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Abstract

The direct irradiance received on a plane normal to the sun, called direct normal irradiance (DNI), is of particular relevance to
concentrated solar technologies, including concentrating solar thermal plants and concentrated photovoltaic systems. Following various
standards from the International Organization for Standardization (ISO), the DNI definition is related to the irradiance from a small
solid angle of the sky, centered on the position of the sun. Half-angle apertures of pyrheliometers measuring DNI have varied over time,
up to ~10°. The current recommendation of the World Meteorological Organization (WMO) for this half-angle is 2.5°. Solar
concentrating collectors have an angular acceptance function that can be significantly narrower, especially for technologies with high
concentration ratios. The disagreement between the various interpretations of DNI, from the theoretical definition used in atmospheric
physics and radiative transfer modeling to practical definitions corresponding to specific measurements or conversion technologies is sig-
nificant, especially in the presence of cirrus clouds or large concentration of aerosols. Under such sky conditions, the circumsolar radi-
ation—i.e. the diffuse radiation coming from the vicinity of the sun—contributes significantly to the DNI ground measurement, although
some concentrating collectors cannot utilize the bulk of it. These issues have been identified in the EU-funded projects MACC-II
(Monitoring Atmospheric Composition and Climate-Interim Implementation) and SFERA (Solar Facilities for the European Research
Area), and have been discussed within a panel of international experts in the framework of the Solar Heating and Cooling (SHC)
program of the International Energy Agency’s (IEA’s) Task 46 “Solar Resource Assessment and Forecasting”. In accordance with these
discussions, the terms of reference related to DNI are specified here. The important role of circumsolar radiation is evidenced, and its
potential contribution is evaluated for typical atmospheric conditions. For thorough analysis of performance of concentrating solar sys-
tems, it is recommended that, in addition to the conventional DNI related to 2.5° half-angle of today’s pyrheliometers, solar resource
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data sets also report the sunshape, the circumsolar contribution or the circumsolar ratio (CSR).

© 2014 Published by Elsevier Ltd.
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Nomenclature

ACR active cavity radiometer

AOD aerosol optical depth

COST European cooperation in science and
technology

CPV concentrating photovoltaic

CSNI circumsolar normal irradiance

CSP concentrating solar power

CSR circumsolar ratio

CST concentrating solar technologies

DNI direct normal irradiance

IEA International Energy Agency

LBNL Lawrence Berkeley National Laboratory

MACC Monitoring Atmospheric Composition
and Climate

MYSTIC  Monte Carlo for the physically correct
tracing of photons in cloudy atmospheres

OPAC optical properties of aerosols and clouds

PVPS photovoltaic power systems

RSI rotating shadowband irradiometer

SAM solar (or system) advisor model

SFERA Solar Facilities for the European Re-
search Area

SHC Solar Heating and Cooling

SMARTS  simple model of the atmospheric radiative
transfer of sunshine

SOD slant optical depth

SolarPACES solar power and chemical energy systems

WIRE weather intelligence for renewable energy
WMO World Meteorological Organization
L broadband sky radiance

0 solar zenith angle
angular distance from the center of the sun
@ azimuth angle of a given point in the sky in

the orthogonal spatial system of axes de-
fined by the direction of the sun (see Fig. 1)

B, broadband DNI

P penumbra function or acceptance function

O half-angle of the sun disk

S, sunshape

Bt non-scattered direct normal irradiance
(non-scattered radiant flux from the sun
disk only)

E? extraterrestrial normal irradiance of the
sun

o opening half-angle

Q viewing angle

0, acceptance half-angle

C concentration factor

o slope angle

oy limit angle

pideal ideal DNI

By DNI of the sun (radiant flux from the sun
disk only)

CS, CSNI

CSideal ideal CSNI

CSR circumsolar ratio

cscC circumsolar contribution

T aerosol optical depth

n Angstrém exponent

dsso slant aerosol optical depth at 550 nm

1. Introduction

The direct irradiance received on a plane normal to the
sun over the total solar spectrum is defined as direct normal
irradiance (DNI). DNI is an essential component of global
irradiance, especially under cloudless conditions, and rep-
resents the solar resource that can be used by various forms
of concentrating solar technologies (CST), such as concen-
trating solar power (CSP) systems—also called solar ther-
mal electricity systems, including parabolic dish,
parabolic trough, linear-Fresnel, or solar tower, or concen-
trating photovoltaic (CPV) systems.

For that reason, the characterization of the solar
resource in terms of quantities related to DNI is of partic-
ular importance, and presently corresponds to one of the
primary research topics in the domains of solar radiation
modeling, satellite-based retrievals, and radiometric
ground-based measurements. In the fields of electromag-
netic scattering, radiative transfer and atmospheric optics,
many decades of theoretical developments in so-called
“directional radiometry” are noteworthy, as recently
reviewed by Mishchenko (2011, 2014). Such highly funda-
mental studies have reached the solar energy community
only indirectly, however.
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Despite the fact that the term “direct normal irradiance”
and its corresponding acronym DNI have been widely used
for a long time in the fields of solar energy and solar
resource assessment, this quantity may actually correspond
to different definitions, interpretations or usages, which can
lead to confusion.

These issues have been identified in two EU-funded pro-
jects, namely MACC-II (Monitoring Atmospheric Compo-
sition and Climate-Interim Implementation) and SFERA
(Solar Facilities for the European Research Area). More-
over, experts participating in the International Energy
Agency Solar Heating and Cooling Programme (IEA
SHC) Task 46 “Solar Resource Assessment and Forecast-
ing” extensively discussed these issues at two international
workshops. This collaborative IEA Task is also coordinat-
ing with both the IEA SolarPACES (solar power and
chemical energy systems) and IEA PVPS (photovoltaic
power systems) implementing agreements. Thus, interna-
tional experts from all relevant solar technologies—most
particularly CSP and CPV—have been involved to reach
a consensus on these definitions.

DNI is defined as follows in the ISO-9488 standard
(ISO-9488, 1999): “Direct irradiance is the quotient of the
radiant flux on a given plane receiver surface received from
a small solid angle centered on the sun’s disk to the area of
that surface. If the plane is perpendicular to the axis of the
solid angle, direct normal solar irradiance is received”.

This definition is simple to understand from a theoreti-
cal perspective, even though it remains vague due to the
lack of specification about what a “small solid angle”
actually is. This issue will be examined further in Section 2.
The rest of this contribution is mainly concerned with the
experimental side of the question.

Historically, the interest in accurate measurement of
DNI started decades ago. Early studies (e.g., Linke, 1931;
Linke and Ulmitz, 1940) identified the difficulty of separat-
ing the measurement of DNI from that of the diffuse
irradiance in the immediate vicinity of the sun, hereafter
referred to as circumsolar irradiance. Pastiels (1959) con-
ducted a detailed study of the geometry of pyrheliometers,
and how that geometry interacted with circumsolar radi-
ance, using simplified representations of the latter. Various
communications were then presented at a WMO Task
Group meeting held in Belgium in 1966 (WMO, 1967) to
improve the accuracy of pyrheliometric measurements,
including estimates of the circumsolar enhancement.
Angstrom (1961) and Angstrom and Rohde (1966) later
contributed to the same topic, followed years later by
Major (1973, 1980). The whole issue of instrument geome-
try vs. circumsolar irradiance was complex and confusing
at the time because different makes and models of instru-
ments had differing geometries. This was considerably
simplified after WMO issued guidelines about the
recommended geometry of pyrheliometers, which led to a
relatively “standard” geometry used in all recent instru-
ments. The experimental issues related to the measurement
of DNI are discussed in Section 3.2.

After the theoretical background related to DNI in
Section 2, a review of its multiple definitions, measurements
and applications are reviewed in Section 3. Section 4 sum-
marizes the expert consensus on clear definitions and termi-
nology related to DNI. Section 5 gives examples based on
simulations and ground measurements demonstrating the
important role of circumsolar radiation in DNI, notably
due to aerosols and thin clouds. Finally, Section 6 provides
recommendations for a better mutual understanding of the
possible definitions of DNI and how to reconcile them.

2. Theoretical background

Let L(&,¢) be the broadband sky radiance—usually
expressed in Wm 2 sr~'—for an element of sky whose
angular position is defined by the angular distance ¢ from
the center of the sun and its corresponding azimuth angle
¢. The angle ¢ is the angular distance of the considered
point in the sky with respect to the angular position of
the sun (Fig. 1). If the sun happens to appear within the
sky patch considered, its radiance is included in L. The
red surface is the plane perpendicular to the direction of
the sun. The corresponding solid angle with aperture
half-angle of ¢ is represented by the grey cone.

Here, the term “broadband” refers to the shortwave part
of the extraterrestrial solar spectrum that is received at the
surface of the Earth, typically ranging from 290 to 3000 nm
(WMO, 2010). This energy-rich part of the solar spectrum
is covered by the spectral responses of pyrheliometers,
which covers the range 300-4000 nm (e.g. EKO, 2011;
Kipp and Zonen, 2008; Hukseflux, 2011). However, some
CSP technologies with selective receiver coatings only use
the spectral range from about 350 to 2500 nm (Benz,
2004). Similarly, PV and CPV collectors have a very differ-
ent—narrower and uneven—spectral response than pyrhe-
liometers. It should be noted that DNI is implicitly
considered as broadband for this discussion.

The ISO definition of DNI, noted B,, can be expressed
by the following fundamental formula:

B, = /02“ /oalp(éf,(p)L(é,(p) cos(¢) sin(¢)d<d . (1)

where P(&, ) is the “penumbra function” that is sometimes
also called “acceptance function”. The penumbra function
is equal to 0 for ¢ greater than a limit angle o; (see
Section 3.2).

Sometimes, the aperture solid angle precisely defined by
the penumbra function can also be simply or roughly char-
acterized by an equivalent angular half width that may be
called opening—or acceptance, aperture, viewing—half-
angles.

The value of the penumbra function P(&, ¢) is defined by
the fraction of parallel light rays incident on the aperture
from the angles (¢, ¢) that reach the pyrheliometer’s sensor
element. The penumbra function can be calculated from
the pyrheliometer’s geometric specifications. For angles &,
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East

Fig. 1. Angular positions (&, ¢) of a given point in the sky (circle), in the
orthogonal spatial system defined by the direction of the sun (star). 0; is
the solar zenith angle. The red plane represents the plane perpendicular to
the angular position of the sun, and the grey cone represents the solid
angle of aperture half-angle ¢. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)

less than 5°, the deviation from 1 of the cos(¢) term can be
considered negligible, so that Eq. (1) may be simplified
into:

5= [ [ Peorcosnaco @)

Under the assumption of radial symmetry of the sky
radiance in the vicinity of the sun position for clear skies
(Gueymard, 1995, 2001; Buie and Monger, 2004), which
can be considered reasonable when the sun is not too low
over the horizon, Eq. (2) simplifies into:

B, =2n [ POLsin()d )

where P(&) and L(¢) are the azimuthal averages of P(&, @)
and L(¢, @), such that:

PE =5 [ Pléoide and 1)

1 2n

=21, L(&, @)do. 4)

Gueymard (2001) provides an expression for L(&) as a
function of the aerosol optical mass, spectral Rayleigh
and aerosol optical depths, aerosol phase function, and
other variables. Eq. (3) outlines the way the DNI can be
calculated from the azimuthal averages of the sky radiance
and the penumbra function, in the vicinity of the sun, usu-
ally referred to as “circumsolar region” or “aureole”.

The mathematical formulation of the definition for
DNI, per Eq. (1), is ambiguous because neither a limit

angle & nor a penumbra function is specified. This ambigu-
ity is the main source of the multiple definitions of DNI
found in the literature, since each of them explicitly or
implicitly refers to different limit angles and penumbra
functions, which inherently leads to varying amounts of
integrated radiance in the vicinity of the sun.

When seen from outside the atmosphere, the sun
appears basically as a disk whose angular radius can be
quantified by the angular distance J, between the visible
edge of the disk and its center. Considering the visible
diameter of the sun (~1.392 x 10°km) and the varying
sun-Earth distance during a year (&~1.496 x 10®km
+1.7%), dy is equal to 0.2666° +1.7%, using the set of con-
stants from Liou (2002). In other words, at the top of
atmosphere, the angular extent of the sun to be considered
is defined by a limit angle equal to d,. At the ground level,
due to scattering effects occurring within the atmosphere,
the circumsolar region for angles greater than o, should
be considered since its radiance is added to the radiance
from the solar disk, typically up to 5° or more, depending
on the application.

The direct radiance can be described as the radiance
emanating from the circumsolar region and the sun. It is
expressed as a function of the angular position relative to
the center of the sun. The term sunshape, or Sy(¢&), refers
to the broadband azimuthal average radiance profile, nor-
malized with respect to the radiance at the center of the
sun, i.e.:

5.8 =K / L& g)do (5)

where the normalization constant K is determined so that
Ss(0) =1 (Biggs and Vittitoe, 1977).

As an example, Fig. 2 shows several sunshapes derived
from the Lawrence Berkeley National Laboratory (LBNL)

10°

1034

10°

Sunshape (log-scale)

10

i HER A i
10" 0.266° 10° 2.5°
Angular distance from the center of the sun (deg, log-scale)

Fig. 2. Examples of sunshape profiles from the LBNL circumsolar
telescope (Grether et al., 1975). The leftmost vertical thick black line
indicates the edge of the solar disk and the rightmost one, the opening
half-angle of a typical pyrheliometer.
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circumsolar telescope (Grether et al., 1975; Noring et al.,
1991).

Even without any influence of the terrestrial atmo-
sphere, the solar disk radiance decreases with increasing
angular distance from the center of the sun. This effect is
referred to as limb darkening and varies with wavelength.
While the radiance at the edge of the solar disk is approx-
imately 55% of the radiance in the center of the sun at
1000 nm, the radiance decreases to approximately 20% at
370 nm. From the various limb-darkening models pro-
posed in the literature, the radiance profiles presented by
Pierce and Slaughter (1977) are recommended options to
describe the region between 300 nm and 2400 nm.

3. Multiple definitions of DNI in the literature

The objective of this section is to review the multiple
definitions and common acceptances related to DNI in dif-
ferent scientific fields, including radiative transfer in the
atmosphere, radiometry, and solar energy conversion.

3.1. The strict definition for numerical modeling of radiative
transfer in the atmosphere

The strict definition of the DNI refers to photons that
did not interact with the atmosphere on their way to the
observer.

The mathematical formulation of this fundamental def-
inition of DNI, noted as B, makes use of the broadband
transmittance of the atmosphere 7 and the top-of-atmo-
sphere—or extraterrestrial—normal irradiance £/’ for the
actual sun-Earth distance (WMO, 2010):

Bfltricl — E;OHT (6)

The broadband transmittance 7 depends on the altitude,
solar zenith angle and parameters describing the optical
state of the atmosphere related to aerosols, water vapor
and other gases.

The definition of DNI described above is conceptually
useful for atmospheric physics and radiative transfer mod-
els, but brings along a complication for ground observa-
tions or even for concentrating solar systems. It is not
possible to identify whether or not a photon was scattered
before it ultimately reaches an observing instrument. For
the same reason, this strict definition also does not fit the
ISO definition of DNI, since the ISO definition does not
distinguish between scattered and non-scattered radiation.

Besides this fundamental problem, there are practical
implications to consider too. Pyrheliometers have to track
the apparent sun position along its path through the sky.
As this cannot be done with perfect accuracy, pyrheliome-
ters are designed such that they receive light from a greater
angular aperture than the solar disk.

In the domain of numerical modeling of radiative
transfer in the atmosphere with codes such as MODTRAN
(Berk et al., 1998), SMARTS (Gueymard, 2001, 2005), or
the publicly available solvers included in libRadtran

10° — Diff,, sun as point
== Diff., sun as disk
27 e\ =+ Total, sun as disk
= 10" | Sre, |
o -
g i NI
2 10° ’{‘
[}
2 N\
2 10° R
& e
\\\
10* | =0
0.0 0.2 0.4 0.6 0.8 1.0

Angular distance from the center of the sun (deg.)

Fig. 3. Broadband radiance profile for a cirrus cloud (optical thickness of
0.5) and the sun in the zenith simulated with MYSTIC. Blue solid line:
diffuse radiance for a point source. Green dash line: diffuse radiance for an
extraterrestrial sunshape. Red dotted—dash line: direct and diffuse radiance
for an extraterrestrial sunshape. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)

(Mayer and Kylling, 2005), the direct normal irradiance is
generally considered as a Dirac or delta function with no
angular extent. DNI at the surface is modeled as the atten-
uation of the extraterrestrial radiation originating from the
strict direction of the sun considered as a point source, with-
out taking into account the scattered photons that may re-
enter the beam or the angular extent of the solar disk.

The very concept of numerical radiative transfer model-
ing that distinguishes non-scattered beam from scattered
photons is currently evolving. For instance, within the
EU-funded SFERA project, described by Reinhardt
(2013) and Reinhardt et al. (2014), the authors have
devised a special version of libRadtran, and modified the
Monte-Carlo based radiative transfer equation solver
named MYSTIC (Mayer, 2009) to account, inter alia, for
a more realistic angular variation of the normalized extra-
terrestrial radiance over the solar disk. This solar radiance,
hereafter referred to as “extraterrestrial sunshape”,
decreases from the center of the solar disk towards its
edges, due to the phenomenon called “limb darkening” in
solar physics, as mentioned above in Section 2. The extra-
terrestrial sunshape can also be modeled by other means to
evaluate errors in spectral direct irradiance measurements
obtained with sun photometers (Kocifaj and Gueymard,
2011).

Fig. 3 exhibits examples of simulated radial radiance
profiles using either the extraterrestrial radiance modeled
as a delta function (blue solid line) or with a realistic extra-
terrestrial sunshape (red dotted—dash line). In contrast, the
green (dashed) curve represents the diffuse part of the radi-
ance profile with a realistic extraterrestrial sunshape.

Because of constraints related to tracking accuracy and
design-based limits on concentration factor, solar concen-
trating conversion systems also have different angular aper-
tures, generally smaller than for pyrheliometers. Therefore,
DNI is interpreted differently in the realm of solar energy
and irradiance measurements than in the realm of radiative
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0 a; & o
Off-axis angle

Fig. 4. Schematic representation of slope angle oy, opening half-angle « and limit angle o; of a circular opening pyrheliometer with the corresponding

geometric penumbra function P with respect to the off-axis angle.

transfer modeling. Both interpretations of DNI are dis-
cussed in more detail in Sections 3.2 and 3.3.

3.2. The experimental definition for solar radiation
measurement

The measurement of DNI is defined in the WMO CIMO
Guide (WMO, 2010): “Direct solar radiation is measured by
means of pyrheliometers, the receiving surfaces of which are
arranged to be normal to the solar direction. By means of
apertures, only the radiation from the sun and a narrow
annulus of sky is measured, the latter radiation component
is sometimes referred to as circumsolar radiation or aureole
radiation”.

This experimental definition is in a perfect agreement
with the ISO definition of Section 3.1, and considers that
DNI is logically related to the specific measurement device
being used.

The amount of measured circumsolar scattered irradi-
ance depends on the state of the atmosphere and on the
specific penumbra function of the instrument (Pastiels,
1959). In most cases, this penumbra function can be
approximated in a geometrical way by means of three
angles: the opening half-angle «, the slope angle o, and
the limit angle o, (Fig. 4), defined as

<R>
oo =aqatan | —
L
R—r
s =at 7
o aan( 7 ) (7)
(R+r>
o; = atan
L

where R, r and L are characteristic dimensions of the
instrument. Since these angles are usually small, their defi-
nition implies that:

o R Ll —; %) . (8)

Such a straightforward definition results in what is
sometimes called the geometric penumbra function (Major,
1994). In practice, the numerical value of the penumbra
function is given by the fraction of collected radiant flux
by an optical aperture depending on the off-axis angles.
The effective penumbra function is somewhat different from
the geometric penumbra function, and obtained by taking
into account effects such as the spatial inhomogeneity of
the sensor in addition to its geometry (Major, 1994).

Penumbra functions for diffusometers—instruments
consisting of a pyranometer with a shading disc or ball
meant to shade the solar disc, so as to measure diffuse irra-
diance—are defined correspondingly, but refer to the frac-
tion of rays that is blocked by a shading structure such as a
tracking shade or a shadow ring, and thus does not reach
the sensor (Major, 1992).

For off-axis angles between a minimum value of 0° and a
maximum value equal to the slope angle o, the penumbra
function is equal to 1. For angles greater than the limit
angle o,, the penumbra function is equal to 0. Finally, a
continuously decreasing penumbra from 1 to 0 character-
izes the range [0y, o;]. The opening half-angle o is the main
characteristic for the description of the field of view of a
pyrheliometer (Gueymard, 1998), and it corresponds
approximately to the center of the transition range [o, o].
The viewing angle Q is defined as the solid angle of a cone
with apex angle 2o:
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Table 1

Slope angle, opening half-angle, limit angle and viewing angle for several pyrheliometers, from Gueymard (1998) and data from manufacturers (EKO,

2011; Kipp and Zonen, 2008; Hukseflux, 2011; Middleton, 2008).

Brand, Model Slope angle «; (°)

Opening half-angle o (°)

Limit angle o, (°) Viewing angle Q (sr)

Abbott, silver disk 0.8 2.9 4.9 8§x 1073
Eko, MS-56 1.0 25 4.0 6x 1073
Eppley, AHF (cavity) 0.8 2.5 42 6x 1073
Eppley, NIP 1.8 29 4.0 8x 1073
Eppley, sNIP 0.8 2.5 42 6x 1073
Hukseflux, DR01, DR02 1.0 2.5 4.0 6x1073
Kipp & Zonen, CH1, CHPI, SHPI 1.0 2.5 4.0 6x 1073
Kipp & Zonen, Linke-Feussner 1.0 5.1 9.1 25 %1073
Middleton, DN5, DN5-E 1.0 2.5 4.0 6x1073
Q =2n(1 —cosa) (9)  ultimately traceable to the WRR. During the 11th IPC held

Of course, the opening half-angle—or the viewing
angle—alone does not fully describe the penumbra
function.

Table 1, based on Gueymard (1998), gives the value of
such angles for common pyrheliometers.

The WMO CIMO guide (WMO, 2010) recommends an
opening half-angle of 2.5° and a slope angle of 1°. Neverthe-
less, there is a large variety of pyrheliometers in current use
(Riiedi, 2000; Gnos, 2010), which might have other geome-
tries. Angstrém and Rohde (1966) and Angstrém (1961)
studied a set of pyrheliometers with opening half-angles
up to 10° and evaluated their typical circumsolar enhance-
ment effects. Of course, different opening half-angles result
in differing measured values. The instrument-to-instrument
differences that the circumsolar effect generates are far from
being negligible, especially in the presence of cirrus clouds.
These differences must be seriously considered if the desired
relative accuracy is better than 1.5%. In addition, several
instruments have a circular aperture whereas others—how-
ever quite rare and old—have a rectangular aperture. The
quasi-equivalence between the rectangular and circular field
of view is valid ideally only for clear skies with low aerosol
content (Willson, 1969).

The authors listed in the previous paragraph have
underlined the need for further standardizing the accep-
tance conditions of pyrheliometers within meteorological
networks. As a consequence, in 1978, the World Meteoro-
logical Organization (WMO) made the important decision
that the radiometric definition of the Watt would have to
be directly related to the electric scale through the World
Radiometric Reference (WRR). The WRR is maintained
experimentally by a group of stable instruments called
active cavity radiometers (ACRs) located at the World
Radiometric Center in Davos, Switzerland (WMO, 2010).
This decision became effective on January 1, 1981 (Riiedi
and Finsterle, 2005). The practical usage of WRR is
described elsewhere (Gueymard and Myers, 2008). Every
five years, an International Pyrheliometer Comparison
(IPC) is conducted in Davos where the WRR reference
instruments are used to transfer their calibration to other
primary standards belonging to diverse countries. This pro-
cess eventually trickles down and propagates in a way so
that all calibrated field instruments in the world are

in Davos in September—October 2010, an episode of Saha-
ran dust occurred, which produced periods of slightly ele-
vated dust aerosols in the air, in contrast with the
normally very pure atmosphere at this elevation (1596 m).
This circumstance provided an opportunity to study the
effects of high-altitude aerosols on the transfer of calibra-
tion between instruments of different viewing geometries
(Finsterle et al., 2012). Even though the necessary correc-
tions were small (<0.1%), they were of similar magnitude
as the stated WRR precision (x0.1%) and uncertainty lev-
els (~0.3%). More details about the effect of circumsolar
irradiance are provided in Section 5.

In the last few decades, other types of radiometer have
started to be used for the purpose of measuring DNI as
an alternative to conventional thermopile pyrheliometers.
At the cost of an expected moderate loss of precision, these
instruments can have some advantages, such as (i) lower
first costs or investments; (ii) lower operation and mainte-
nance costs; and (iii) decreased risks of misalignment, soil-
ing or perturbation due to meteorological events, thus also
decreasing down periods and maintenance costs. Examples
of these alternative systems are:

e a pair of thermopile pyranometers, one unshaded to
measure global irradiance and the other one
equipped with a tracking shade (or, less desirably, a
shadow ring), to measure diffuse irradiance;

e a thermopile radiometer resembling a pyranometer,
but equipped with a system of shades inside the glass
dome to separate the global and diffuse components
(Wood, 1999);

e arotating shadowband irradiometer (RSI) that alter-
natively senses the global and diffuse components at
rapid intervals (Michalsky et al., 1986; Geuder et al.,
2003, 2008, 2011; Vignola et al., 2012).

The determination of the DNI with these systems results
from specific processing consisting of intermediate steps,
such as:

e computation of the direct horizontal irradiance from
the difference between the measured global and
diffuse horizontal irradiances;
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e computation of DNI from direct horizontal irradi-
ance by dividing it by the cosine of the solar zenith
angle;

e corrections for RSI systems to compensate for sys-
tematic errors (e.g. King et al., 1998; Geuder et al.,
2003, 2008, 2011; Vignola, 2006);

e corrections needed to compensate for the shaded part
of the sky when using a shadow ring or other system
of shades (e.g. WMO, 2010; Lopez et al., 2004;
Batlles et al., 1996).

The opening half-angles that would characterize the
measured DNI when using these alternative pyranometric
systems are not always easy to define. Indeed, they depend
on the sensor-sun geometry and on the specific procedure
used to calibrate the instrument against a reference pyrhe-
liometer or ACR. Additionally, the variability of the irradi-
ance measured during the rotation of the shadowband of a
RSI has to be considered (Wilbert et al., 2012; Wilbert
et al., 2013c).

The accuracy of some of these instruments or methods is
limited and may not even be adequate to successfully dis-
tinguish the effects and differences stated above.

An inter-comparison of such alternative sensors
from different manufacturers has been made in Payerne
(Switzerland), in the frameworks of the European COST
program (cooperation in science and technology) ES1002
WIRE (weather intelligence for renewable energy) and
IEA SHC Task 46. The results of this DNI inter-compari-
son will be published soon.

Sensor soiling has an additional impact on the experi-
mental determination of DNI. It should be avoided as
thoroughly as possible during measurement campaigns
since its impact may easily outweigh the effects of circum-
solar radiation or of differing instrument geometries. Since
soiling cannot always be avoided, its effect on the uncer-
tainty of DNI measurements should be quantified along
with the measurements. The effects of instrument soiling
are strongly dependent on site, instrument type, season
and corresponding weather and environmental conditions
(Geuder and Quaschning, 2006). Mitigation measures
require a meticulous record of the sensor cleanings with
their exact times and the potential increase in the corre-
sponding sensor signal along with signal coincidence in
the case of redundant measurements. Such methods are
described in (Geuder and Quaschning, 2006; Pape et al.,
2009; Wolfertstetter et al., 2012; Wolfertstetter et al., 2013).

3.3. The practical usage in solar energy conversion

3.3.1. Overview of power plant performance models
Circumsolar radiation and the corresponding sunshape
play a role in determining the efficiency of concentrating
solar systems, and are always somehow—and sometimes
implicitly—included in common solar performance models.
Such models include ray tracing tools, analytical optical
performance models, and models that determine the optical

performance with look-up tables or parameterizations of
the solar position relative to the collector. To better under-
stand the use of the term DNI in power plant models we
briefly introduce different types of optical performance
models and tools.

e Ray tracing models

The available solar radiation can be described as a mul-
titude of solar rays transmitted from the sun to the concen-
trators and finally to the receiver. Ray tracing tools such as
STRAL (Belhomme et al., 2009), SoITRACE (Wendelin,
2003), MIRVAL (Leary and Hankins, 1979), or SPRAY
(Buck, 2010) calculate the path of the sun’s rays from the
sunshape to the receiver by application of physical laws.
Monte Carlo techniques are often implemented to allow
for tractable calculation times.

For the sake of illustration, one method for the descrip-
tion of the sunshape that is available in SPRAY is
explained in the following. The method selects one concen-
trator element after another and traces a given number of
rays from the current element. After the calculation of
the vector to the center of the sun, the appropriate sun-
shape is included. This is done by calculating an angular
deviation of the ray vector from the center of the sun based
on the probability density function corresponding to the
sunshape as defined in Section 2.

To do so, a user-defined sunshape has to be provided as
an input to SPRAY. The radiance is determined both by
the specified DNI and the user-defined sunshape. The spe-
cific ray under scrutiny is then related to a power calculated
as the product of the incident DNI and the projected areca
of the current concentrator element divided by the number
of rays per element. Then the path of the ray is followed
until it reaches the receiver.

This ray tracing method can be based on actual
measurements of the plant geometry.

o Analytical optical performance models

The Bendt—Rabl model (Bendt et al., 1979; Bendt and
Rabl, 1981) is another type of calculation method that uses
an analytical approach. To accelerate calculations, analyt-
ical equations are derived and solved to describe the ray’s
path through the optical system. For instance, the model
suggested by Bendt and Rabl can be used for parabolic
troughs and solar dishes. In a first step, an angular accep-
tance function is determined from the design geometry.
The angular acceptance function P, () is defined by the
fraction of rays incident on the aperture at an angle « that
reaches the receiver. This is equivalent to the definition of
the penumbra function given in Section 2.

The second step of the Bendt—Rabl method is to deter-
mine an effective source that includes both the user-defined
sunshape and the deviations from the design geometry. The
optical errors of a CST collector are described as Gaussian-
distributed independent uncertainties. Their combination is
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also a Gaussian distribution with standard deviation g,,,,
which is often called optical error. The function that
describes the optical errors is then combined with the sun-
shape using convolution. For line-focusing systems, such as
parabolic troughs, a further integration step is required
because the effect of circumsolar radiation on the incident
irradiance depends strongly on angle ¢ (Eq. (1)).

Finally, the intercepted radiation can be determined by
integrating the product of the effective source and the
acceptance function, similar to Eq. (3).

Bendt and Rabl (1981) also describe an alternative order
of the calculation steps that combines the angular accep-
tance function and the optical errors to the so-called
“smeared acceptance function”, which is then combined
with the sunshape.

Similar analytical methods are used in HELIOS
(Vittitoe and Biggs, 1981), DELSOL (Kistler, 1986) and
HFLCAL (Schwarzbozl, 2009).

o Look-up tables-based optical performance models

The fastest way to determine the optical performance of
a CST collector uses only parameterizations or look-up
tables that describe the change of the optical performance
with solar position. The necessary parameters can be
derived from experimental data, or the aforementioned
analytical performance models or raytracing tools. Experi-
mental measurements are obtained for a given time series
of sunshapes. In contrast, results from the aforementioned
models always have to make assumptions concerning the
sunshape. Hence, even such simple performance models
indirectly include an assumed sunshape. Only one constant
sunshape is typically described by these simple models,
which may constitute a serious limitation. As a rather
extreme example that can occur when thin clouds mask
the sun, Grether et al. (1977) found 15% and 24% reduction
of the intercept factor for two solar towers using a broad
sunshape with a CSR of 0.4.Such look up tables or param-
eterizations are used in SAM (Gilman et al., 2008) and
Greenius (Quaschning et al. 2001; Dersch et al., 2011).

3.3.2. Definition of the required input DNI for performance
models

The first two types of model mentioned above—ray trac-
ing and analytical models—need the sunshape and DNI as
input variables. The third model type (look-up tables) only
requires DNIT as input, whereas assumptions on the sun-
shape are included as fixed settings in the model.

In CST applications, the term DNI is commonly inter-
preted as the experimental DNI that is measured with a
pyrheliometer. This does not always lead to the right inter-
pretation of the plant performance analysis software, how-
ever. For the ray tracing tool SPRAY, for instance, the
input DNI value is related to rays that are distributed over
the complete interval up to the angle £, over which the
sunshape is defined by the user. The input DNI must be
computed by the user from the chosen sunshape and

experimental DNI, provided that the angle & is greater
or equal to the limit angle of the pyrheliometer.

Users must pay attention to the adequacy between the
limit angle of their user-defined sunshape and the limit
and slope angles of the pyrheliometer considered as the
source of the experimental DNI. For instance, the experi-
mental sunshapes presented by Neumann et al. (2002) all
have the same limit angle of 1.72°, which makes them
incompatible with experimental DNI data obtained with
common pyrheliometers having a 2.5° opening half-angle.
In contrast, the standard solar scan (Rabl and Bendt,
1982) is defined up to 3.2°. Hence, the error due to the
angular incompatibility is smaller in the later case, since
only the angular interval from 3.2° to the limit angle is
affected. The same holds for the sunshapes proposed by
Buie et al. (2003D).

Rabl and Bendt (1982) discuss the interaction between
the specified DNI and the outer limit angle (up to an angle
of 3.2°) of the sunshape data used in their study. They
define the optical performance of a solar system for the spe-
cific penumbra function of the Eppley Normal Incidence
Pyrheliometer (NIP), which has an opening half-angle of
2.9° (Table 1). The optical performance that is obtained
after the above-explained convolutions and spatial integra-
tion is hence only a preliminary result. This preliminary
result refers to an angle of 3.2° that coincides with the limit
of the LBNL circumsolar radiance data and not to the pen-
umbra function of the pyrheliometer. Rabl and Bendt
(1982) derived the experimental optical performance by
multiplying this preliminary result with the ratio of DNI
computed with the sunshape with a 3.2° opening half-angle
and perfect penumbra function and the measured DNI.

For performance models that use look-up tables or
experimental data, DNI has to be defined in correspon-
dence with the source of the parameters or look-up table.
For such models, however, errors may occur if the sun-
shape deviates from the indirectly included sunshape of
the parameters or look-up table.

Although two of the three aforementioned types of per-
formance model allow calculations with arbitrary user-
defined sunshapes, typically only constant standard sun-
shapes are used. Nevertheless, Wilbert (2014) has processed
time series of sunshapes using a software add-on for
SPRAY. For the processing of DNI time series from typi-
cal meteorological years, however, no approach for the
corresponding sunshape data is published so far. Further
research is thus required to alleviate the lack of site-specific
sunshape data for such applications.

3.3.3. Approximation of the angular acceptance of CST
collectors with acceptance angles

The availability of site-specific time series of both the
experimental DNI and corresponding sunshape is the ideal
case in CST modeling. Approximate descriptions of the
collector performance including the variation of circumso-
lar radiation might be achieved by specifying a collector-
specific DNI (Lemperle, 1982) that only includes radiation
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up to a collector-specific outer boundary angle, which is
called acceptance angle. Such approximations and their
shortcomings are not the topic of this paper. What is
described here is rather an overview of definitions and val-
ues of acceptance angles that might be adequate for such
approximations, as an illustration of the contribution of
circumsolar radiation to collector performance.

Several concentrating solar systems exist with different
types of collectors having diverse apertures corresponding
to different limit angles &, and penumbra functions. These
are generally not the same as the apertures characterized
by pyrheliometers or other DNI measurement devices.

In the domain of solar energy conversion, the term
“acceptance half-angle” is generally used instead of “open-
ing half-angle”. The nominal acceptance angle is defined in
(Rabl, 1985) as “the largest incidence angle for which all or
almost all rays on the aperture reach the receiver” and can
be roughly considered as analog to the slope angle for pyr-
heliometers. Other approaches can be cited to define an
equivalent acceptance angle, such as the one also proposed
by Rabl (1985), which is obtained as twice the standard
deviation of the radiation angular distribution incident
on the absorber. The acceptance half-angle can be also
defined as the off-axis angle at which the sensitivity of the
instrument decreases below a given fraction of the incident
irradiance, e.g. 50% or 90%.

The nominal acceptance half-angle of a concentrating
collector and its concentration factor are closely related.
This relation depends on the quality of the non-imaging
collecting optical system. Calling upon the second law of
thermodynamics, Rabl (1976) demonstrates the existence
of an upper bound of the concentration factor C for a given
acceptance half-angle 0. For a refraction index of the solar
concentrator equal to 1, one obtains:

b
~ sin (0,)°

where d equals 2 for point focusing collectors (e.g. para-
bolic dish or solar tower) and 1 for line focusing collectors
(e.g. parabolic through or linear Fresnel).

As stated above, we do not discuss the application of the
acceptance angles for CST modeling or the quality of such
models, but only state the upper bounds for acceptance
angles as an illustration.

To illustrate the diversity of the possible acceptance
angles in CST systems, we have collected the concentrating
factors and acceptance angles of several systems from the
literature.

(10)

Table 2

Table 2 shows typical concentration factors of various
CSP technologies (IRENA, 2012) and the corresponding
upper bound of acceptance half-angles from Rabl (1976).
These upper bounds are within the typical range 0.7-2.3°,
and are typical of concentrating collectors such as para-
bolic through, solar tower or parabolic dish (Meyen and
Liipfert, 2009).

In parallel, Table 3 provides data on the concentration
factors and their corresponding upper bounds of accep-
tance half-angles for several CPV systems, assuming a
refraction index of the solar concentrator equal to 1.

4. Expert consensus on DNI definitions in the framework of
IEA SHC Task 46

The need for clear and specific definitions and terminol-
ogy related to DNI was raised by MINES ParisTech (Blanc
et al., 2013) in the name of the EU-funded MACC-II pro-
ject, in the framework of two expert meetings and dedi-
cated workshops under IEA SHC Task 46: “Solar
Resource Assessment and Forecasting”. Approximately 70
experts from 12 countries participate in Task 46.

As an outcome of discussions held at Task 46 Expert
Meetings and workshops during 2012-2013, various defini-
tions related to DNI were specified with their correspond-
ing acronyms. The following is a synthesis of these
conclusions.

In the ideal case where the penumbra function is a per-
fect rectangular function with respect to the off-axis angle
(i.e. no transition range), an ideal DNI for the opening
half-angle o, named B (x), is defined as follows:

Bl (4) ~ 21 /;L(f) sin(&)dé. (11)

The direct irradiance from the sun, noted B, is defined
as the solar radiant flux collected by a surface normal to
the direction of the sun, within the current extent of the
solar disk only (half-angle J,) with a perfectly rectangular
penumbra function. This constitutes a special case of Eq.
(11), with o = oy = o; = 9, and:

B = Bl (g = §,) =~ 2m /0 vL(é) sin(¢&)d¢. (12)

With this definition, used by Buie et al. (2003a) for
instance, the small fraction of diffuse radiance within the
solar disk is included. Theoretically, B}" is different from
B because the latter consists only of non-scattered radi-
ant flux. In practice, however, the difference between the

Upper bounds of acceptance half-angles from Rabl (1976) for typical concentration factors of different CSP technologies, as described in the IRENA

working paper (IRENA, 2012).

CSP Types

Dish-Stirling

Solar tower Parabolic through Linear Fresnel

Concentration factor >1300
Dimensional concentration type 3-D
Upper bound of acceptance half-angles from Rabl (1976) <1.6°

>1000 70-80 60
3-D 2-D 2-D
<1.8° <0.8° 1°
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Table 3

Concentration factors and corresponding upper bound acceptance half-angles for different solar concentrating photovoltaic (CPV) systems. Source: http://
techtransfer.universityofcalifornia.edu/NCD/10320.html (last accessed 05.12.14).

CPV Types Concentration Upper bound of acceptance half-angles (°)
factor from Rabl (1976) (°)

Two aplanatic mirrors + homogenizing prism 500 <2.6

Total internal reflection + refractive secondary optics 1000 <1.8

Polymethylmethacrylate dome-shaped Fresnel lens + glass kaleidoscope 550 <24

Fresnel lens + reflective inverted pyramid secondary 250 <3.6

two quantities corresponds to the spatial integration of dif-
fuse radiance within the solar radius angle, which can be
considered negligible.

In the more general—and concrete—context of DNI
measurements or solar conversion systems, the penumbra
function P is generally not a perfect rectangular function.

The limit angle o, is defined as the angle above which the
acceptance function is null or considered as negligible:

V¢ > a,P(¢) ~ 0. (13)

This limit angle ¢, is the greatest angular distance from the
center of the sun that is considered to be part of the circum-
solar region, for a given acceptance function P. The angu-
lar extent of this circumsolar region cannot be defined in a
universally valid way. This is due to the fact that different
pyrheliometers and different concentrating collectors are
sensitive to radiance up to specific angular distances from
the center of the sun.

For example, the limit angle o, is 3.2° for the measured
circumsolar ratio (CSR) in the LBNL data base (Noring
et al., 1991). For pyrheliometer measurements following
the WMO recommendations (WMO, 2010) a limit angle
greater than 4° would be necessary.

The slope angle o, is defined as the angle below which
the penumbra function equals 1, or its deviation from 1
can be considered negligible:

VE< aP(E) = 1. (14)

The experimental definition of DNI for an acceptance
function P and its limit angle o; defined by Eq. (3) can then
be related to the ideal DNI for the opening half-angle o,:

By~ B(n) + 25 [ PELE) sin(@)a (15)

s

Under the (reasonable) assumption that the acceptance
function P is equal to 1 for off-axis angles less than the
solar disk half-angle dy, it is clear that o, < o, hence the
following relationship is obtained:

B~ B +2m / " P()L(E) sin(E)de. (16)
s

The experimental circumsolar normal irradiance, CSNI,
noted CS,, is related to the acceptance function P, and is
defined as the part of the corresponding DNI that is

incident from the annular angular region defined by the
two half-angles oy and «; verifying the constraint
Oy <o <oy <oyt

CS, (50, 21) ~ 2n/al P(&)L(E) sin(&)de. (17)

%o

Following Eq. (16), a fundamental closure relationship
is obtained:

B, = CS,(3,,0) + B (18)

Similarly to the ideal DNI, the ideal CSNI, noted CS™“/,
is defined as the part of ideal DNI coming from the annular
angular region defined by the two half-angles oo and o,
verifying the order constraint o < o4:

50, 2 e 21 / L(&) sin(&)de. (19)

Similarly to Eq. (18), the following relationship is then
obtained:

B (o) = CS (8, 0) + By (20)

The circumsolar ratio (CSR) for the opening half-angle
o, noted CSR(a), is then defined as the ratio between the
ideal CSNI for o9 =0, and o; =a and the ideal DNI
B;deal(a):

CSe! (8, 0)

CSR(OC) = Bideal(a)

(21

Eq. (21) is used in the literature to describe the circumsolar
ratio (Grether et al., 1977; Schubnell, 1992; Neumann and
Witzke, 1999). Depending on the authors and the measure-
ment systems, other angles are used for d,. For instance,
Neumann and Von Der Au (1997) use the current solar
disk angle plus 0.0206° (0.36 mrad) for sunshape measure-
ments, in order to avoid the effect of imperfect image
sharpness of the experimental images. Alternatively, in
Neumann et al. (2002), the average solar disk angle
0.2664° (4.65 mrad) is used for average sunshapes, thus
introducing a small error—less than 1.7% —caused by
neglecting the annual variation of the solar disk angle
due to the elliptic path of the Earth around the sun. LBNL
used the current solar disk angle increased by 0.013° as the
inner limit angle to avoid instrumental errors that could
cause an overestimation of the radiance close to the solar
disk edges (Grether et al., 1975).
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Buie et al. (2003b) showed that CSR characterizes the
sunshape to some extent. However, there is no bijective
relation between the sunshape and CSR. Indeed, a specific
value of CSR can be obtained for different sunshapes, as
discussed by e.g. Wilbert et al. (2013b).

Finally, and in a similar way, the circumsolar contribu-
tion (CSC) from a given annular region can be defined as

CS;deal (OC(), o )

CSC(op,01) = B ()

(22)

5. Circumsolar radiation and its effect on DNI

The circumsolar irradiance and its angular distribution
are dependent on the physical characteristics of aerosols
and thin clouds—most particularly optically thin cirrus
clouds—in the atmosphere. Whenever thin clouds obscure
the sun, important modifications to the underlying clear-
sky circumsolar irradiance will occur, because clouds have
different optical characteristics than aerosols. This section
uses both real measurement-based and simulated examples
to demonstrate that the amount of circumsolar radiation
and its relative contribution to the measured or simulated
DNI varies strongly with sky condition.

SMARTS simulations for clear-sky conditions with var-
ious loads of rural aerosols, composed of small aerosol par-
ticles, have shown that, for relatively low 0,, the relative
proportion of the circumsolar irradiance in the measured
DNI is less than 1% for opening half-angles ranging from
2.5° to 2.9° (Gueymard, 2010a,b). Increasing the air mass
from 1 (6, = 0°) to 3 (6, = 70.7°) roughly results in the dou-
bling of the circumsolar contribution. For the specific con-
ditions of the ASTM G173 reference spectral standard,
which is used by the PV and CPV communities for rating
purposes, the combination of an air mass of 1.5
(6, = 48.24°), a rural aerosol with an aerosol optical depth
(AOD) of 0.084 at 500 nm, and other atmospheric condi-
tions defined in the standard, similar SMARTS calcula-
tions indicate a circumsolar contribution of only 0.25%
for a 2.9° aperture half-angle. For many aerosol types com-
posed of small particles and/or not too large AOD, the cir-
cumsolar contribution is essentially proportional to the
slant optical depth (SOD) defined as the product of AOD
and air mass, so that an AOD of 0.084 at air mass 15, or
an AOD of 0.84 at air mass 1.5, would induce a circumso-
lar contribution 10 times greater than before, or approxi-
mately 2.5%. In the specific case of small aerosol particles
and opening half-angles o less than 10°, the circumsolar
contribution to DNI is found to vary almost linearly with
o (Gueymard, 2010a,b). These SMARTS results have been
validated against more rigorous calculations of spectral cir-
cumsolar irradiance (Gueymard, 2001; Kocifaj and
Gueymard, 2011).

In addition to the SOD, the scattering phase function is
the other dominating factor that governs the magnitude of
the circumsolar contribution. The scattering phase function

can be defined as the intensity of electromagnetic radiation
at a given wavelength that is scattered for a given angle
from the original direction of the incident beam
(Zdunkowski et al., 2007). The scattering phase function
depends on the type of aerosol or cloud particles (material,
particle size and shape). Large particles, such as desert dust
particles or ice crystals, tend to scatter more strongly in the
close vicinity of the forward direction than smaller particles
such as rural aerosol particles, thus yielding comparatively
larger circumsolar contributions. Under cloudless skies,
and for a given value of the SOD, this means that the cir-
cumsolar contribution would be normally larger over arid/
desert areas than over rural areas.

The principle just stated that “larger particles induce
greater circumsolar radiation” only holds for aerosols. In
the case of cirrus clouds, ice particles may be so large that
the forward scattering peak becomes extreme and the scat-
tering angles for most photons can be smaller than the
angular extent of the sun disk itself. This increases the dif-
fuse radiation coming from the part of the sky occupied by
the sun disc, but may lead to smaller circumsolar radiance
values than in the case of smaller particles. In such extreme
cases, a brighter sun disc but dimmer circumsolar region
leads to smaller CSR values.

For the sake of illustration, simulations of the circumso-
lar radiation for an opening half-angle of 2.5° have been
performed with a specifically modified version of the MYS-
TIC Monte Carlo radiative transfer model that allows,
notably, a precise description of the extraterrestrial sun-
shape to be considered (Reinhardt et al., 2014; Mayer,
2009). To cover the full range of expected circumsolar radi-
ation values while maintaining conciseness and legibility,
only results for sky conditions resulting in specifically high
or low circumsolar radiation values are shown in the fol-
lowing. Cirrus clouds are represented using the optical
properties of Hong-Emde-Yang (Reinhardt et al., 2014)
for rosettes and solid columns with effective radius of
respectively 90 um and 15 um. The former size yields low
circumsolar radiation values in the considered 2.5° field-
of-view, whereas the latter yields high circumsolar radia-
tion values. As far as aerosols are concerned, three aerosol
types have been chosen from the optical properties of aero-
sols and clouds database (OPAC) proposed by Hess et al.
(1998):

e The continental polluted aerosol type is composed of
mostly small particles and causes low circumsolar
radiation values even for high AOD values. This aer-
osol type is typical over areas highly polluted by
anthropogenic activities;

e The desert aerosol type contains a significant amount
of large aerosol particles and therefore induces con-
siderably more circumsolar radiation;

e A coarse aerosol type, obtained as the pure coarse
mineral dust component from OPAC minus the
smaller particles. This third type has been considered
because it may induce circumsolar radiation with the
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same magnitude as cirrus clouds, even though situa-
tions where only large particles exist are highly unli-
kely. This somewhat unrealistic type of aerosol is
introduced here to demonstrate that, over desert
regions, it is not easy to define an upper limit for
the circumsolar radiation caused by aerosols since
local uptake may cause a particle size distribution
that contains considerably more large particles than
in the average OPAC desert dust mixture.

The different simulations were performed for five differ-
ent values (0.1, 0.2, 0.3, 0.4 and 0.6) of the vertical optical
depth at 550 nm 7559, and for different sun zenith angles
from 0° to 80° in steps of 10°. These simulations are derived
with the same methodology as that presented by Reinhardt
et al. (2014).

The SOD at 550 nm, noted dss, is defined by:

dssp = 20 (23)

Fig. 5(a) and (b) respectively show the ideal CSNI and
the corresponding ideal CSR for an opening half-angle of
2.5°, as a function of dss. It is found that CSR is a strong
function of dsso. However, Fig. 5(a) shows that CSNI also
depends on the sun zenith angle, since there are several
combinations of vertical optical depth and sun zenith angle
that yield similar values of dssy.

Using the same MYSTIC simulations, Fig. 6 shows the
correspondence between CSR““/(2.5°) and B! (2.5°). For
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Fig. 5. Simulations with libRadtran/MYSTIC of scattering effects of
different types of aerosol and ice cloud on the CSNI CS“/(2.5°) (a) and
on the circumsolar ratio CSR*(2.5°) (b).

573
0.8 T T T
0.7k = = |ce Rosettes
= = |ce Columns

n 06} 1
2 . + + Aer. Coarse Mode
= 0.5¢ . © o Aer. Desert
: 0.4l e o Aer. Cont. Pol.

. -
[77) L] m =
QO 0.3} o = =

+ a

E 02} = i i + + @ ® ‘ =
E L] L] + +F 4 .ﬂ

0.1} L] (L Ty, BOgR

IR Ty

200 300 400 500 600 700 800 900 1000

Ideal DNI for 2.5° (W m™)

Fig. 6. Simulations with libRadtran/MYSTIC of scattering effects of
different types of aerosol and ice cloud on CSR“*(2.5°), together with
Bideal(2.5°).

102

relative occurrence

Measured CSR for 2.5°

400 600 1000

800
Measured DNI from CHP1 (W m?)

Fig. 7. 2D histogram composed of measurements of the CSR(2.5°) and the
corresponding experimental DNI, B,. These measurements come from
respectively a SFERA sunshape measurement system and a CHPI
pyrheliometer installed at the Plataforma Solar de Almeria (Spain).

the same magnitude of simulated DNI, different circumso-
lar ratios can be observed with respect to the aerosol or ice-
cloud types, which means that the circumsolar contribution
to DNI is not just a function of turbidity. Small circumso-
lar ratios correspond to aerosols under clear-sky condi-
tions, whereas large ratios correspond to cloudy-sky
conditions with ice clouds.

Fig. 7 presents a combined two-dimensional (2D) histo-
gram of measurements of the circumsolar ratio and DNI
performed at the Plataforma Solar de Almeria (Spain) using
the so-called SFERA sunshape measurement system. This
SFERA system consists of Visidyne Sun and Aureole Mea-
surement System (SAM), a Cimel sun photometer, a CHP1
pyrheliometer, and appropriate post-processing software
(Wilbert et al., 2013a). The 2D histogram in Fig. 7 has been
created from 337,701 measurements taken between April
Ist 2011 and December 20th 2012.

These measurements corroborate the MYSTIC simula-
tions presented in Fig. 6. The histogram contains a “bend”,
represented by a black-dashed line in Fig. 7 for lower DNI
values, which is interpreted as a signature of the transition
between cloudless and cloudy conditions. Measurements
below this ‘bend” for lower CSR values correspond to
clear-sky measurements with typically small aerosol
particles.
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A very practical analysis of these simulation- or mea-
surement-based figures shows situations or conditions with
high experimental DNI together with high circumsolar
ratios. For example, for an experimental DNI around
600 W m ™2, for approximately 7% of the situations, the cir-
cumsolar ratios reach 20-30%, due to the effect of thin
clouds. This implies that a solar energy conversion system
with a narrow acceptance angle—just slightly greater than
o—would be able to convert only 70-80% of the experi-
mental DNT under such circumstances.

Aerosols also cause an increase in the relative difference
between B““(¢) and B, but, conversely to the effect of
cirrus clouds, their effect may strongly decrease B““(x).

This difference in how aerosols and thin clouds impact
DNI is caused by the Angstrém exponent 5 that character-
izes the variation of spectral AOD with wavelength in
Angstrom’s law:

7(A) = (1 pm)A™" (24)

where 7(/1) is the AOD at wavelength 1 (in pm).

For instance, rural aerosols have an exponent that usu-
ally ranges between 1 and 1.5, which means that the extinc-
tion in the visible band—where the spectral irradiance is
high—is much stronger than in the near infrared (where
the spectral irradiance is much lower). In comparison, the
scattering effect of clouds is roughly wavelength indepen-
dent (7 =~ 0), and is therefore generally of lower magnitude
in the ultraviolet and visible parts of the spectrum than that
of aerosols for a similar optical depth. However, this differ-
ence would become almost non-existent under sand storm
conditions, because the overwhelming presence of large
particles would make the aerosol Angstrom exponent
reach values close to 0.

6. Conclusions and recommendations

Depending on atmospheric conditions, a more or less
significant fraction of solar radiation that is scattered by
atmospheric constituents emanates from the circumsolar
region. Whereas a large part of the circumsolar radiation
is measured by pyrheliometers, concentrating collectors
can only use a part of it, depending on concentrator tech-
nology, among other things. Therefore, this circumsolar
effect has to be considered for yield assessment and perfor-
mance evaluation of concentrating solar technologies.

Given these circumstances, circumsolar radiation mea-
surements or estimates should be included in solar resource
assessment, plant design, yield assessment, plant operation,
or power plant performance tests for concentrating
technologies. Otherwise, an additional uncertainty is
introduced. In parallel, standard DNI measurements using
procedures that follow the WMO-recommended
geometry—in terms of slope and limit angles—always need
to be carried out for solar resource assessment and perfor-
mance monitoring.

An early study (Lemperle, 1982) suggested that a pyrhe-
liometer with a modified opening angle similar to the CST

system’s acceptance angle could be used as an alternative to
sunshape measurements. Although there could be a market
for “special geometry” pyrheliometer, such an approach
cannot be recommended for five reasons. First, the accep-
tance angle is specific to each CST system technology.
Hence the DNI assessment should be system specific, too,
which is difficult and costly to implement in practice.
Second, such an approach is only an approximation even
for a single specific system. Third, the sensitivity of a
CST to circumsolar radiation varies with solar position
for all types of systems except for parabolic dishes. Fourth,
any deviation from the WMO recommendation for the
geometry of pyrheliometers brings along a complication
when comparing data from these measurements to data
obtained with conventional, WMO-compliant instruments.
Fifth, the calibration of pyrheliometers of unusual geome-
try becomes more uncertain since this calibration is
obtained by comparing their reading to reference instru-
ments (ACRs) that have a mandated 2.5° opening angle,
with no adjustment possible.

The last two reasons, related to the geometry of radiom-
eters, also apply to the case of modeled data, since
radiation models are usually validated, and sometimes also
partially calibrated, against standard ground-based mea-
sured DNI data.

The authors strongly recommend that standard DNI
measurements following the WMO-recommended field of
view be conducted at all radiometric stations. Such mea-
surements can be collected with pyrheliometers, of course,
but also e.g. with RSIs or dual pyranometers, since these
are calibrated against common pyrheliometers. If possible,
circumsolar radiation measurements should also be carried
out in addition to the common DNI observations.

In the best-case scenario, circumsolar radiation measure-
ments can be reduced to sunshape functions. However, the
measurement of the circumsolar ratio or of the circumsolar
contribution may be sufficient, depending on conditions
and applications.

As a guideline for the proper usage of the term “DNI”
we conclude with the following:

e Different interpretations of the term DNI are
required depending on the topic and scientific field.

e A decision to establish a single interpretation of the
term DNI is neither necessary nor possible.

e To allow for the correct interpretation of published
results, and in order to avoid introducing additional
errors, it is necessary to explain clearly which defini-
tion of DNI is used. In the case of experimental DNI
data, this involves the specification or the character-
ization of the penumbra function.
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