a horizontal surface and the direct horizontal
irradiance for the month of June are shown. In Fig. 6
another direct output of the server presents the frequencies
of direct illuminance on a vertical plane oriented to the
south (e.g. a window).

3.2. SoDa—integrated access to solar radiation and related
data

The project SoDa (http://www.soda-is.com) aims at the
integration of databases on solar radiation and other related
information available on the Internet. Usually proprietary

Fig. 5. Maps representing spatial information retrieved from the Satel-Light database. The annual mean of global irradiance on a horizontal surface (left) and the
monthly (June) mean of direct horizontal irradiance (right) are shown. Both maps are based on 1996—1997 data averaged over the sunshine duration.
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Fig. 6. Monthly frequencies of direct illuminance on a vertical, south-oriented surface for Berlin, Germany, retrieved from the Satel-Light data base. The
months are January, April, July and October 1996—1997 (from left to right) showing hourly results (max (100%), 75%, 50% and 25%).

data formats and access procedures prevent potential users
from an efficient use of these sources. The SoDa service will
set up a unique portal for the end user and collect the data
from existing data bases according to the needs of the user.
Most of the data accessible through SoDa is derived from
satellite-based services benefiting from the excellent spatial
resolution of this source. This service is still under develop-
ment and is supposed to be finished by the end of 2002.
Until then prototype system can be accessed.

To demonstrate the usefulness of this new approach an
example describing the application of SoDa is presented in
the following. It focuses on the generation of an appropriate
input data set for simulation purposes. Commonly used
simulation tools often need hourly time series of solar
irradiance and temperature as input as these variables
determine energy production and performance of both solar
thermal and electric systems.

In this case the SoDa system will combine radiation data
derived from satellite imagery as described in Section 2
from the Satel-Light server, daily maximum and minimum
temperatures from another internet database and a model
developed by Dumortier (2002) to compute hourly temper-
ature values which show a statistically correct correlation
with the irradiance data. The combined time series then are
ready for use in system simulation.

0.8

As a simple example of such an analysis a cost estimate of
a solar thermal water heating system has been carried out.
The costs of such a system are partly fixed, as the installa-
tion, the hot water storage, piping and regulators and partly
variable due to the size of the collector field itself. In our
analysis the field size is varied from 1 to 10 m?. The analysis
is done for Oldenburg in Germany (53.15°N, 8.17°E) with a
system model which is also available on the SoDa webserver.
The collector field is oriented to the south with a tilt angle of
45°. Further inputs are the hot water demand (200 1/day) and
a temperature increment of (30 °C).

The results in Fig. 7 show decreasing relative costs with
increasing system size for a small collector field, due to the
dominating fixed costs. For large systems, however, the
collector produces surplus heat and therefore reduces effi-
ciency as is indicated by the decreasing slope of the solar
fraction curve. The solar fraction is the share of energy
supplied by the solar collector compared to the total energy
demand. In our example the optimum is about 5 m?> of
collector area.

3.3. Solar irradiance forecasting

Forecasts of solar irradiance are an important input for
intelligent operating strategies for any kind of solar energy
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Fig. 7. Costs ¢ per kWh of thermal energy (in arbitrary units) and solar fraction s for a solar hot water system versus collector field size. The web-based

calculation has been done using satellite derived irradiance data.
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system. Depending on the application the information is
required on different time scales. For very short forecast
horizons of up to 2 h satellite images, providing information
on radiation with high spatial and temporal resolution, are
an appropriate source.

As cloudiness is the most important parameter influenc-
ing surface irradiance, the description of the temporal
development of the cloud situation is the most essential part
in irradiance forecasting. The forecasting routine presented
here therefore focuses on the motion of clouds as the
dominant phenomena with this respect. A more detailed

description of this algorithm is given in Hammer, Heine-
mann, Lorenz, and Liickehe (1999).

A statistical method for the estimation of cloud motion is
used to determine motion vector fields from two consec-
utive images, as shown in Fig. 8. In a first step the images
are smoothed, because only large structures are preserved
from one image to the next. To find a displacement field that
describes best motion of the cloud structures, each displace-
ment field is characterized by a probability function and the
motion vector field with maximum probability is searched
for. The probability for a given vector field is specified in a
model of motion with the following assumptions, where the
displacement field is denoted as d, the images as g, and g,
and the position in the image as x;:

* Pixel intensities are almost constant during motion,

U = Z[gl (x; +d(x;)) — go(x;)] is small. (22)

1

¢ Gradients of pixel intensities are almost constant,

Uy =) [vei(xi+dx)) — vgolx)] is small.  (23)

i

* The displacement field is smooth, neighboring vectors (7,
jEN) do not differ much from each other,

U; = Z |d(x;) — d(x;) | * is small. (24)

i,jeN

The probability P(d|go, g1) of a vector field then can be
described as:
I
P(d|g07g1):Ee v (25)
with U= U, + U, + U; and Z a normalization constant. The
most probable vector field is found by minimizing the

energy function U. This is done with the statistical method
of simulated annealing.
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Fig. 9. Relative rmse (rrmse) of irradiance forecast as a function of the forecast horizon for a single station.
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Fig. 10. Relative rmse (rrmse) of irradiance forecast as a function of the forecast horizon for an ensemble of eight stations distributed over an area of 5 x 7 km?.

To forecast cloud index images the calculated motion
vector field is applied to the current image, i.e., the motion
is extrapolated into the future. The forecast quality is
significantly improved by smoothing the images, the opti-
mum size of the smoothing mask increases with the forecast
horizon. The forecast of half-hourly mean values of the
irradiance then is obtained by converting the predicted cloud
index values to irradiance values using the HELIOSAT
method.

The forecast quality was evaluated by comparisons with
ground data for two different cases, single points and small
regions (Figs. 9 and 10) (details see Hammer, Heinemann,
Hoyer, & Lorenz, 2001). These cases correspond to differ-
ent scales of applications: Local users, like management of a
building, need point forecasts and large-scale applications,
e.g. the grid integration of photovoltaics, benefit from area-
averaged forecasts.

As a measure of forecast quality the rms-error was
calculated for a time series of 50 days (14.5.97-2.7.97)
and normalized with the mean irradiance during this period.
Forecast errors were compared to ground persistence, where
the current values of ground measurements are taken as
forecast and to satellite persistence, where the ground
radiation is derived from the smoothed current satellite
image. As a lower limit the error of the HELIOSAT method
itself (without forecast) is given. In both cases the global
irradiance forecast shows smaller errors than persistence of
satellite derived values. Due to the spatial information
included in the satellite-derived values, they give signifi-
cantly better results than ground persistence.

4. Perspectives opened by MSG

The current HELIOSAT method for calculating the solar
irradiance from satellite imagery is well established and
provides high-quality solar irradiance data. Nevertheless
with the successful launch of the new European meteoro-
logical satellite MSG (Meteosat Second Generation) in

August 2002 a significant increase in the accuracy of the
calculated solar irradiance is expected.

The instrumental setup of MSG offers additional spectral
channels and a higher spatial and temporal resolution. The
HELIOSAT method will benefit in two areas by the
enhanced capabilities of MSG. The larger number of chan-
nels will allow a more detailed remote sensing of the
atmospheric state which will lead to a better description of
the radiative transfer through the atmosphere. The higher
spatial and temporal resolution will be helpful in a more
accurate cloud detection. A new HELIOSAT method is
currently developed in the EU-funded project HELIOSAT-
3 (http://www.heliosat3.de).

From the viewpoint of urban planning the benefits of a
MSG-based calculation scheme will be the enhanced infor-
mation about the spatial structure, the spectral distribution
of solar irradiance as well as the angular distribution of
diffuse light. The latter is of high importance for an optimal
design of natural light systems, e.g., in large office buildings
whereas knowledge of the spatial structure will be beneficial
for the large-scale grid integration of photovoltaics.

To achieve these goals, the current semi-empirical HELI-
OSAT method will be improved by the introduction of a
new type of calculation scheme based on radiative transfer
modeling. This extension allows utilising the enhanced
capabilities of MSG.

To model the radiative transfer within the atmosphere
detailed knowledge of atmospheric parameters involved in
scattering and absorption of the sunlight (e.g., aerosols and
water vapor) is necessary for an accurate calculation of the
solar irradiance. MSG will provide the potential for the
retrieval of atmospheric parameters such as ozone, water
vapor and—with restrictions—aerosols. Other platforms
like GOME/ATSR-2 will be used in addition for the
retrieval of aerosols. The explicit use of a radiative transfer
model within the calculation scheme enables the direct
calculation of user-specific irradiance information.

This calculation scheme will be used instead of the
turbidity model in the current HELIOSAT method. As a
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consequence an increase in the accuracy of the estimated
relationship between diffuse and direct irradiance in clear
sky situations is expected.

Moreover with the use of a radiative transfer model more
precise information about the spectral and angular distribu-
tion of radiation will be achieved.

This is clearly related to the needs of urban planning,
since accurate angular and spectral resolved solar irradiance
data is a prerequisite for the optimum usage of sunlight and
hence an energy-efficient planning of buildings.

Within the cloud transmission scheme MSG will make
the estimation of cloud height and types possible, which
enables the treatment of cloud shadow effects and increase
the accuracy of the estimated cloud index. The higher spatial
and temporal resolution will also allow a better detection of
broken clouds, which will lead to a better estimation of
diffuse and direct fractions.

Using the enhanced capabilities of MSG, solar irradiance
data with higher accuracy, higher spatial and temporal
resolution and a large geographical coverage will be pro-
vided in the near future.

5. Conclusion

The reduction of energy consumption especially in urban
environments will constitute one of the major global chal-
lenges in the future. Planning of energy-efficient buildings
and cities as well as an intelligent operation of their energy
supply systems will become of primary importance. It is
clear that both, planning and operation, strongly depends on
the availability of accurate information on the governing
boundary conditions. As a consequence, the introduction of
solar energy technologies implies a detailed knowledge of
the solar resource.

Depending on the application, the data have to be
precise, on-time, with high spatial and temporal resolution,
application-specific, and easily accessible. The attempts
which have been made to introduce remote sensing data
as a primary data source for solar energy applications are
promising. Future satellite platforms combined with more
advanced estimation methods give remote sensing data the
potential of serving most of the above mentioned needs.
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